
The world is full of moving objects and people whose 
motions are complex and frequently changing. As pedes-
trians in the city, for example, we are confronted by many 
vehicles, each moving in its own fashion. In many sports, 
players are constantly starting, stopping, and changing di-
rection. How do changes in motion affect our awareness of 
object properties? When a person or vehicle changes direc-
tion of motion, often it is because intentions have changed 
or a new goal has been acquired. It may be important to 
then reevaluate the situation—for example, to determine 
whether the object is now on course to intercept or collide 
with other things. Here we report evidence that changes in 
the direction of motion recruit visual attention.

Several visual characteristics appear to capture atten-
tion. For instance, the appearance of a new object among 
a background of old objects can capture attention (Enns, 
Austen, Di Lollo, Rauschenberger, & Yantis, 2001; Yan-
tis & Hillstrom, 1994; Yantis & Jonides, 1984), although 
these effects are sometimes attributable to the attention-
capture effects of luminance changes (see, e.g., Enns 
et al., 2001). Color changes also can capture attention 
(von Mühlenen, Rempel, & Enns, 2005), as can an odd 
color in a search display (Horstmann, 2005; Johnson, 
Hutchison, & Neill, 2001).

Differences in the motion of objects in a scene can also 
help to direct our attention. For instance, visual search is 
efficient when the target is defined by a particular direc-
tion of motion among an array of distractors all moving in 
a second direction (Ansorge, Scharlau, & Labudda, 2006), 
and observers are able to perform visual search for differ-
ent motion types (Horowitz, Wolf, DiMase, & Klieger, 

2007). Furthermore, even if distractors are moving in 
various directions, if these motions can all be attributed to 
self-motion then a target moving in a contrary fashion is 
conspicuous (Rushton, Bradshaw, & Warren, 2007).

The presence of motion, or at least the onset of mo-
tion, among stationary objects appears to attract attention 
under some circumstances. For instance, Franconeri and 
Simons (2003) used an irrelevant-feature search to show 
that motion-defined singletons can capture attention. In 
their experiments, translating and looming stimuli cap-
tured attention in an array of otherwise stationary stimuli. 
Some experiments have suggested that the onset of motion 
(a special case of a change in motion, going from no mo-
tion to some motion) is particularly potent for capturing 
attention (Abrams & Christ, 2003). The question of which 
aspects of moving stimuli capture attention is controver-
sial, but it is clear that in many circumstances moving 
stimuli are potent attention-grabbers (Abrams & Christ, 
2003, 2005a, 2005b, 2006; Franconeri & Simons, 2005).

To our knowledge no one has tested directly whether 
changes in motion can attract attention. Certainly, the pat-
tern of changes in motion can be a powerful cue for the 
perception of animacy and causality (Michotte, 1963). 
Since perceiving animacy and causality is important, it 
might be adaptive for motion changes generally to attract 
attention. As mentioned above, when a person, animal, or 
vehicle changes direction of motion, their intentions have 
often changed, which is another reason to attend to these 
events. If the object is not animate, changes in direction of 
motion often occur as a result of new forces, such as a sud-
den gust of wind or the impact of another object. For these 
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A circular mask windowed the grating patches and had a radius of 
0.65 deg of visual angle. A white circular fixation point with diam-
eter of 0.42 deg was displayed at the center of the screen throughout 
the experiment.

Observers. Observers were 8 psychology staff members and 
10 postgraduate students at Bristol University, plus 1 undergradu-
ate and 1 staff member at the University of Sydney. Sixteen were 
naive to the purpose of the experiment, and 12 were nonexpert in 
participating in visual psychophysical experiments. All had normal 
or corrected-to-normal vision.

Procedure. Observers were given practice trials until they felt 
comfortable with the experiment, which usually required less than 
10 trials. They then completed 105 trials each. Four invisible motion-
 limiting “boxes” measuring 10.98  10.98 deg were arranged with 
their innermost corners 3.14 deg away from the fixation point, one 
in each of the Cartesian quadrants. At the start of each trial, four 
gratings were displayed 10.88 deg eccentric from fixation, each at 
the center of its respective box. At the start of each trial, two grat-
ings were marked as targets by flashing squares, measuring 2.22  
2.22 deg, which flashed black–white for 4.2 sec at 1 Hz (see Fig-
ure 1). On every trial, each grating had an equal chance of being 
chosen as one of the two targets, and each target had an equal chance 
of being queried at the end of the trial.

Immediately after the disappearance of the flashing squares, 
each grating underwent a period of smooth and quasirandom 
motion within its box and also changed smoothly and quasiran-
domly in its orientation (see Figure 2). At a random time between 
4,250 msec and 11,330 msec after the start of motion, all gratings 
disappeared. One of the targets was postcued 300 msec later. We 
chose to delay the appearance of the postcue by 300 msec to reduce 
any possibility of observers “reading out” the final orientation 
from high-capacity iconic memory (Averbach & Coriell, 1961; 
Coltheart, Lea, & Thompson, 1974; Shooner, Tripathy, Bedell, & 
Ögmen, 2010; Sperling, 1960) without paying attention to the tar-
gets prior to their disappearance. To postcue one of the targets, its 
quadrant was indicated with a black square that appeared near one 
of the four corners of the screen (subtending 2.2  2.2 deg and 
centered 15.2 deg horizontal and 13.1 deg vertical from fixation). 
Observers attempted to report the last orientation of the grating 
that had previously occupied that box. This grating will be referred 
to as the queried target.

reasons, changes in direction of motion may attract atten-
tion. We show here that attention is attracted by certain 
changes in direction of motion that are not accompanied 
by an obvious cause.

In our experiments, observers continuously tracked 
the changing orientations of two moving objects in the 
presence of two similar objects. The effect of change in 
direction of motion after collisions with boundaries was 
assessed by examining accuracy of reporting the final ori-
entation of one of the tracked objects. In Experiment 1, 
a change in direction of motion of the nonqueried object 
decreased accuracy in reporting the features of the que-
ried object. These direction changes occurred as a result 
of collision with invisible boundaries; hence, they were 
not attributable to any visible feature on the screen and 
often may have been unanticipated by the participants. In 
Experiment 2, the boundaries were visible, and the effect 
of direction changes no longer occurred. We conclude that 
unexplained changes in motion direction attract attention.

EXPERIMENT 1

Method
Experiment 1 was designed to test whether a change in direc-

tion of motion facilitates awareness of stimulus features. Observers 
attempted to track the continuously changing orientations of two 
grating patches out of a total of four on the screen. To reflect the 
varying trajectories and object changes encountered in many real-
world situations, the gratings changed in position and orientation in 
a semirandom manner.

A computer program written in Python using the Vision Egg li-
brary (Straw, 2008; www.visionegg.org) displayed an array of four 
sinusoidal luminance gratings against a mid-gray background on a 
16-in. CRT screen refreshing at 60 Hz. Observers viewed the display 
in a dimly lit room from a distance of 0.4 m.

The luminance at the trough of each grating was less than 1  cd/ m2, 
at the peak it was 88 cd/m2, and the spatial frequency was 3.90 cpd. 

Quadrants containing targets
for tracking are marked

All four gratings change smoothly and
randomly in position and orientation

Blank (300 msec)

One of the targets is queried Report last orientation
of queried grating

Feedback

Figure 1. Trial timeline. Observers adjusted the orientation of the response grating patch to match the last 

perceived orientation of the queried target. In the example depicted here, the observer reports an orientation of 

40 deg. Given that the last orientation of the queried target was 18 deg, this represents an error of 58 deg.
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Gratings were bounded within their boxes by checking whether 
each had come closer than 0.24 deg to the edge of the boxes. If 
the location of a grating reached this value, the sign of the velocity 
along the offending dimension was reversed, causing it to appar-
ently bounce off the boundary (the 0.24-deg gap with the boundary 
was not noticeable). For instance, if a grating approached within 
0.24 deg of its upper boundary, the vertical velocity was reversed, 
with the horizontal velocity left unchanged.

Orientation trajectories of gratings. Orientations were set in-
dependently for each grating and independent of their position trajec-
tories. Objects’ starting orientations were set to random values. Start-
ing angular velocities (change in orientation per unit of time) were 
set independently to a random value between 30 dps and 30 dps, 
excluding absolute values less than 6 dps, so that no gratings appeared 
to be not rotating when first presented. Starting angular accelerations 
were randomly and independently chosen from one of two values, one 
of which was negative and one of which was positive. For gratings 
with high angular velocity (greater than an absolute value of 12 dps), 
the possible accelerations were a pair of positive and negative values 
with magnitude of 36 d/sec2. For gratings with slow angular velocity 
(less than an absolute value of 12 dps), the possible accelerations were 
higher, either positive or negative 108 deg/sec2.

For each grating, there was a 1 in 20 chance of a reallocation 
of angular acceleration on every frame. When this occurred, accel-
eration was randomly reassigned one of the two positive and nega-
tive values, depending on the current angular velocity, as described 
above. If the angular speed was below 12 dps at any time, then the 
absolute value of the acceleration was increased from 36 deg/sec2 to 
108 deg/sec2. The angular speed was not allowed to exceed 180 dps. 
If any grating reached this value, the direction of its acceleration 
was reversed, so that its speed would begin decreasing. The average 
angular velocity of gratings was 73.1 dps.

Observers used two keys to adjust the orientation of the response 
grating to match the last orientation of the queried target. The response 
grating, which was presented at fixation, was initially oriented verti-
cally. However, it did not appear until the first frame (16.67 msec) after 
observers began their keypress response, which they did by pressing 
one of the arrow keys, which rotated the response grating by a small 
step. Following the observer’s response, the queried target was pre-
sented as feedback in its true final position and orientation.

Position trajectories of gratings. Each grating’s trajectory 
within each box was independently generated by the following algo-
rithm. Horizontal and vertical velocities were generated entirely in-
dependently. Starting horizontal and vertical velocities were chosen 
randomly and independently from a uniform distribution spanning 

2.67 to 2.67 dps, excluding very slow speeds of less than 0.27 dps. 
Starting horizontal and vertical accelerations were randomly and 
independently allocated for each grating and were chosen from one 
of two values, one of which was negative and one of which was 
positive. For gratings that initially were set to a fast speed (greater 
than 1.33 dps), the possible accelerations were a pair of positive and 
negative values with magnitude of 3.20 deg/sec2. To prevent gratings 
from remaining still for a prolonged period, the possible accelera-
tions were higher for slow gratings (less than 1.33 dps), either posi-
tive or negative 8.00 deg/sec2.

For each grating, there was a 1 in 20 chance of a reallocation of 
its acceleration on every frame. When this occurred, acceleration 
was randomly reassigned one of the two positive and negative values 
described above, depending on the current velocity. A maximum 
absolute value (speed limit) for horizontal and vertical velocities 
was set at 5.34 dps. If any grating reached the maximum speed, the 
acceleration direction was reversed, causing it to tend back toward 
slower velocities. The mean resulting speed generated by the algo-
rithm was 3.1 dps.

Figure 2. Trajectories of the four gratings in a typical trial. The various grating posi-

tions mark their locations every 330 msec. For the grating in the upper left quadrant, 

two “bounces” off box boundaries can be seen. In Experiment 1, the box boundaries 

were not visible; in Experiment 2, they were drawn as shown.
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tervals were used: 0–200, 201–400, 401–600, 601–800, 
and 801–1,000 msec since the most recent bounce (see 
Figure 3). A sixth category contained trials for which no 
bounces occurred in the nonqueried target within the last 
1,000 msec. We use the term error to refer to the magni-
tude of the error (absolute errors). Compared with trials 
in the sixth category, bounces of the nonqueried target in 
the last 200 msec of the trial were associated with sig-
nificantly greater errors (30.05 deg vs. 35.14 deg, respec-
tively) [t(1216)  2.67, p  .0078]. This suggests that 
these irrelevant bounces attracted attention away from the 
queried target.

Bounces in none of the other four time windows pro-
duced significantly different accuracy compared with 
the baseline no-bounce trials [201–400 msec, t(1221)  

0.49, p  .62; 401–600 msec, t(1250)  0.06, p  
.95; 601–800 msec, t(1227)  0.04, p  .97; 801–
1,000 msec, t(1180)  0.49, p  .62].

Overall, the mean number of bounces in the last 
1,000 msec of the trial was 0.63, with 47% of trials con-
taining no bounces in the last 1,000 msec of the trial, 43% 
containing one bounce, 10% containing two bounces, and 
less than 1% containing three bounces. Trials were grouped 
according to the time of the last bounce, but some trials 
contained more than one bounce during the last second 
and there was thus a tendency for more bounces to have 

Results
We examined the effect on performance of changes in 

direction of motion caused by collisions with boundar-
ies. We refer to such changes in direction of motion as 
bounces. If bounces attract attention, bounces of the 
nonqueried target should draw attention away from the 
queried target and decrease performance. We might also 
expect that bounces of the queried target should improve 
performance through increased attention to that object. 
This might not be evident in the data, however, if the effect 
is counteracted by any unknown deleterious effects of mo-
tion changes on orientation perception. If, for instance, the 
queried target passes back near its previous path, it may 
be masked by its own previous states. Another possibility 
is that attention may be biased after a direction change 
toward motion characteristics and away from orientation, 
the critical feature for the task. Attention might also be 
directed toward possible causes for the direction change, 
such as a search for nearby objects or boundaries. These 
are all effects of bounces on perception of the object that 
bounced. To examine only the attention-attracting effects 
of bounces, we tested the effect of a bounce in the nonque-
ried target on errors in reporting the queried target.

To examine the effect of recent nonqueried-target 
bounces, we examined the effect of bounces that occurred 
at different intervals before the end of the trial. Five in-
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Figure 3. Mean absolute error magnitudes from Experiment 1. A bounce of the nonqueried target was 

detrimental to performance if it occurred within the last 200 msec of the trial, suggesting that attention had 

been attracted away from the queried target. Error bars show 1 SE across participants. The rightmost bar 

shows trials in which no bounces occurred during the last 1,000 msec of the trial.
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both the horizontal and vertical direction. Accuracy was 
not significantly correlated with mean change in smoothed 
absolute speed between successive frames over the last 
200 msec of the trial [r(2098)  .002, p  .92], with max-
imum frame-to-frame change in smoothed speed over that 
period [r(2098)  .005, p  .82], or with minimum 
frame-to-frame change over that period [r(2098)  .01, 
p  .65]. Although this suggests speed changes did not 
attract attention, more systematic investigation or other 
experimental circumstances may show an effect.

Alvarez and Cavanagh (2005) found evidence that 
tracking resources in the left hemifield and those in the 
right hemifield were completely independent. Here there 
was only a very small and nonsignificant trend for an 
across-hemifield advantage: the mean error in the group 
with two targets in the same hemifield was 31.6 deg, and 
the mean error in the group with each target in a different 
hemifield was 30.2 deg [t(19)  1.04, p  .31].

In Experiment 1, the boundaries that caused the bounces 
were not visible. In Experiment 2, the boundary boxes 
were made visible in order to investigate the role of vis-
ible causes of bounces.

EXPERIMENT 2

Method
Experiment 2 was identical to Experiment 1, except that the 

boundary boxes were made visible by drawing them in black lines, 
as shown in Figure 2.

Observers. Observers were 10 psychology staff members and 
10 postgraduate students at Bristol University. Eighteen were naive 
to the purpose of the experiment, 10 had previously participated 
in Experiment 1, and 16 were nonexperts in participating in visual 
psychophysical experiments. All had normal or corrected-to-normal 
vision.

Results
We conducted the same analyses as those performed in 

Experiment 1 to assess whether bounces of the nonqueried 
target affected errors. As in Experiment 1, bounces were 
defined as changes in direction of motion caused by the 
boundary boxes, which were invisible in Experiment 1. In 
Experiment 2, effects of bounces in the nonqueried target 
at various times before the end of the trial showed no sig-
nificant effects [0–200 msec, t(1250)  0.37, p  .71; 
201–400 msec, t(1268)  0.73, p  .46; 401–600 msec, 
t(1214)  0.24, p  .81; 601–800 msec, t(1216)  

0.14, p  .89; 801–1,000 msec, t(1190)  1.37, p  
.17], as depicted in Figure 4. The only difference be-
tween Experiments 1 and 2 was that the box boundaries 
were visible in Experiment 2. Thus, it appears likely that 
the boxes rendered bounce events more predictable and 
thereby eliminated the attraction of attention to bounce 
events. We compared the effect of bounces of the non-
queried target in the last 200 msec of the trial across Ex-
periments 1 and 2. To do this, we compared errors in the 
0–200 msec bounce category after normalizing them by 
subtracting individuals’ mean errors in the no-bounce (in 
the last 1,000 msec) baseline condition and then divid-
ing by each individual’s standard deviation of errors. The 
effect of these 0–200 msec nonqueried target bounces 

occurred in those cases in which the last bounce was very 
recent. Trials in which the most recent bounce occurred 
within the last 200 msec contained a mean of 1.30 bounces 
during the last second of the trial. The mean numbers of 
bounces were 1.36, 1.18, 1.13, and 1.02 for the 201–400, 
401–600, 601–800, and 801–1,000 msec windows, respec-
tively. One possibility is that errors seen in the 0–200 msec 
time window were exacerbated by the accumulated effects 
of multiple bounces in the last second rather than bounce 
recency per se. This is highly unlikely, however, given that 
there were more bounces for trials in which the most recent 
bounce occurred between 201 and 400 msec before the end 
of the trial than in those in which the most recent bounce 
occurred in the 0–200 msec window. If the number of 
bounces was driving the effect on performance, we would 
expect worse performance in the 201–400 msec window 
than in the 0–200 msec window, but we found the opposite. 
To further address this issue, we calculated mean errors for 
those 42% of trials in which only one bounce occurred dur-
ing the last second of the trial. We categorized these trials 
according to when this bounce occurred, using the same 
five time windows as before. Mean errors were 33.25, 
28.41, 29.94, 29.40, and 30.58 deg for the 0–200, 201–
400, 401–600, 601–800, and 801–1,000 msec windows, 
respectively. Even in this diminished data set, there was a 
tendency, albeit nonsignificant, for errors to be greatest for 
trials with a bounce in the last 200 msec of the trial.

A direction change in the queried target may have 
yielded multiple and possibly opposing effects on perfor-
mance as described in the results section for Experiment 1. 
Nevertheless, upon examination of the error (as we did for 
the nonqueried target), there was no significant effect of 
whether the queried target bounced recently [0–200 msec, 
mean error  29.60 deg, t(1228)  0.72, p  .47; 201–
400 msec, mean error  30.74 deg, t(1255)  0.37, p  
.71; 401–600 msec, mean error  32.36 deg, t(1232)  
0.78, p  .44; 601–800 msec, mean error  32.11 deg, 
t(1250)  0.79, p  .43; 801–1,000 msec, mean error  
29.26 deg, t(1198)  0.42, p  .68; no bounce, mean 
error  30.72 deg].

In addition to examining the effect of bounces (a subset 
of the changes in direction that occurred), we examined 
the effects of changes in speed. Perception of acceleration 
or change in speed is limited to low temporal frequen-
cies of speed variation, suggesting that the perception of 
speed may be the outcome of averaging motion signals 
over more than 100 msec (Gottsdanker, 1956; Werk-
hoven, Snippe, & Toet, 1992). Before further analysis, 
therefore, we smoothed the speed profile for each trial 
using a sliding rectangular 120-msec window. There was 
no significant correlation between error and the resulting 
mean smoothed speed over the last 200 msec of the trial 
[r(2098)  .03, p  .25]. Nor was there any significant 
relationship between error and the maximum smoothed 
speed over the last 200 msec of the trial [r(2098)  .03, 
p  .24] or for minimum smoothed speed over that period 
[r(2098)  .03, p  .25].

We also examined the effect of change in speed on per-
formance. As mentioned above, gratings moved with one 
of two possible accelerations (3.20 or 8.00 deg/sec2) in 
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smoothed absolute speed over the last 200 msec of the 
trial [r(2098)  .01, p  .66], with maximum change 
in smoothed speed over that period [r(2098)  .02, p  
.40], or with minimum change in smoothed speed over 
that period [r(2098)  .001, p  .95].

The data from Experiment 2 support Alvarez and Ca-
vanagh’s (2005) hemifield-independence hypothesis more 
strongly than do the data from Experiment 1. In Experi-
ment 2, the mean error when the targets were in the same 
hemifield was 33.6 deg, compared with 30.1 deg when 
the targets were in different hemifields [t(19)  4.02, p  
.01]. Whether this 3-deg difference in average error is the 
level expected from hemifield independence is uncertain, 
however. Alvarez and Cavanagh asserted that the hemi-
fields were fully independent, meaning that performance 
in tracking two targets should be no worse than if only one 
target had been tracked. The level of performance when 
tracking only one target is unknown for this experiment, 
since it was not tested.

GENERAL DISCUSSION

In Experiment 1, recent bounces off boundary walls 
caused a decrement in performance when they occurred 
in the nonqueried target. We suggest that this was due to 
attention moving from the queried target to the nonque-
ried target. The effect was evident when the most recent 

on normalized error was significantly greater in Experi-
ment 1 than in Experiment 2 [t(459)  1.99, p  .047].

As in Experiment 1, bounces of the queried target in Ex-
periment 2 had no significant effect on performance [0–
200 msec, mean error  31.40 deg, t(1260)  0.31, p  
.76; 201–400 msec, mean error  32.02 deg, t(1248)  
1.21, p  .23; 401–600 msec, mean error  30.27 deg, 
t(1249)  1.93, p  .054; 601–800 msec, mean error  
30.47 deg, t(1240)  0.12, p  .90; 801–1,000 msec, 
mean error  33.55 deg, t(1233)  0.006, p  .995; no 
bounce, mean error  30.74 deg].

One might worry that the presence of the boundary 
lines in Experiment 2 could affect visibility of the targets’ 
orientations, but we found that overall orientation accu-
racy was similar between Experiment 1 (mean error  
30.8 deg) and Experiment 2 (mean error  31.3 deg) 
[t(19)  0.29, p  .77].

In Experiment 2, there was again no significant cor-
relation between error and mean smoothed speed over 
the last 200 msec of the trial [r(2098)  .004, p  .86], 
maximum smoothed speed over that period [r(2098)  
.004, p  .86], or minimum smoothed speed over that pe-
riod [r(2098)  .004, p  .84]. These three correlations 
between speed and error were highly similar because the 
three aspects of speed were each highly correlated with 
one another (r  .99, p  .001 in each case). Similarly, 
accuracy did not correlate significantly with change in 
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Figure 4. Mean absolute error magnitudes from Experiment 2. Bounces of the nonqueried target had 

no significant effect on performance. Error bars show 1 SE across participants. The rightmost bar shows 

trials where no bounces occurred during the last 1,000 msec of the trial.
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That motion bounces may attract attention has implica-
tions for displays with moving objects, such as multiple 
object tracking (MOT), since many MOT displays include 
frequent collisions (Alvarez & Franconeri, 2007; Pyly-
shyn, 1989; Pylyshyn & Storm, 1988; Scholl & Pylyshyn, 
1999; Yantis, 1992). Recently, Iordanescu, Grabowecky, 
and Suzuki (2009) showed that observers were better at 
reporting positions of targets when they were near dis-
tractors, and it seems possible that collisions could have 
contributed to this result.

The ability of bounces to attract attention may have 
contributed to the attention-attracting effect of the “jitter” 
motion used by Franconeri and Simons (2003); however, 
such motion appears to have produced inconsistent results 
in the literature. For instance, Hillstrom and Yantis (1994) 
and Yantis and Egeth (1999) failed to find attention cap-
ture in an irrelevant-feature search task using oscillating 
motion among stationary distractors. The parameters of 
oscillating movement may not always be sufficient to at-
tract attention for three reasons. First, the range of oscil-
lating motion is typically limited to around 0.5 deg, much 
less than we used here. Second, because of the jitter type of 
motion used, the objects may simply have been perceived 
to possess positional imprecision over time rather than a 
persistent translational trajectory. Third, less predictable 
changes in motion may be required to attract attention.

Our findings are consistent with an account in which 
changes in direction of motion, when less expected, alert 
the observer to the possible presence of a previously un-
detected object with which a collision has occurred. New 
objects have been suggested to capture attention even in 
the absence of luminance changes (Yantis & Hillstrom, 
1994). Perhaps, then, these bounces attract attention be-
cause they signal the presence of a new object—in this 
case, the invisible box boundary.

Previous work has found that the sudden onset of mo-
tion can attract attention (Abrams & Christ, 2003, 2005a, 
2005b, 2006). Motion onsets can be considered a special 
case of change in motion—namely, a change from no mo-
tion to some motion. There are two reasons to suggest that 
whatever mechanism is responsible for this motion-onset 
effect may also be involved in the effect seen for unexpected 
bounces. First, motion onsets and unexpected bounces 
are both types of change in motion. Second, bounces at-
tracted attention here only when they were unexpected, and 
motion- onset displays have typically used unexpected mo-
tion onsets or onsets with no visible cause.

Changes in motion can take the form of changes in di-
rection or changes in speed. Motion onsets are also a spe-
cial case of change in speed from no speed to some speed, 
which may contribute to their attention-attracting effect. 
Our analysis does not exclude the possibility of a further 
attentional benefit from speed changes. One might argue 
that all changes in motion are potential signs of animacy 
or important physical and social changes, such as people 
or animals quickening or slowing pace. More studies are 
needed to test this.

Might observers have realized the importance of the di-
rection changes to the present experiments and directed 

bounce occurred in the 200 msec preceding the end of the 
trial. The 200-msec time period is comparable to that of 
the effect of explicit cues in conventional attentional cuing 
studies, where processing benefits are typically seen for 
stimuli presented 80–300 msec after cuing (Nakayama & 
Mackeben, 1989; Posner, 1980). When the boundary walls 
were visible in Experiment 2, the effect of these bounces 
disappeared, suggesting that it was the unexpected or un-
explained nature of the direction changes that attracted 
attention.

Luminance changes usually co-occur with motion 
changes and can themselves capture attention (Christ & 
Abrams, 2008; Enns et al., 2001; Ludwig, Ranson, & Gil-
christ, 2008). Here luminance changes occurred through-
out because of the rotation and motion of the gratings. 
Effects of luminance changes may have interacted with 
those of bounces, but this cannot explain the elimination 
of the effect seen in Experiment 2, in which luminance 
characteristics were identical. Bounce events are associ-
ated with those positions on the screen farthest from the 
center of the boundary boxes, hence, it is possible that the 
presence of gratings in these locations attracted attention. 
Bounce events may also be associated with certain speed 
profiles, since very slowly moving objects, for instance, 
are likely to experience fewer collisions. However, neither 
of these factors can explain the elimination of the effect 
observed when the boundaries were made visible.

The magnitude of the main effect observed here (a 5-deg 
increase in orientation error) is comparable to a previously 
reported cost of 5 deg for monitoring the orientations of 
two objects rather than one (Howard & Holcombe, 2008). 
Howard and Holcombe measured the cost of splitting at-
tention between two targets rather than allocating full at-
tention to one target. In the experiments reported here, 
bounces of the nonqueried target likely reduced attention 
to the queried target further, causing attention to favor the 
nonqueried target. The cost for reporting a nonfavored tar-
get out of two targets appears comparable to the cost of 
splitting attention between two targets versus allocating 
full attention to one.

Given our poor sensitivity to changes in motion (Gotts-
danker, 1956; Watamaniuk & Heinen, 2003; Werkhoven 
et al., 1992; but cf. Pazo-Alvarez, Amenedo, & Cadaveira, 
2004), it may be surprising that changes in motion direc-
tion should attract attention. Perhaps only large changes 
in motion direction attract attention. Tripathy and Barrett 
(Tripathy, 2003; Tripathy & Barnett, 2003, 2004) found 
that splitting attention among targets severely impaired 
the ability to detect small changes in direction. However, 
Tripathy and colleagues have shown that when direction 
changes were larger (as bounces were here, on average), 
many targets could be monitored successfully for a motion 
change (Tripathy & Levi, 2008; Tripathy, Narasimhan, & 
Barrett, 2007). In other words, a larger motion change was 
needed when fewer attentional resources were available 
per target. An interesting possibility raised by the present 
research is that when deviations are large, the change in 
direction may attract attention and thus assist the simulta-
neous monitoring of multiple trajectories.
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of visual memory. Vision Research, 49, 10-27.
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Pylyshyn, Z. W., & Storm, R. W. (1988). Tracking multiple indepen-
dent targets: Evidence for a parallel tracking mechanism. Spatial Vi-
sion, 3, 179-197.

Rushton, S. K., Bradshaw, M. F., & Warren, P. A. (2007). The pop 
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self-movement. Cognition, 105, 237-245.

Scholl, B. J., & Pylyshyn, Z. W. (1999). Tracking multiple items 
through occlusion: Clues to visual objecthood. Cognitive Psychology, 
38, 259-290.

Shooner, C., Tripathy, S. P., Bedell, H. E., & Ögmen, H. (2010). 

extra attention to them? This is unlikely for several rea-
sons. Most of the observers were naive to the purpose of 
the experiments, and none of the observers reported guess-
ing the purpose of the experiment when it was explained 
to them afterward. From the perspective of the observers, 
there were many plausible purposes for the experiment, 
such as to investigate the effect of orientation, of the rate of 
orientation change, of reversals in rotation, or of the rela-
tive orientation of any combination of the four gratings. 
Other possible purposes included measurement of the ef-
fect of which quadrants contained the targets, of the rela-
tive positions of the four gratings, or indeed of the length of 
the trial and timing of various events during the trial.

We used a 300-msec delay between stimulus offset and 
postcue here to reduce the possibility of observers relying 
on high-fidelity, short-lived iconic memory. At shorter de-
lays, observers do appear to use such memory for certain 
attentionally demanding tasks. For instance, Narasimhan, 
Tripathy, and Barrett (2009) saw thresholds rise sharply 
in a trajectory-deviation detection task when a delay of as 
little as 100 msec was introduced between the two halves 
of the trajectory that were presented for comparison. If 
this memory survived our 300-msec delay in some weak 
form and observers used it, the memory trace must have 
been fragile enough to be affected by a bounce event in 
the nonqueried target. Perhaps nonqueried target bounces 
attracted attention away from the queried target for long 
enough to cause the trace to decay substantially further 
before the report was made.

The ability of changes in motion direction to attract at-
tention may play an important role in our awareness of 
situations with multiple moving objects. Motion changes 
can signal important new information about the world, 
about the intentions of other creatures, and about forces 
acting on our immediate surroundings. In the modern 
world, awareness of motion changes may be critical in 
situations such as playing on the sports field, walking or 
driving on a busy street, and monitoring closed-circuit 
television.
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