
In daily life, our visual system is often called upon to 
keep track of objects that are moving in the world around 
us. Automobile drivers tracking surrounding vehicles and 
athletes tracking opponents on the field, for instance, 
are readily able to maintain representations of their tar-
gets as they move in space and time. Studies have shown 
that human observers can track up to five objects with 
good accuracy, even if the objects being tracked are sur-
rounded by identical untracked distractor objects (e.g., 
Pylyshyn & Storm, 1988). Previous research has exam-
ined how attention is allocated among moving objects, 
such as when objects are separated in depth (Liu et al., 
2005; Viswanathan & Mingolla, 2002), are perceptually 
grouped (Suganuma & Yokosawa, 2006; Yantis, 1992), or 
disappear briefly (Horowitz, Birnkrant, Fencsik, Tran, & 
Wolfe, 2006; Keane & Pylyshyn, 2006; Scholl & Pyly-
shyn, 1999). However, less is known about the allocation 
of attention within each of the tracked objects. In this ar-
ticle, we investigate the spatial distribution of attention 
within tracked moving objects.

In a typical multiple-object tracking study, observers 
track a subset of small target items, such as circles, mov-
ing among identical distractors (e.g., Pylyshyn & Storm, 
1988). Only a few studies have examined tracking of ex-
tended objects, although these objects may be more natu-
ralistic. vanMarle and Scholl (2003) found that, when the 
objects to be tracked were not solid, discrete items, but 
instead were nonrigid substances that “poured” from one 
location to another, tracking performance declined sub-
stantially. They concluded that the reduced ability to track 

these objects was due to the extension and contraction of 
the objects, which made it impossible to unambiguously 
pinpoint the location of each one. Scholl, Pylyshyn, and 
Feldman (2001) asked observers to track target points 
that were connected with distractor points. For instance, 
in one condition, each target point and distractor point 
were connected by a line to form an object, although both 
points moved independently. Tracking performance was 
impaired, leading Scholl et al. to conclude that attention 
spread throughout the entire line object, causing the ob-
server to lose track of which end was the target.

Alvarez and Scholl (2005) were the first to examine 
the distribution of attention within each tracked object. 
In their study, observers tracked three target lines among 
three distractor lines. Intermittently during the motion, 
small probe dots appeared briefly at different locations 
along the target and distractor lines. Observers were asked 
to detect these probes, and the accuracy of detection of 
the probes at different locations was used as a measure of 
the distribution of attention across the lines. The results 
indicated that attention was concentrated at the centers of 
the lines during tracking. In addition, the longer the lines 
were, the greater the center advantage.

Why does attention concentrate at the centers of mov-
ing objects being tracked? Alvarez and Scholl (2005) sug-
gested that the visual system has an inherent attentional 
bias toward the centers of moving objects, and this hy-
pothesis seems viable, in view of research showing bi-
ases in vision toward the centers of objects, arrays, and 
scenes. Several studies have shown that when a sacca-
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of letters. In a study examining the relationship between 
spatial prioritization and object-based attention, Shom-
stein and Yantis (2004) presented observers with a pair of 
rectangle objects. After a cue appeared at one end of one 
of the rectangles, a target letter appeared with high or low 
probability at some location either within that rectangle 
or within the other. The results showed that location prob-
abilities, as well as a same-object advantage, affected de-
tection of the target letter. Coëffé and O’Regan (1987) and 
He and Kowler (1989) showed that saccade landing posi-
tions are also affected by target location probabilities.

Thus, Alvarez and Scholl’s (2005) finding that atten-
tion is concentrated at the centers of objects could be due 
to prioritization by spatial probabilities. In Alvarez and 
Scholl’s first experiment, probes were more likely to occur 
at the center of each object than at either of its ends, so 
observers might have strategically attended to the center 
in order to better detect the probes. Alvarez and Scholl 
began to address this issue in their second experiment, in 
which the probability of probes occurring at the centers of 
objects was reduced to .2, whereas the probability of their 
appearance at either end was increased to .4. Nonetheless, 
the results showed that attention was still concentrated on 
the objects’ centers to the same extent as in the first ex-
periment. However, a limitation of this manipulation was 
that the distribution of probes was still symmetrical about 
the center of the line, and thus, attention focused on the 
center would still be advantageous for detecting probes on 
both sides of the line. Observers might not be readily able 
to split attention between two separate points on an object 
while allocating less attention to areas between those two 
points. On the other hand, if a single location on an object 
is the one with the highest probability, this location might 
be afforded an attentional advantage, whether or not it is 
the center of the object.

If spatial probabilities modulate the center bias, an-
other question of interest is whether the center bias still 
occurs when probe locations are known with certainty. 
Previous research has shown that when observers are in 
a highly focused attentional state, attentional allocation 
is not affected by some factors that normally do affect the 
attentional distribution. For instance, Yantis and Jonides 
(1990) found that although abrupt stimulus onsets usually 
capture attention, they do not capture attention when it 
is being directed to a location indicated by a completely 
valid cue. In a study by Shomstein and Yantis (2002), ob-
servers identified a target letter while attempting to ignore 
flanking distractors that appeared either within the same 
object as the target or within a different object. The results 
showed that when target location could vary, flankers were 
more disruptive when they occurred on the same object 
as the target than when they occurred on the other object. 
Yet, when the target location was constant, flankers on the 
same object and on the other object were equally disrup-
tive. This suggests that when target location is uncertain, 
the entire relevant object is given enhanced attentional pri-
ority, but when target location is certain, other locations 
on the object are not given enhanced attentional priority. 
However, it should be noted that Chen and Cave (2006) 
suggested that, in Shomstein and Yantis’s (2002) study, the 

dic eye movement is directed to an extended object, the 
line of sight lands, on average, near the object’s center 
of gravity (see, e.g., Vishwanath & Kowler, 2003, 2004). 
Similarly, when two or more targets are presented in close 
proximity, the initial saccade is deviated toward the center 
of gravity of the configuration (e.g., Coëffé & O’Regan, 
1987; Findlay, 1982). It is generally believed that saccade 
landing positions are computed by averaging across the 
structure of the target object or the array of target objects 
(e.g., Vishwanath & Kowler, 2004). The center of gravity 
of an object is also used in perceptual localization tasks; 
when observers perceptually align spatially extended 
targets, the reference point upon which the alignment is 
based tends to coincide with the centroid of the luminance 
or contrast distribution of the target (e.g., Morgan, Hole, 
& Glennerster, 1990; Whitaker, McGraw, Pacey, & Bar-
rett, 1996; Whitaker & Walker, 1988). Other researchers 
have noted the role of the center of gravity in visual atten-
tion. Grabowecky, Robertson, and Treisman (1993) used 
a visual search paradigm with unilateral neglect patients 
and found evidence that the reference frame of attention 
orients to the center of gravity of the elements in the dis-
play. Zhou, Chu, Li, and Zhan (2006) demonstrated in a 
spatial-cuing experiment that the center of a scene attracts 
attention. In Zhou et al.’s study, observers were presented 
with four small boxes arranged in a square formation and 
a fifth box at the center of this array. The observers fixated 
to one side of the display; a cue then appeared at one of the 
five boxes, and a target appeared at another of the boxes. 
The cue location was not predictive of the target location. 
Zhou et al.’s results showed target detection to be faster at 
the center box than at all other locations, demonstrating an 
attentional bias toward the center of the scene.

An alternative explanation for Alvarez and Scholl’s 
(2005) finding of attentional concentration at the centers 
of moving objects is that the concentration on the centers 
is due to the context provided by the probes. Several stud-
ies have shown that the visual system attentionally priori-
tizes locations on the basis of the probabilities of a target 
appearing at the locations. Targets in high-probability 
locations are detected more efficiently than targets in 
low-probability locations, which suggests that the visual 
system strategically allocates its resources to the loca-
tions most likely to contain a target (see, e.g., Geng & 
Behrmann, 2005; Prinzmetal, McCool, & Park, 2005; 
Walthew & Gilchrist, 2006). Although most of these spa-
tial prioritization studies have dealt with visual search for 
letters in simple arrays, a few have examined spatial pri-
oritizations within objects and object-like configurations. 
Miller (1988) presented observers with a configuration of 
horizontally aligned letters in which a target letter could 
occur with high or low probability at each of four loca-
tions. After practice, the configuration was shifted in its 
spatial location to the left or right, so that the high- and 
low-probability locations were at new screen locations. 
Target detection was facilitated at the high-probability 
location relative to the configuration, demonstrating that 
spatial prioritizations can occur within a configuration-
based reference frame. Hoffmann and Kunde (1999) ex-
tended this finding to differently shaped configurations 
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probability 1, or at one of its endpoints with probability 1. 
The results showed that when there is no uncertainty re-
garding the probe location, the center bias is eliminated. 
Experiment 3 investigated the contributions of rotational 
motion, translational motion, and size changes in produc-
ing the center bias. A factorial design examined all com-
binations of the presence and absence of these three types 
of motion. The results showed that the center bias occurs 
regardless of the types of motion present and that attention 
is biased even toward the centers of stationary objects.

Experiment 1

The purpose of Experiment 1 was to determine how the 
distribution of attention over multiple moving objects is 
affected by spatial probabilities. Specifically, it was de-
signed to ascertain whether the visual system is inherently 
biased to attend to the centers of objects, or whether this 
system attentionally prioritizes locations on objects on the 
basis of task demands, such as the spatial probabilities of 
probes. Alvarez and Scholl (2005) found that observers 
attended more to the centers of objects, but in their design 
this could have been due to the task demand to attend to 
the high-probability location, which was also the center of 
the object. Thus, the purpose of Experiment 1 was to tease 
apart these two factors.

The observers here tracked two target lines among two 
identical distractors (see Figure 1). The lines changed in 
length and orientation as they moved. Intermittently dur-
ing the motion, gray circular probes appeared briefly at 
either the center of a line or near one of its endpoints. 
Observers detected these probes by pressing a key on the 
keyboard. At the end of the motion, they identified which 
of the lines were the original targets by selecting them 
with the mouse.

Each line was drawn in two colors: two thirds of the line 
was one color, and the other third was another color. In one 
block of trials, the probes were more likely to appear at the 
center, with a probability of occurrence of .8 at the center, 
.1 at the different-color end, and .1 at the same-color end. 
In the other block of trials, the probes were more likely 
to appear at the different-color end, with a .8 probability 
of occurring at that end, as opposed to a .1 probability of 
appearing at either the center or the same-color end. The 
use of two colors was necessary so that observers could 
distinguish which end had the high probability of probe 
appearances in this condition.

If the visual system has an inherent attentional bias to 
the centers of objects, observers should have better probe 
detection performance for probes occurring at the centers 
of objects, rather than at either of the ends. This pattern 
should occur regardless of the probabilities of probes oc-
curring at these locations. Alternatively, the visual system 
may strategically allocate its resources to the locations on 
an object that are most likely to contain a probe (see, e.g., 
Geng & Behrmann, 2005; Prinzmetal et al., 2005). Ac-
cording to this account, a probe probability manipulation 
should affect the pattern of probe detection rates. Spe-
cifically, when the high-probability location is the center, 
observers should have better detection performance there 

observers did not interpret the stimulus pattern as being 
two separate objects. Chen and Cave’s study showed that 
when active top-down interpretation of the configuration 
encourages observers to interpret the stimulus as two sep-
arate objects, object-based flanker effects do occur, even 
when the target location is known with certainty.

If the visual system has an inherent bias toward the cen-
ters of moving objects, what aspects of the stimulus are 
necessary for the bias to occur? Objects can undergo sev-
eral types of motion, including rotation, translation, and 
size changes. What types of motion will produce the cen-
ter bias? Is attention concentrated at the centers of objects 
even when the objects are stationary? A first hypothesis 
comes from Alvarez and Scholl (2005), who suggested 
that attention might track the most stable point on an ob-
ject. In their experiments, because the endpoints of each 
line moved randomly and independently, the center of the 
line was consistently the most stable point on the object, 
with the slowest average speed and the fewest changes in 
direction of any point on the line. According to this hy-
pothesis, when objects move in such a way that the center 
is not the most stable point, the center will not be attended 
more than other points on the object. Rotational motion 
and size changes contribute to the center being the most 
stable point on the object, whereas translational motion 
does not. Thus, if Alvarez and Scholl’s stability hypothesis 
is correct, when the objects being tracked do not rotate 
or change size, attention will not be concentrated at their 
centers. A second hypothesis is that attention is drawn to 
the center of any object that is moving from one loca-
tion to another. In accordance with this hypothesis, even 
if both rotational motion and size changes are removed, 
and objects move in simple translation, the center bias will 
still occur. This would suggest that the center bias applies 
to most situations that would be considered instances of 
multiple-object tracking. A final hypothesis is that atten-
tion to the centers of objects is unrelated to motion, and 
that attention is concentrated at the centers of objects even 
if they are not moving. This would be consistent with the 
findings, discussed above, that a bias toward centers is 
prevalent in many perceptual and attention tasks (e.g., 
Vishwanath & Kowler, 2003, 2004; Zhou et al., 2006).

In the present study, I assessed the distribution of at-
tention within moving objects and examined how this 
distribution is affected by task demands, produced by 
either probe probabilities or different types of object mo-
tion. Experiment 1 focused on whether the distribution 
of attention within moving objects is prioritized by spa-
tial probabilities. Observers tracked moving line targets 
among identical distractors while detecting brief probes 
on the target lines. In one condition, probes were much 
more likely to occur at the center of an object than at ei-
ther end. In the other condition, probes were much more 
likely to occur at one end than at either the center or the 
opposite end. The results of this experiment showed that 
the attentional distribution is affected by prioritization by 
spatial probabilities and by a center bias. Experiment 2 
set out to examine whether the center concentration oc-
curs even when probe locations are known with 100% 
certainty. Probes occurred either at an object’s center with 
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(1 pixel). At the beginning of each trial, eight points in the display 
area were chosen randomly, and pairs of the points were connected 
to form four lines. Two of the four lines were chosen as targets. These 
two lines flashed off and on five times over a period of 2.5 sec. Then 
the motion phase began, lasting for 20 sec. During this time, each 
endpoint of each line moved independently, and thus both the length 
and the orientation of the lines varied. At the beginning of each trial, 
each endpoint was independently assigned a speed between 0.43º 
and 1.19º per second in both the horizontal and vertical directions, so 
that each endpoint’s overall velocity was between 0.61º and 1.68º per 
second. The speed of each endpoint remained constant throughout 
the trial, and the lines could intersect each other. The edges of the 
display area were bounded by a gray outline rectangle that subtended 
19º 3 15º. The lines composing the rectangle were 0.05º in width 
(2 pixels). There was a buffer of width 0.2º (10 pixels) around each 
line of the rectangle, so that the line segments would not touch the 
rectangle. Whenever an endpoint reached the edge of the display, its 
direction was reversed to send it back into the display area.

During the motion phase, several gray probe disks were presented 
on the lines. Each probe had a diameter of 0.14º and was presented 
for 215 msec. Only one probe was presented at a time, and a ran-
dom interval of 1,000 to 2,200 msec passed between the onsets of 
one probe and the next. The first probe appeared between 1,000 to 
2,200 msec after the motion began, and the last appeared at least 
1,000 msec before the end of the motion. Thus, between 8 and 19 
probes could be presented on each trial.

The probes appeared only on target lines. The locations in which 
probes could appear were at the center of a line and near either of the 
endpoints. Endpoint probes were inset 0.14º (one probe diameter) 
toward the center of the line.

Each line was drawn in two colors, light green and light blue. 
For 10 of the observers, two thirds of each line was blue, and the 
other third was green. This pattern held for every line these observ-
ers saw on every trial. For these observers, same-color end probes 
were probes that occurred at the blue end (which was the same color 
as the center portion of the line), and different-color end probes were 
those that occurred at the green end. For the other 10 observers, two 
thirds of each line was green, and the other third was blue. For these 
observers, same-color end probes were those occurring at the green 
end, and different-color end probes were those occurring at the blue 
end. The use of two colors was necessary so that observers could 
distinguish which end of a line had the high probability of probe 
appearances in each condition.

The probe probability conditions were presented within subjects, 
in separate blocks. In one block (center high-probability loca-
tion), the probes appeared at the center with probability .8, at the 
different-color end with probability .1, and at the same-color end 
with probability .1. In the other block (different-color-end high-
probability location), the probes appeared at the center with prob-
ability .1, at the different-color end with probability .8, and at the 
same-color end with probability .1. The order of these conditions 
was counterbalanced.

Procedure. Observers were instructed to track the target lines 
during the motion phase and to watch for the appearances of probes 
on target lines. The observers were instructed to treat the tracking 
task as primary and the probe detection task as secondary. Upon 
seeing a probe, they were to press a key as quickly as possible. Only 
keypresses within 1,000 msec of a probe onset were counted as hits. 
All other keypresses were considered false alarms. The observers 
were informed of the probabilities of probes occurring in each of 
the locations on the lines.

At the end of the motion phase, the lines stopped moving, and the 
observer used the mouse cursor to select the two original target lines. 
The selected lines changed color, and the observers could undo and 
redo their selections if desired. After selecting their choice of lines, 
the observers pressed a key and were given feedback about their 
tracking accuracy (the number of target lines correctly selected) and 
probe detection accuracy (the number of probes detected out of the 
number of probes displayed). If five or more false alarms were made 

than at either of the ends, but when the high-probability 
location is the different-color end, they should have better 
detection performance at that end than at either the center 
or the same-color end.

Method
Observers. The observers for this experiment were 20 undergrad-

uate students from Morehead State University in Kentucky. Each 
participated in one, hour-long, session and was compensated with 
course credit. All observers had self-reported normal or corrected-
to-normal vision, and none of them was familiar with the purposes 
of the experiment.

Apparatus. The observers were seated in a darkened room approx-
imately 44 cm from the display. The stimuli were presented on a 20-in. 
(50-cm) flat-screen CRT monitor with a pixel resolution of 2,048 3 
1,536, controlled by a Dell Dimension workstation. The experimental 
procedure was generated in C11 using the OpenGL libraries.

Stimuli. On each trial, four lines were presented on a black back-
ground (see Figure 1). Each line had a width of 0.02º of visual angle 

A

B

Figure 1. Examples of the stimuli used in Experiments 1 and 2 
(not drawn to scale). (A) Lines with a center probe. (B) Lines with 
a different-color end probe.
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cedure, to compensate for possible deviations from sphe-
ricity.) Bonferroni post hoc tests were used to test for dif-
ferences between the locations. The miss rates were lower 
for probes occurring at centers (M 5 .39, SD 5 .15) than 
for those at different-color ends (M 5 .60, SD 5 .11; p , 
.001). Miss rates were also lower when probes occurred 
at centers rather than at same-color ends (M 5 .65, SD 5 
.13; p , .001). Miss rates did not differ for the probes at 
different-color and same-color ends ( p . .05).

The main effect of high-probability location was not sig-
nificant [F(1,19) 5 0.11, p . .05], since miss rates did not 
differ in the different-color end (M 5 .55, SD 5 .14) and 
center (M 5 .55, SD 5 .09) high-probability conditions.

Importantly, a significant interaction was found be-
tween probe location and high-probability location [F(1.9, 
36.2) 5 56.58, p , .001]. This interaction can be seen 
in Figure 2. Bonferroni comparisons indicated that in 
the center high-probability condition, center probes had 
lower miss rates than did either different-color ( p , .001) 
or same-color ( p , .001) end probes, whereas different-
color end probes did not differ from same-color end 
probes ( p . .05). However, in the different-color-end 
high-probability condition, center probes and different-
color end probes did not differ in miss rates ( p . .05), 
although both had lower miss rates than did same-color 
end probes ( ps , .01).

The main effect of line length was significant [F(2.5, 
47.5) 5 21.42, p , .001], in that miss rates increased as 
line length increased. A significant interaction was also 
found between probe location and line length [F(3.9, 
74.0) 5 2.68, p , .05], as well as a significant three-way 
interaction between probe location, high-probability lo-
cation, and line length [F(3.5, 67.3) 5 3.18, p , .05]. 
These interactions can be seen in Figure 2. In the center 
high-probability condition, miss rates for both different-
color and same-color end probes increased with line 
length, whereas those for center probes did not. Yet, in the 

on a given trial, the observer was penalized by having to wait 30 sec 
at this point, and the trial was considered invalid. After viewing the 
feedback, the observers pressed a key to move on to the next trial.

Design. The independent variables were probe location (center, 
different-color end, or same-color end) and high-probability loca-
tion (center or different-color end). Both of these variables were run 
within subjects. In addition, the probe events were sorted into four 
line length categories: less than 4.3º of visual angle (180 pixels), 
between 4.3º and 8.4º (181 and 350 pixels), between 8.4º and 11.5º 
(351 and 480 pixels), and greater than 11.5º (480 pixels). These cat-
egories constituted another within-subjects independent variable in 
the analysis, line length (very short, short, long, or very long).

The dependent variable was the probe detection miss rate. This 
was defined as the number of probes that were not detected, divided 
by the number of probes presented. In the data analysis, each probe 
event was considered independently and without regard to the trial 
from which it came. Each observer completed two blocks, each of 
which consisted of 5 practice and 25 experimental trials. Within each 
block, the trials were presented in a random order for each observer.

Results
An average of 11.5 probes were presented per experi-

mental trial, resulting in an average of 573 probes per ob-
server. Line-tracking accuracy averaged 97.4% across all 
observers. Only trials on which (1) both of the target lines 
were correctly identified and (2) no more than four false 
alarms were recorded were included in the probe detection 
analyses. Thus, an average of 3.75 trials, or 42.4 probe 
events, were excluded per observer. An average of 0.93 
false alarms occurred per tracking trial, for trials included 
in the probe detection analyses. The mean detection miss 
rate was calculated for each observer for each of the 24 
conditions and was submitted to a 3 (probe location) 3 
2 (high-probability location) 3 4 (line length) repeated 
measures ANOVA.

The main effect of probe location was significant 
[F(1.8, 34.7) 5 44.85, p , .001]. (Note: All tests of 
within-subjects independent variables with more than two 
levels were adjusted using the Greenhouse–Geisser pro-
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not increasingly concentrate on any part of the object as 
object size increases.

It might be contended that observers may not have 
needed to track the targets throughout the entire trial, be-
cause the probes appeared only on targets, and thus served 
as reminders of which lines these were. Thus, observers 
could have focused solely on the probe detection task for 
the majority of the trial, and only begun to track the tar-
gets near the end. In order to address this possibility, a 
control experiment was run in which probes appeared on 
distractor as well as on target lines. The method of this 
experiment was otherwise identical to that of Experi-
ment 1, and 20 new observers participated. This control 
experiment necessitated tracking the targets constantly 
from the beginning of each trial, since there was no dif-
ference between targets and distractors once the motion 
began. Line-tracking accuracy averaged 94.2% across 
all observers, which was similar to that of Experiment 1. 
Lower miss rates were found on targets (M 5 .62, SD 5 
.08) than on distractors (M 5 .68, SD 5 .08) [F(1,19) 5 
10.10, p , .01]. Separate ANOVAs were also performed 
for targets and for distractors. For targets, the main effect 
of probe location was significant [F(1.9, 35.6) 5 15.49, 
p , .001], as was the probe location 3 high-probability 
location interaction [F(1.7, 32.1) 5 10.56, p , .01]. The 
patterns of results for the target objects were similar to 
those found in Experiment 1, confirming that attentional 
center bias and prioritization by spatial probabilities did 
occur during target tracking. For distractors, the main ef-
fect of probe location [F(1.9, 35.4) 5 5.38, p , .05] and 
the probe location 3 high-probability location interaction 
[F(1.8, 34.2) 5 5.00, p , .05] were also both significant. 
These results demonstrate that center bias (see also Alva-
rez & Scholl, 2005) and prioritization by spatial probabili-
ties affected the attentional distribution within untracked 
distractor objects as well as within targets.

Experiment 2

Experiment 1 demonstrated a strong bias to attend to 
the centers of moving objects. That bias was tempered, 
although not eliminated, by task demands in the form of 
spatial probabilities. Yet, does the center bias persist when 
the task requires attention to be allocated only to one par-
ticular location on the object? In other words, if the task 
requires attention solely to the end of the line, will the 
motion of the line still draw attention toward the center? It 
may be that, to track a moving object, one must attend to 
its center. If this is the case, then even if probes occur only 
on one end of the line, attention would still have to focus 
to some extent on the center of the line. This hypothesis 
receives some support from Alvarez and Scholl’s (2005) 
Experiment 3, in which observers were instructed to track 
only one endpoint of each line, rather than the entire line. 
Although the only locations relevant for the tracking were 
these target endpoints, this experiment found that atten-
tion was still concentrated at the lines’ centers. However, 
in that experiment, probes appeared at both endpoints of 
each line and at the center, so task demands from the spa-

different-color-end high-probability condition, miss rates 
increased with line length for probes at all locations.

Discussion
Experiment 1 revealed two main results. First, probe de-

tection performance was better, overall, at centers than at 
ends of lines. This result indicates that attention is biased 
toward the centers of moving objects being tracked and 
is consistent with that of Alvarez and Scholl (2005). Sec-
ond, probe detection was enhanced at higher-probability 
locations. In other words, the effect of probe location was 
tempered by the probe probability distribution. When the 
center was the high-probability location, attention was fo-
cused there the most, but when the different-color end was 
the high-probability location, attention was focused equally 
on that end and the center. This finding indicates that the at-
tentional distribution within moving objects being tracked 
is prioritized by spatial probabilities. Together, these re-
sults suggest that two factors influence the distribution of 
attention to moving objects: (1) an inherent center bias and 
(2) prioritization by spatial probabilities. The finding that, 
even when probes were most likely to occur at the different-
color end, probe detection was not significantly better at 
the different-color end than at the center indicates that the 
probability manipulation was insufficient to eliminate the 
center bias. This suggests that the center bias found by Al-
varez and Scholl was not simply due to the higher prob-
ability of the center location in their design.

However, even with the probe probability distributions 
used in Experiment 1, there may have been a strategic ad-
vantage for attending to the center. Focusing attention on the 
center means that both of the ends of the line are relatively 
close to the focus of attention, and thus probes occurring at 
either end can be detected fairly well. On the other hand, 
when attention is focused on one end of the line, the oppo-
site end is quite far from the center of attention. Observers 
may choose to avoid focusing attention so far on one side 
of the line that probes on the opposite side will rarely be 
detected. This issue was addressed by the use of different 
probe probability distributions in Experiments 2 and 3.

Another finding of Experiment 1 was that, when the cen-
ter was the high-probability location, detection performance 
declined at the endpoints but remained constant at the cen-
ter as line length increased. This pattern differs slightly 
from the interaction found by Alvarez and Scholl (2005), 
in which detection performance declined at the endpoints 
and improved at the center as line length increased. Alvarez 
and Scholl interpreted this result as meaning that, as object 
size increases, attention becomes increasingly concentrated 
at the object’s center. The present results are consistent with 
the idea that, when spatial probabilities prioritize attention 
to the center of the object, attention becomes more concen-
trated at the center of the object, relative to the endpoints, 
as object size increases. A new finding from the present 
Experiment 1 is that when the different-color end was the 
high-probability location, detection performance declined 
for probes at all locations as line length increased. This sug-
gests that, when spatial probabilities prioritize attention to 
a location other than the center of the object, attention does 
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els), and greater than 9.3º (960 pixels). These categories comprised 
another within-subjects independent variable, line length (very 
short, short, long, or very long), in the analysis.

Results
An average of 5.9 probes were presented per experi-

mental trial, resulting in an average of 297 probes per ob-
server. Line-tracking accuracy averaged 97.3% across all 
observers. Only trials on which (1) both of the target lines 
were correctly identified and (2) no more than four false 
alarms were recorded were included in the probe detection 
analyses. Thus, an average of 2.94 trials, or 17.6 probe 
events, were excluded per observer. An average of 0.80 
false alarms occurred per tracking trial, for trials included 
in the probe detection analyses. The mean detection miss 
rate was calculated for each observer for each of the eight 
conditions and was submitted to a 2 (probe location) 3 4 
(line length) repeated measures ANOVA. Figure 3 shows 
the mean miss rates for each condition in Experiment 2.

The main effect of probe location was not significant 
[F(1,15) 5 0.82, p . .05]: Miss rates did not differ for 
probes occurring at centers (M 5 .47, SD 5 .18) and at 
ends (M 5 .45, SD 5 .19). The main effect of line length 
was significant [F(2.4, 35.5) 5 7.75, p , .01], with miss 
rates increasing as line length increased. Probe loca-
tion and line length did not significantly interact [F(2.0, 
30.0) 5 0.82, p . .05].

Discussion
In Experiment 2, probe detection performance was 

equal for probes occurring at the centers and ends of lines. 
This result demonstrates that when probe locations are 
known with 100% certainty, the center bias is eliminated. 
This indicates that it is not mandatory for attention to be 
concentrated at the center of a moving object in order to 
track the object.

An additional finding of Experiment 2 was that, for 
probes occurring at both centers and ends, detection per-
formance declined as line length increased. This result is 

tial probabilities may still have encouraged attention to 
the center.

On the other hand, research has shown that some factors 
that usually affect attentional distributions, such as abrupt 
stimulus onsets (Yantis & Jonides, 1990) and object-based 
attention (Shomstein & Yantis, 2002), have no effect when 
observers are in a highly focused attentional state. These 
findings suggest that when probe locations are known 
with 100% certainty, attention might not be drawn to the 
center of the line.

In Experiment 2, during one block of trials, probes al-
ways appeared at the center, and during another block, 
the probes always appeared at the different-color end. If 
an observer must focus attention on the center of a mov-
ing object in order to track it, then detection performance 
should be better for probes at the center than for those at 
the end. On the other hand, if observers are not biased 
toward objects’ centers when they are in a highly focused 
attentional state, because they know the probe locations 
with certainty, detection should then be equal for probes 
at the ends and centers.

Method
Observers. The observers were 16 undergraduate students from 

Morehead State University. Each participated in one, hour-long, 
session and was compensated with course credit. All observers had 
self-reported normal or corrected-to-normal vision, and none was 
familiar with the purposes of the experiment.

Apparatus. The apparatus was the same as in Experiment 1, 
except that the observers were seated approximately 114 cm from 
the display.

Stimuli. The stimuli were the same as in Experiment 1, with the 
following exceptions. Each line had a width of 0.01º of visual angle 
(1 pixel). At the beginning of each trial, each endpoint was inde-
pendently assigned a speed between 0.17º and 0.49º per second in 
both the horizontal and vertical directions, so that each endpoint’s 
overall velocity was between 0.24º and 0.69º per second. The dis-
play area subtended 15º 3 12º. The lines composing the gray outline 
rectangle defining the boundaries of the display area were 0.02º in 
width (2 pixels), and the buffer around each line of the rectangle had 
a width of 0.1º (10 pixels). Each probe had a diameter of 0.07º. A 
random interval of 2,000–4,000 msec passed between the onsets of 
one probe and the next. The first probe appeared between 2,000 and 
4,000 msec after the motion began, so that between four and nine 
probes could be presented on each trial. Endpoint probes were inset 
0.07º (one probe diameter) toward the center of the line.

The color schemes of the lines were the same as in Experiment 1. 
However, each observer viewed one color scheme during the first 
block and the other during the second block. Thus, the color of the 
section of a line on which the probes appeared remained constant 
across the two blocks. Eight of the observers saw probes appear on 
the blue section of the line in both blocks, and the other 8 saw probes 
appear on the green section of the line in both blocks.

The probe location conditions were presented within subjects, 
in separate blocks. In one block (center probe location), the probes 
always appeared at the center. In the other block (different-color end 
probe location), the probes always appeared at the different-color 
end. The order of these conditions was counterbalanced.

Procedure. The procedure was the same as in Experiment 1.
Design. The design was the same as in Experiment 1, with the 

following exceptions. The independent variable was probe location 
(center or different-color end), which was run within subjects. In 
addition, the probe events were sorted into four categories of line 
length: less than 3.5º of visual angle (360 pixels), between 3.5º and 
6.8º (361 and 700 pixels), between 6.8º and 9.3º (701 and 960 pix-
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Figure 3. Miss rate as a function of line length and probe loca-
tion in Experiment 2.
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translational motion or are stationary, because in these 
cases the center is no more stable than other points.

A second hypothesis is that attention is drawn to the 
center of any moving object, regardless of the type of mo-
tion it is undergoing. A final hypothesis is that attention 
to the centers of objects is unrelated to motion, so that 
attention is concentrated at the centers of objects even if 
they are not moving. Studies on saccadic eye movements 
(e.g., Vishwanath & Kowler, 2003, 2004) have found that 
saccades to stationary objects or arrays land near the cen-
ters of the objects or arrays, and Zhou et al. (2006) found 
an attentional bias toward the center of a scene. Together, 
this research suggests that a center bias may be a perva-
sive phenomenon in visual perception. According to this 
hypothesis, the attentional center bias should occur re-
gardless of which motion types are present, and should be 
present even when objects are completely stationary.

To avoid any strategic advantage for attending to the 
centers of objects, Experiment 3 used probe probabilities 
of .5 at the center and .5 at the designated end of objects. 
As noted in the Experiment 1 Discussion, when probes 
appear at both ends of a line, observers have an incentive 
to attend to the center, because if one end is the attentional 
focus, it will be difficult to detect probes occurring as far 
away as the opposite end of the line. In the probe probabil-
ity distribution used in Experiment 3, because the probes 
never appeared at the opposite end of the line, there was 
no strategic incentive to attend to the center.

Method
Observers. The observers were 48 undergraduate students from 

Morehead State University. Each participated in one, hour-long, ses-
sion and was compensated with course credit. All observers had self-
reported normal or corrected-to-normal vision, and none of them 
was familiar with the purposes of the experiment.

Apparatus. The apparatus was the same as in Experiment 1, 
except that the observers were seated approximately 114 cm from 
the display.

Stimuli. The stimuli were the same as in Experiment 1, with the 
following exceptions. Each line had a width of 0.01º visual angle 
(1 pixel), on a display area subtending 15º 3 12º. The lines compos-
ing the gray outline rectangle defining the boundaries of the display 
area were 0.02º in width (2 pixels). The buffer around each line of 
the rectangle had a width of 0.1º (10 pixels). Each probe had a di-
ameter of 0.08º, and the endpoint probes were inset 0.07º (one probe 
diameter) toward the center of the line.

The factorial design, which is described in more detail in the 
Design subsection below, included the independent variables ro-
tation (present [RP] or absent [RA]), translation (present [TP] or 
absent [TA]), and growth (present [GP] or absent [GA]). Thus, 
there were eight motion conditions: RP–TP–GP, RP–TP–GA, RP–
TA–GP, RP–TA–GA, RA–TP–GP, RA–TP–GA, RA–TA–GP, and 
RA–TA–GA. At the beginning of each trial, in the growth-present 
conditions, each line was randomly assigned a growth speed of ei-
ther 0.97º/sec (growth) or 20.97º/sec (shrinking). Additionally, in 
the translation-present conditions, each line was assigned a transla-
tion speed of 1.30º/sec. The x- and y-components of the translation 
speed were chosen randomly, with the constraint that both the x- and 
y-components had to be at least 0.26º/sec. Finally, in the rotation-
present conditions, each line was assigned a rotation speed of 0.16º/
sec (degrees here refers to angle of rotation). Each of these speed 
components remained constant throughout the trial. Whenever an 
endpoint reached the edge of the display, its growth direction was 
reversed (in the growth-present conditions), its translation direc-

somewhat surprising: Because observers knew with 100% 
certainty the locations on objects at which the probes 
would appear, they might have been expected to attend 
only to those locations, and thus not to be affected by in-
creasing line length. That expectation would be consistent 
with Shomstein and Yantis’s (2002) finding that, when the 
target location on an object is known with 100% certainty, 
other locations on the object are not given enhanced atten-
tional priority. One possible explanation for this finding of 
worse detection on longer lines relates to the distribution 
of attention; perhaps it is distributed over multiple loca-
tions on the line, with the amount of attention available for 
any one point decreasing as the length increases. Observ-
ers might be unable to restrict their attention solely to the 
relevant probed location while tracking multiple moving 
objects. Perhaps Shomstein and Yantis’s (2002) finding 
that attention is restricted to the target location is only true 
in the case of stationary objects, whereas the tracking of 
objects forces attention to spread to other locations on the 
object. This hypothesis is consistent with Scholl et al.’s 
(2001) finding that tracking performance was worse when 
tracking a target point that was connected by a line to a dis-
tractor point than when tracking an isolated target point. 
In the present study, the spread of attention to irrelevant 
locations on a moving object might be due to the increased 
difficulty of pinpointing the exact probed location when 
an object is moving. However, an alternative explanation 
is that detection was worse for longer lines not because of 
any characteristic of the attentional distribution, but rather 
because a probe produces a smaller luminance change 
relative to the line as a whole on a longer line than on a 
shorter one.

Experiment 3

Although Experiment 2 indicated that the attentional 
bias toward the centers of moving objects can be elimi-
nated under 100% certainty of the probe location, Experi-
ment 1 demonstrated that when uncertainty is present, the 
center bias does occur, and that the center bias is not due 
solely to probe location probabilities. If spatial probabili-
ties are not the cause of the center bias, then what does 
produce it? Previous research assumed that the root of the 
center bias is the motion of the objects (Alvarez & Scholl, 
2005). The purpose of Experiment 3 was to investigate 
whether the center bias is indeed caused by the tracking 
of motion, and if so, to determine what types of motion 
will produce it. Experiment 3 examined the effects of rota-
tional, translational, and size-change motion components 
on the center bias. A factorial design examined all com-
binations of the presence and absence of these three types 
of motion.

Alvarez and Scholl (2005) hypothesized that the ob-
server attends to the most stable point of an object. Accord-
ing to this hypothesis, an attentional center bias would be 
expected when objects rotate about their centers or change 
in size, because in these cases the center is more stable 
than other points on the line. No attentional center bias 
should occur, however, when objects undergo straight-line 
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The main effect of translation was signif icant 
[F(1,44) 5 4.29, p , .05], with miss rates higher when 
translation was present (M 5 .48, SD 5 .09) than when it 
was absent (M 5 .42, SD 5 .09). The main effect of rota-
tion was not significant [F(1,44) 5 0.00, p . .05], since 
miss rates did not differ when rotation was present (M 5 
.45, SD 5 .09) from when it was absent (M 5 .45, SD 5 
.09). The main effect of growth was also not significant 
[F(1,44) 5 0.07, p . .05]; miss rates did not differ when 
growth was present (M 5 .45, SD 5 .09) and absent (M 5 
.45, SD 5 .10). There was a significant three-way interac-
tion between probe location, line length, and translation 
[F(2.6, 114.6) 5 4.78, p , .01]: The magnitude of the 
difference between end and center miss rates increased 
more with line length when translation was absent than 
when it was present.

Importantly, there was no significant interaction be-
tween rotation and probe location [F(1,44) 5 0.03, p . 
.05]. As can be seen in Figure 5A, the magnitude of the 
difference between end and center miss rates did not dif-
fer when rotation was present and absent. There was also 
no significant interaction between translation and probe 
location [F(1,44) 5 0.35, p . .05]. As can be seen in Fig-
ure 5B, the magnitude of the difference between end and 
center miss rates did not differ with translation present 
and translation absent. Finally, there was no significant 
interaction between growth and probe location [F(1,44) 5 
0.53, p . .05]. As can be seen in Figure 5C, the magnitude 
of the difference between end and center miss rates was 
equal for growth present and growth absent. There were no 
other significant interactions involving probe location.

Stationary conditions analysis. A separate ANOVA 
was conducted on the miss rates from only the station-
ary conditions, in order to investigate the occurrence of 
center bias with stationary lines. This was a 2 (probe loca-
tion) 3 4 (line length) repeated measures ANOVA, which 
involved the 12 observers who viewed the stationary con-
ditions. The main effect of probe location was significant 
[F(1,11) 5 17.75, p , .01], with lower miss rates for 

tion was reversed (in the translation-present conditions), and its ro-
tation direction was reversed (in the rotation-present conditions). 
The length of the lines was always between 1.94º and 11.66º. In 
the growth-present conditions, whenever a line grew to a length of 
11.66º, it switched to shrinking, and whenever a line shrank to a 
length of 1.94º, it switched to growing.

Each line was drawn in three colors: One third of the line was 
light blue, one third was green, and one third was purple. There 
were six color schemes, consisting of all possible combinations 
of the three colors in the three sections of the line. Eight of the 
observers saw each color scheme, and the color scheme remained 
constant for every line on every trial. Three colors were used in 
Experiment 3, rather than two colors as in Experiments 1 and 2, 
because in Experiments 1 and 2 the high-probability end was also 
always the different-color end. In those experiments, it was possible 
that the distinct coloring of the high-probability end could have 
produced greater ease (or greater difficulty) in detecting the probes. 
In Experiment 3, having three differently colored areas of equal 
size avoided any potential bias of directing attention to a larger or 
smaller colored area.

Observers were informed that probes would only occur at the cen-
ter and at one of the ends of the lines, and they were informed which 
color the designated end would be. The probes appeared at the center 
or at the designated end with probability .5. Probes never appeared 
at the undesignated end.

Procedure. The procedure was the same as in Experiment 1.
Design. The design was the same as in Experiment 1, with the 

following exceptions. The independent variables were (1) probe lo-
cation (center or designated end), (2) rotation (present or absent), 
(3) translation (present or absent), and (4) growth (present or ab-
sent). Probe location and growth were run within subjects, whereas 
rotation and translation were run between subjects. The growth 
conditions were presented in separate blocks, in a counterbalanced 
order. In addition, the probe events were sorted into four categories 
of line length: less than 3.5º of visual angle (360 pixels), between 
3.5º and 6.8º (361 and 700 pixels), between 6.8º and 9.3º (701 and 
960 pixels), and greater than 9.3º (960 pixels). This comprised an-
other within-subjects independent variable, line length (very short, 
short, long, or very long), in the analysis.

Results
An average of 11.5 probes were presented per experi-

mental trial, resulting in an average of 577 probes per ob-
server. Line-tracking accuracy averaged 96.7% across all 
observers. Only trials on which (1) both of the target lines 
were correctly identified and (2) no more than four false 
alarms were recorded were included in the probe detection 
analyses. Thus, an average of 3.81 trials, or 43.6 probe 
events, were excluded per observer. An average of 1.06 
false alarms occurred per tracking trial, for trials included 
in the probe detection analyses.

Motion components analysis. The mean detection 
miss rates were submitted to a 2 (probe location) 3 2 (ro-
tation) 3 2 (translation) 3 2 (growth) 3 4 (line length) 
mixed ANOVA. The main effect of probe location was 
significant [F(1,44) 5 45.39, p , .001]: Miss rates were 
lower for probes occurring at centers (M 5 .37, SD 5 .11) 
rather than ends (M 5 .53, SD 5 .13). The main effect of 
line length was significant [F(2.4, 107.0) 5 21.06, p , 
.001]. There was also a significant interaction between 
probe location and line length [F(2.6, 114.6) 5 29.73, 
p , .001]; this interaction can be seen in Figure 4. For 
end probes, miss rates increased as line length increased, 
but for center probes, miss rates remained constant as line 
length increased.
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Figure 4. Miss rate as a function of line length and probe loca-
tion in Experiment 3.
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stationary, as compared with objects undergoing rotation 
or size changes, is evidence against this hypothesis. The 
findings in this experiment, however, are consistent with 
the hypothesis that the concentration of attention at the 
centers of stationary and moving objects is a manifesta-
tion of the visual system’s general bias toward the centers 
of objects and scenes.

An additional finding of the analysis of stationary con-
ditions was that line length interacted with probe location 
in a fashion similar to that in the overall motion compo-
nents analysis. This demonstrates that the effect of line 
length on the attentional distribution is similar for station-
ary and for moving objects, at least when probes occur in 
multiple locations on the objects.

General Discussion

The goals of this study were to examine the distribution 
of attention within objects in multiple-object scenes and 
to investigate the existence of an attentional bias toward 
the centers of objects.

The study had two primary results. The first of these, 
found in Experiment 1, is that the attentional distribution 
within individual moving objects is affected by two fac-
tors: (1) an inherent center bias and (2) prioritization by 
spatial probabilities. The finding of an attentional bias to-
ward the centers of objects is consistent with the findings 
of Alvarez and Scholl (2005). Nonetheless, the attentional 
bias toward the centers of moving objects can be modu-
lated by manipulating probe location probabilities. This is 
consistent with the literature showing that the visual sys-
tem attentionally prioritizes spatial locations on the basis 
of the probabilities of a target appearing at these locations 
(e.g., Geng & Behrmann, 2005; Prinzmetal et al., 2005). 
In fact, as found in Experiment 2, when probe locations 
are known with 100% certainty, the center bias is elimi-
nated. This result indicates that it is not mandatory for at-
tention to be concentrated at the center of a moving object 
in order to track the object.

Several previous studies have shown that target prob-
abilities can prioritize attention to particular locations in 
space, and a few studies have shown that such spatial pri-

probes occurring at centers (M 5 .27, SD 5 .11) than for 
those at ends (M 5 .40, SD 5 .14). The main effect of line 
length was significant [F(2.6, 28.3) 5 13.53, p , .001], 
and there was also a significant interaction between probe 
location and line length [F(2.1, 23.6) 5 5.75, p , .01]. For 
end probes, miss rates increased as line length increased, 
but for center probes, miss rates remained fairly constant 
as line length increased.

Discussion
In Experiment 3, the motion components analysis found 

that, overall, probe detection performance was better for 
centers than for ends of lines, even though there was no 
strategic advantage to attend to the center on the basis of 
probe probabilities. Crucially, this analysis also revealed 
an absence of interactions between rotation and probe 
location, translation and probe location, and growth and 
probe location. This indicates that translation, rotation, 
and size change motions do not affect the magnitude of 
the center bias; the attentional center bias occurs regard-
less of which types of motion are present.

The motion components analysis also revealed that as 
line length increased, detection performance declined at 
the endpoint, but remained constant at the center. This is 
the same pattern that was found in Experiment 1, when the 
center was the high-probability location. Taken together, 
these results suggest that when attention is concentrated 
at the center of an object (whether solely because of an 
inherent center bias, as in Experiment 3, or in part because 
of spatial probabilities, as in Experiment 1), the attention 
becomes increasingly concentrated at the center relative to 
the endpoints as object size increases.

The analysis of the stationary conditions found that 
probe detection performance was better at centers than at 
the ends of lines. This indicates that even when objects are 
stationary, attention is still concentrated at the centers of 
objects. This finding demonstrates that the center bias is 
not caused by the tracking of object motion. Alvarez and 
Scholl (2005) hypothesized that the center of an object is 
the focus of attention because the center is the most stable 
point. The finding that the center bias is no smaller for 
objects undergoing pure translation or objects remaining 
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attentional distribution in which high-probability loca-
tions are allocated greater attention.

The second primary result of this study is that the at-
tentional distribution is biased toward the center of objects 
even when objects are stationary, as well as when they are 
moving. Experiment 3 found that the addition of rotational, 
translational, and size-change motions did not affect the 
size of the attentional center bias. This result was unex-
pected, and is surprising, given that previous literature as-
sumed that the attentional center bias was a result of track-
ing object motion (Alvarez & Scholl, 2005). This finding 
is not consistent with Alvarez and Scholl’s hypothesis that 
the center of an object is the focus of attention because it 
is the most stable point on the object. This result is more 
consistent with the idea that the center bias is a pervasive 
phenomenon in visual perception. This attentional bias 
toward the centers of moving and stationary objects could 
be related to the finding that saccades to stationary objects 
or arrays land near the centers of those objects or arrays 
(see, e.g., Vishwanath & Kowler, 2003, 2004). It has been 
suggested that saccade landing locations are computed by 
averaging across all stimulated locations within the target 
object or array (e.g., Vishwanath & Kowler, 2003, 2004). 
Zhou et al. (2006) suggested a similar explanation for 
their finding that attention is drawn toward the center of 
an array of objects. They proposed that averaging across 
all stimulated locations results in the center of the array 
being the most salient location in the “saliency map” of 
the scene that guides attention.

Perhaps the results of the present study can be under-
stood by extending Zhou et al.’s (2006) idea. As well as the 
entire scene forming an array that is averaged and results 
in the greater salience of the center of the array, perhaps 
the parts of each individual object are also averaged. Av-
eraging the locations of parts of an object will result in the 
greater salience of the center of the object. Thus, saliency 
will be heightened not only at the center of the scene, but 
also at the center of each object. In order for this expla-
nation to account for attentional prioritization by spatial 
probabilities, the saliency map’s averaging must not be a 
simple average of the spatial locations, but instead must 
be weighted by the probability of probes appearing at each 
location. Future research is needed to further elaborate 
and empirically test this model.

In summary, the present study supports the existence 
of an attentional bias toward the centers of objects in 
multiple-object scenes. Attention tends to concentrate at 
the centers of both stationary and moving objects, and the 
presence of motion does not affect the magnitude of this 
bias. However, the attentional distribution within objects 
in multiple-object scenes is also subject to prioritization 
by spatial probabilities. In fact, the center bias is elimi-
nated when probes are certain to appear at only one par-
ticular location on each object. These results indicate that 
attentional prioritizations on the basis of spatial probabili-
ties can move along with a continuously moving object. 
They also imply that the center concentration of attention 
is not a strictly automatic process. A possible explanation 
for the attentional center bias is proposed on the basis of 
feature averaging, both on the basis of objects and on the 

oritizations can also occur within objects and object-like 
configurations. Shomstein and Yantis (2004) showed that 
spatial probabilities can prioritize attention to locations 
within objects in combination with object-based attention. 
Miller (1988) and Hoffmann and Kunde (1999) found 
that spatial probabilities can prioritize attention to loca-
tions defined by relative position within a configuration. 
The findings of the present study are novel, in that they 
show that attentional prioritizations on the basis of spatial 
probabilities can move along with a continuously moving 
object. Probabilities of probe appearance can prioritize 
attention not only to particular fixed locations in space; 
when the probes occur on an object, and the object is in 
motion, the attentional prioritizations accompany the ob-
ject as it travels. This supports the idea that the frame of 
reference for attentional prioritization is, at least in some 
cases, object- rather than space-based.

However, because the spatial positions in this study 
were designated by color, another interpretation of the 
findings is that observers prioritize attention to the color 
of the high-probability locations, rather than to the high-
probability spatial locations per se. An additional pos-
sibility is that observers prioritize attention not only to 
the high-probability location on each object, but to an ex-
tended “part” of the object, including the high-probability 
location and adjacent locations of the same color. Much 
previous research has shown that attention can be directed 
toward features, such as color (e.g., Shih & Sperling, 1996; 
Vierck & Miller, 2005; but see also Brawn & Snowden, 
1999), and toward individual parts of an object (e.g., Bar-
enholtz & Feldman, 2003; Reppa & Leek, 2003; Vecera, 
Behrmann, & Filapek, 2001). Some support for these pos-
sible explanations of the present results can be seen in 
Figure 2 from Experiment 1, which reveals a trend ( p 5 
.088) in the center high-probability condition toward bet-
ter probe detection at the same-color end (which would be 
in the same “part” as the center) than at the different-color 
end. These possible interpretations need to be addressed 
in future research.

Another question of interest is whether the concentra-
tion of attention at the centers of objects occurs automati-
cally. As maintained by many researchers, a process is 
strictly (or strongly) automatic only if two criteria are sat-
isfied: (1) the load insensitivity criterion, meaning that the 
process is not hindered when task demands are increased, 
and (2) the intentionality criterion, meaning that the pro-
cess is not subject to voluntary control (see, e.g., Turatto 
et al., 2000; Yantis & Jonides, 1990). According to the in-
tentionality criterion, the attentional center bias should 
not be affected by the probabilities of probes occurring in 
different locations on the object. However, Experiments 1 
and 2 showed that the center bias is modulated by spatial 
probabilities and is eliminated when no uncertainty exists 
as to the probe location. This indicates that the allocation 
of greater attention to the centers of objects is not strictly 
automatic. Overall, these results suggest that perhaps the 
visual system uses a default attentional distribution in 
which the centers of objects are allocated more attention 
than other parts. However, this default distribution can be 
controlled by task demands, to create a context-dependent 
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basis of the scene as a whole, with the averaging weighted 
by spatial probabilities.
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