
1 Introduction
In daily life, the visual system must often track several target objects that are
simultaneously moving through space among other distractor objects. This ability is demon-
strated by soccer players tracking their team mates among opposing team members,
parents tracking their children among others on a playground, and air traffic control-
lers tracking specified aircraft in a radar display. Often, the targets we are tracking
have characteristics (such as their color, motion, or shape) that distinguish them from
some of the other objects in the environment. However, studies on multiple object
tracking (MOTöeg Alvarez and Franconeri 2007; Pylyshyn and Storm 1988) usually
have utilized target and distractor objects that are identical, and thus little is known
about how the characteristics of the distractors affect the ability to track the targets.
The object of the current study was to find whether the similarity of the distractors
to the targets affects the extent to which the distractors hinder tracking.

Several studies have demonstrated that target tracking ability is influenced by the
presence of distractor objects. In variations of the MOT paradigm in which tracking
could occur with or without distractors, tracking capacity is greater when no distrac-
tors are present (Horowitz and Cohen 2008; Horowitz et al 2007). Moreover, tracking
performance declines as the number of distractors increases (Bettencourt and Somers
2009; Sears and Pylyshyn 2000).

Although the effects of the features of distractors on MOT ability has scarcely been
investigated, many studies have been devoted to the effects of features of distractors on
visual search and attention capture. During visual search, much research has indicated
that the allocation of attention to a distractor object is affected by the distractor's phys-
ical salience (ie bottom ^ up processingöeg Franconeri et al 2005). Very salient stimuli,
such as abrupt onset and uniquely colored objects, capture attention involuntarily (eg
Theeuwes 1992, 1994). Yet much other research has indicated that the allocation of
attention to a distractor object is affected by the distractor's relevance to current task
demands (ie top ^ down processingöeg Folk et al 1992). Many studies have shown that
the involuntary allocation of attention to a distractor object is dependent on whether the
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distractor shares features with the target (eg Folk et al 1992; Folk and Remington
1998). Visual search can be restricted to items that share the same color (or orientation,
size, or motion direction) as the targets (eg Treisman and Sato 1990; Wolfe et al 1989).
Treisman and Sato hold that this occurs because a preattentive parallel process filters
distractors that do not share features with the target.

Why do distractors interfere with tracking the targets in MOT? A first explanation
that has been proposed for distractor interference is that when a distractor passes near a
target, the observer may mistake the distractor for the target (Alvarez and Franconeri
2007; Bettencourt and Somers 2009; Horowitz et al 2007; Intriligator and Cavanagh 2001;
Iordanescu et al 2009; Oksama and Hyo« na« 2004; Pylyshyn 2004; Sears and Pylyshyn
2000). Additionally, some authors have suggested that the visual system attentionally
suppresses distractors in order to reduce confusion with targets, and that this suppression
consumes resources that could be used for tracking targets (Bettencourt and Somers
2009; Franconeri et al 2010; Horowitz et al 2007; Pylyshyn 2006; Shim et al 2008).

If the reason that distractors affect tracking is due to being confused with targets,
then distractors that are less easily confusable with targets should interfere less with
tracking. However, this prediction rests on the assumption that the objects' features are
processed during MOT, and there has been contention in the literature about the extent
to which this occurs. Several studies have suggested that little information about
objects' features and identities is acquired (Pylyshyn 2004; Saiki 2003), or that infor-
mation about features or identities is acquired for only a subset of the tracked targets
(Botterill et al 2011; Cohen et al 2011; Fencsik et al 2007; Ren et al 2009). On the
other hand, a number of other studies have suggested that some information about
objects' features and identities indeed is acquired during tracking (Bahrami 2003;
Oksama and Hyo« na« 2008; St Clair et al 2010; Yantis 1992). Makovski and Jiang
(2009b) found that, when each object has a unique color, tracking performance is
better than when all objects are identical. Similarly, Horowitz et al (2007) had observers
track animal pictures and found that tracking performance was better when each object
was a different animal picture than when all objects were the same animal picture.

A second reason that distractors may reduce tracking performance is because they
are physically salient and divert attention away from tracking the targets (Bettencourt
and Somers 2009). The salience of the distractors could be based on characteristics
such as their luminance contrast and motion transients. Bettencourt and Somers also
suggest that attentional suppression is used to prevent the distractors from drawing
attention in a bottom ^ up fashion, and that this consumes processing resources that
could otherwise be used for tracking targets. Sto« rmer et al (2011) found that even
distractors in the opposite visual hemifield from where the targets are located interfere
with tracking, which suggests that attention may be involuntarily attracted to any
moving object, even if it is not confusable with the targets. If the reason that distrac-
tors affect tracking is that they attract attention due to their salience, then even when
distractors differ in appearance from targets they should still hinder tracking.

Based on the visual-search literature (eg Treisman and Sato 1990; Wolfe et al
1989), it could be posited that in MOT when distractors have different features from
targets, the distractors will be filtered out preattentively. Pylyshyn et al (2008) used a
probe-dot detection task during tracking, and found that identical distractors were
attentionally suppressed, but stationary distractors and distractors in a different depth
plane than targets were not attentionally suppressed. Pylyshyn et al proposed that
distractors differing from targets on particular features may be filtered out preatten-
tively, and thus active attentional suppression of these distractors is not necessary. If it
is correct that when distractors have different features from targets they do not need to be
attentionally suppressed, then they should impair tracking less, because more attentional
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resources will be available for tracking the targets. The present study will measure the effects
of these feature differences on tracking performance to test this prediction.

A final issue of interest is the nature of the top ^ down settings for target features
during MOT. One hypothesis is that the top ^ down processes in tracking have indepen-
dent settings for each individual feature of the targets (color, shape, motion, etc).
Some models of visual search have proposed that each feature is represented in a
separate feature map, with top ^ down activation at each location of the map based
on how similar the features at that location are to the target features (eg Cave 1999;
Wolfe 1994). The top ^ down influence on attentional allocation is then determined by
summing the activations of the feature maps. One source of empirical support for
this idea is experiments that have shown that distractors that differ from the target in
two features are rejected more efficiently than distractors that differ from the target
in only one feature (eg Quinlan and Humphreys 1987; Wolfe et al 1989). In MOT,
if features are treated in this fashion, then it is predicted that the greater the number
of features that a distractor shares with a target, the greater the attention the distrac-
tor will be allocated. Thus, as the number of feature differences between the distractors
and targets is increased, the distractors will produce less interference with tracking.
A second hypothesis is that the top ^ down processes in MOT are set to attend to the
conjunction of all features of the targets. If this is the case, then attention will only
be allocated to distractors that have all of the features of the targets. Distractors that
are different from targets on at least one feature will not be allocated attention, but the
number of features on which the distractors and targets differ will not matter.

Much attention research has shown that the degree to which distractors are processed
depends on the extent to which target processing leaves spare resource capacity (eg Lavie
1995; see Lavie 2005 for a review). When perceptual load is high, almost all perceptual
resources must be used for processing targets, so distractors are processed to a limited
extent or not at all. However, when perceptual load is low, there are enough resources
left over to process distractors to a greater extent. It has been proposed that binding
of features into an integrated object requires attentional resources (eg Treisman and
Gelade 1980). Evidence for this proposition has come from studies showing that
deficits in binding occur when attention is diverted by a demanding task (eg Brown
and Brockmole 2010), although some other studies have found the contrary (eg Allen
et al 2006). Fougnie and Marois (2009) found that performing an attention-demanding
MOT task reduces memory for bound features to a greater extent than memory for
individual features. These previous results suggest that perceptual load might affect the
ability to use information about multiple bound features of a distractor in MOT.

In view of the previous literature, it is not yet known whether the extent to which
distractors hinder MOT is dependent on the features of the distractors. Answering
this question is important for two reasons. First, it has significant consequences for
theories of MOT. Recently several theories of MOT have proposed that a major reason,
perhaps even the primary reason, that distractors interfere with tracking is due to being
mistaken for targets (eg Alvarez and Franconeri 2007; Franconeri et al 2010; Intriligator
and Cavanagh 2001; Oksama and Hyo« na« 2004; Pylyshyn 2004). A crucial test of this
hypothesis is whether distractors that are less easily confusable with targets will inter-
fere less with tracking. Second, it will allow us to ascertain whether top ^ down settings
for target features have similar effects on MOT mechanisms as they do on visual
search mechanisms. Although many studies have shown that during visual search the
effect of a distractor object is dependent on whether the distractor shares features
with the target (eg Folk et al 1992; Treisman and Sato 1990; Wolfe et al 1989), it is
unknown whether this result generalizes to MOT. Consequently, the goal of the present
study is to investigate whether distractors' effects on tracking are dependent on the
similarity of distractors to targets.
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In experiment 1, observers tracked 5 targets moving among 5 distractors that were
identical to the targets and a number of additional distractors (0, 1, 2, 5, or 10) that
could have similar or different characteristics from the targets. Experiment 1 investigated
whether distractors that have a different feature (color, shape, or motion) from targets
impair tracking less than do distractors that are identical to targets. Experiment 2
examined whether distractors that are distinct from targets on two features impair
tracking less than distractors that are distinct from targets on only one feature. The
target tracking load was also varied in experiment 2.

2 Experiment 1
The purpose of experiment 1 was to test whether distractors hinder tracking less if
they have a distinct feature from the targets. If the interfering effect of distractors on
tracking ability is contingent on the similarity of distractor features to target features,
then it will also be of interest to examine what types of feature information can be
used to distinguish distractors from targets. Since previous research has suggested
that color information is acquired for tracked objects during MOT (Bahrami 2003;
Makovski and Jiang 2009b), it is expected that the visual system should be able to
preattentively filter out distractors that differ in color from targets, improving tracking
performance. Previous research has also suggested that motion information about
targets can be used during MOT (eg Yantis 1992), and that stationary distractors are
preattentively filtered out (Pylyshyn et al 2008). However, previous studies regarding
whether shape information is acquired during tracking have shown mixed results, with
several studies suggesting that it is not acquired (Makovski and Jiang 2009a, control
experiment 3; Pylyshyn et al 2008), and others suggesting that at least some shape
information is acquired (Bahrami 2003; Horowitz et al 2007). If shape information is
accessed during MOT, then the visual system may be able to preattentively filter out
distractors that are a different shape from targets, which would improve tracking
performance. Some visual search studies have suggested that shape information can be
distinguished at a preattentive level (eg Treisman and Gelade 1980). However, a probe-
dot detection task during MOT found that distractors that had a different shape from
targets were attentionally suppressed, suggesting that shape information was not used
to preattentively filter out the distractors (Pylyshyn et al 2008). It may be that the
MOT studies that have not found an effect of shape have used shapes that were not
sufficiently distinct, thus the present experiment utilizes shapes that are very dissimilar
(disks and crosses). Experiments 1a, 1b, and 1c examined distractors differing from
targets based on color, shape, and motion, respectively (see figures 1 and 2).

(a) (b) (c)

Figure 1. Examples of the stimuli used in experiment 1a. (a) Display with one same-color additional
distractor. (b) Display with five different-color additional distractors. (c) Enlarged views of disks.
Different colors in the actual displays are shown here as different shades of gray.
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2a Experiment 1a
2a.1 Method
2a.1.1 Observers. Observers were undergraduate students from San Jose State University.
Each participated in a 1 h long session and was compensated with course credit. All
observers had self-reported normal color vision and normal or corrected-to-normal
visual acuity. None of the observers was familiar with the purpose of the experiment.
There were thirty-two observers in experiment 1a.

2a.1.2 Apparatus. Observers were seated in a darkened room approximately 57 cm from
the display. The stimuli were presented on a 50 cm flat-screen CRT monitor with a
pixel resolution of 192061440, controlled by a Dell Precision workstation. The experi-
mental procedure was generated in C��, using the OpenGL libraries.

2a.1.3 Stimuli. On each trial, several disks were presented on a black background
(see figure 1). On every trial, there were 5 targets that were all the same color, and
5 identical distractors that were the same color as the targets. Depending on the trial,
there was also a number of additional distractors (0, 1, 2, 5, or 10). The additional
distractors were either the same color as the targets, or a different color.

At the beginning of each trial, several stationary disks were presented on the monitor
at randomly chosen locations, with the constraint that the disks could not overlap. 5 of
the disks flashed on and off 5 times over a period of 2.5 s, to designate them as the
targets. Next all the disks moved about the screen for 6 s. Each disk had a speed of
3.7 deg sÿ1 and a different randomly chosen direction. The motion trajectories of the
disks were linear. The x- and y-components of the speed were chosen randomly for
each disk, with the constraint that both the x- and y-components had to be at least
0.18 deg sÿ1. Each of these speed components remained constant throughout the trial.
Disks could intersect each other during the motion. After the end of the motion, one
disk was probed by changing its color to red, and the observer responded whether
it was a target or a distractor by pressing a mouse button. The probed disk was
randomly selected only out of the 5 targets and 5 identical distractors, with an equal
probability of being a target or a distractor.

Each disk had a diameter of 0.74 deg visual angle, including an outline of width
0.08 deg. The two possible colors for the disks were green and blue. Green disks
consisted of a darker green inner area and lighter green outline. Blue disks consisted
of a darker blue inner area and lighter blue outline. The purpose of the outlines was
to provide an occlusion cue (T-junction information) specifying which disk was in front

(a) (b) (c)

Figure 2. Examples of the stimuli used in experiment 1b. (a) Display with ten same-shape additional
distractors. (b) Display with two different-shape additional distractors. (c) Enlarged view of
a cross.

Distractors in multiple object tracking 291



when disks' trajectories overlapped. Previous research has found that when object
boundaries intersect, tracking performance is better if T-junctions are present than if
no T-junctions are present (Viswanathan and Mingolla 2002). The depth order of the
disks was assigned randomly at the beginning of each trial.

The display area was bounded by a gray outline rectangle that subtended
26 deg621 deg. The lines composing the rectangle were 0.04 deg in width (2 pixels).
There was a buffer around each line of the rectangle, so that the disks would not touch
the rectangle. Whenever the center of a disk reached 1.0 deg from the edge of the
display area, the disk's direction was reversed to send it back into the display area.

2a.1.4 Procedure. Observers were instructed to track the target disks during the
motion, and at the end of the motion to respond whether the red probed disk was a
target or a distractor by pressing a mouse button. After responding, observers were
given feedback either that their response was correct or incorrect. After viewing the
feedback, observers pressed a key to move on to the next trial.

2a.1.5 Design. The independent variables were color of additional distractors (same as
targets, different from targets) and number of additional distractors (0, 1, 2, 5, 10).
Both independent variables were run within-subjects. Target color was counterbalanced
across observersöfor half of the observers the targets were blue and the different-color
additional distractors were green, while for the other half of the observers the targets
were green and the different-color additional distractors were blue.

The dependent variable was the proportion of correct responses in identifying
whether the red probed disk was a target or a distractor. Each observer completed two
blocks. The first block consisted of 18 practice trials followed by 72 experimental trials,
and the second block consisted of 5 practice trials followed by 72 experimental
trials. Each block contained 8 experimental trials in each of the 9 conditions. Within
each block, the trials were presented in a randomly intermixed order for each observer.

2a.2 Results
The mean proportion of correct responses was calculated for each observer for each
of the 9 conditions. The data from the 8 conditions on which additional distractors
were present were submitted to a repeated-measures analysis of variance (ANOVA)
including the factors of color of additional distractors (same as targets, different from
targets) and number of additional distractors (1, 2, 5, 10). The data from the 0 addi-
tional-distractor condition were not included in the ANOVA, because it is not possible
to have levels of the additional-distractor color variable when no additional distractors
are present. Figure 3a depicts the results.

The main effect of color of additional distractors was significant (F1 31 � 5:78,
p � 0:022, Z 2 � 0:16). Tracking performance was higher with different-color addi-
tional distractors (M � 0:77, SD � 0:10) than with same-color additional distractors
(M � 0:73, SD � 0:11). The main effect of number of additional distractors was signi-
ficant (F2:8 85:6 � 8:07, p 5 0:001, Z 2 � 0:21), in that tracking performance declined as
number of additional distractors increased. (Note: All tests of within-subjects indepen-
dent variables with more than two levels were adjusted using the Greenhouse ^Geisser
procedure, to compensate for possible deviations from sphericity.) There was no signi-
ficant interaction between color and number of additional distractors (F2:8 86:4 � 0:39,
p � 0:743). Since the 0 additional-distractor condition was not part of the ANOVA,
t-tests were performed comparing the 0 additional-distractor condition with each of the
other 8 conditions, using an a level of 0.05. Significant differences were found between
the 0 additional distractor condition and the 5 and 10 different-color and 5 and 10
same-color additional-distractor conditions.
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A possible alternative explanation for the reduction in proportion correct tracking
performance with increasing number of additional distractors could be that the observ-
er's response criterion was biased by the number of distractors. That is, at the end of
each trial when one disk was probed and the observer had to respond whether that
disk was a target or a distractor, although the probed disk was equally likely to be a
target or a distractor, the observer might have been biased to respond more conser-
vatively (ie more likely to respond `̀ distractor'') when more distractors were present.
In order to test this explanation, sensitivity (d 0 ) and response criterion (b) measures
from signal-detection theory were calculated (eg Stanislaw and Todorov 1999). Trials
on which the observer correctly indicated that the probed disk was a target were coded
as hits, and trials on which a distractor disk was probed but the observer incorrectly
indicated that it was a target were coded as false alarms. On the basis of these
measurements, d 0 and b were computed for each observer for each of the conditions,
and ANOVAs were conducted. The analysis of b showed no significant main effect
of number of additional distractors (F2:8 86:8 � 1:50, p � 0:222), no significant main
effect of color of additional distractors (F1 31 � 0:43, p � 0:516), and no significant
interaction between color and number of additional distractors (F2:8 85:4 � 1:45,
p � 0:236). On the other hand, the analysis of d 0 showed a significant main effect
of number of additional distractors (F2:7 84:8 � 6:47, p � 0:001, Z 2 � 0:17) and a signifi-
cant main effect of color of additional distractors (F1 31 � 5:59, p � 0:024, Z 2 � 0:15),
but no significant interaction between color and number of additional distractors
(F2:7 82:3 � 0:42, p � 0:718). These d 0 results follow the same patterns as the results
found in the proportion correct data. The finding that b is not affected by number and
color of additional distractors, and that d 0 is affected by these manipulations, suggests
that the effects of these manipulations on proportion correct are not due to biasing
the response criterion.

,

,

,

,

,

,

0.90

0.85

0.80

0.75

0.70

0.65

0.60

0.90

0.85

0.80

0.75

0.70

0.65

0.60

P
ro
p
o
rt
io
n
co
rr
ec
t

P
ro
p
o
rt
io
n
co
rr
ec
t

0 1 2 3 4 5 6 7 8 9 10
Number of additional distractors

0 1 2 3 4 5 6 7 8 9 10
Number of additional distractors

0 1 2 3 4 5 6 7 8 9 10
Number of additional distractors

(a)

(b)

(c)

Color of additional different
distractors same

none

Shape of additional different
distractors same

none

Motion of additional stationary
distractors moving

none

Figure 3. Experiment 1 data. (a) Proportion correct
as a function of color of additional distractors and
number of additional distractors in experiment 1a.
Error bars represent standard error. (b) Proportion
correct as a function of shape of additional distractors
and number of additional distractors in experiment 1b.
(c) Proportion correct as a function of motion of addi-
tional distractors and number of additional distractors
in experiment 1c.
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2b Experiment 1b
2b.1 Method
The method was the same as in experiment 1a, except as noted below.

2b.1.1 Observers. There were thirty-two observers in experiment 1b.

2b.1.2 Stimuli. Both the target and distractor objects could be disks or crosses, and
all objects were green in color (see figure 2). On every trial, there were 5 targets that
were all the same shape, and 5 identical distractors that were the same shape as the
targets. Depending on the trial, there was also a number of additional distractors,
which were either the same shape as the targets, or a different shape. Each cross had
a height and length of 0.86 deg, including an outline of width 0.06 deg. The width of
each bar of the cross was 0.29 deg. These dimensions made the total area of a cross
equivalent to the total area of a disk. On each cross, the inner area was darker green
and the outline was lighter green.

2b.1.3 Design. The independent variables were shape of additional distractors (same
as targets, different from targets) and number of additional distractors (0, 1, 2, 5, 10).
Target shape was counterbalanced across observersöfor half of the observers the
targets were disks and the different-shape additional distractors were crosses, while
for the other half of the observers the targets were crosses and the different-shape
additional distractors were disks.

2b.2 Results
Figure 3b depicts the results. The main effect of shape of additional distractors was
significant (F1 31 � 4:48, p � 0:042, Z 2 � 0:13). Tracking performance was higher with
different-shape additional distractors (M � 0:73, SD � 0:12) than with same-shape
additional distractors (M � 0:69, SD � 0:12). The main effect of number of additional
distractors was significant (F2:8 86:4 � 13:57, p 5 0:001, Z 2 � 0:30). There was no signifi-
cant interaction between shape and number of additional distractors (F2:6 81:4 � 0:62,
p � 0:586). The 0 additional-distractor condition was compared with each of the other
8 conditions using t-tests. Significant differences were found between the 0 additional-
distractor condition and the 5 and 10 different-shape and 2, 5, and 10 same-shape
additional-distractor conditions.

2c Experiment 1c
2c.1 Method
The method was the same as in experiment 1a, except as noted below.

2c.1.1 Observers. There were twenty-eight observers in experiment 1c.

2c.1.2 Stimuli. Each observer was presented with all disks in a single color. On every
trial, there were 5 moving targets, and 5 moving identical distractors. Depending on
the trial, there was also a number of additional distractors, which were either moving
or stationary. During the 6 s motion period, the moving disks moved as in experi-
ment 1a, but the stationary disks did not move at all. Because the depth order of the
disks was assigned randomly at the beginning of each trial, when the trajectory of a
moving disk intersected a stationary disk, the moving disk could appear to be either
in front of or behind the stationary disk.

2c.1.3 Design. The independent variables were motion of additional distractors (moving,
stationary) and number of additional distractors (0, 1, 2, 5, 10). For half of the observers
all the disks were blue, while for the other half of the observers all the disks were
green.
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2c.2 Results
Figure 3c depicts the results. The main effect of motion of additional distractors was
significant (F1 27 � 10:84, p � 0:003, Z 2 � 0:29). Tracking performance was higher with
stationary additional distractors (M � 0:80, SD � 0:08) than with moving additional
distractors (M � 0:75, SD � 0:10). The main effect of number of additional distractors
was significant (F2:8 76:9 � 13:57, p 5 0:001, Z 2 � 0:34).

The interaction between motion and number of additional distractors was also signi-
ficant (F2:5 68:5 � 3:67, p � 0:022, Z 2 � 0:12). Fisher least significant difference (LSD)
comparisons indicated that when there were 1 or 2 additional distractors, tracking
performance did not differ significantly between moving and stationary additional
distractors ( ps 4 0:05). However, when there were 5 or 10 additional distractors, track-
ing performance was higher with stationary than with moving additional distractors
( ps 5 0:01). A separate ANOVA was performed on only the stationary additional-
distractor data. For stationary additional distractors, the main effect of number
of additional distractors approached significance (F2:7 73:1 � 2:80, p � 0:051, Z 2 � 0:09).
The 0 additional-distractor condition was compared with each of the other 8 condi-
tions using t-tests. Significant differences were found between the 0 additional-distractor
condition and the 10 stationary and 5 and 10 moving additional-distractor conditions.

An additional ANOVA was also conducted to compare the interaction found in
experiment 1c with the null interactions of experiments 1a and 1b, with experiment
(ie distractor feature) as a between-subjects factor. However, the three-way interaction
between experiment, number of additional distractors, and same/different additional
distractors was not significant (F6:0 265:7 � 1:53, p � 0:169).

2c.3 Discussion
In experiment 1, tracking performance was higher when the additional distractors had
a distinct feature from the targets than when they had the same features as the targets.
This demonstrates that in MOT, distractor objects that do not share the features of
the targets interfere less with tracking, indicating that top ^ down processing plays a
role in the mechanisms by which distractors hinder tracking. This result is indicative
of top ^ down processing because, based on the observer's knowledge that targets have
a particular feature, items that do not have that feature can be identified as being
distractors. The present findings are consistent with many studies on attention capture
and visual search that have found that distractor objects that do not share the features
of the targets do not interfere with search (eg Folk et al 1992; Folk and Remington
1998; Treisman and Sato 1990; Wolfe et al 1989).

One explanation for why different-feature distractors interfere less with tracking
than same-feature distractors is that when a different-feature distractor passes close
to a target, it is less likely to be mistaken for the target. However, this may not be
the only reason for the distractor similarity effect. Sto« rmer et al (2011) found that while
tracking targets within one visual hemifield, the presence of distractors in the opposite
hemifield interfered with tracking, but this interference was reduced when the distrac-
tors were a different color from the targets. The fact that distractor feature similarity
affects target tracking even for distractors that never come near targets, and thus are
unlikely to be confused with targets, lends support to the idea of feature-dependent
attentional suppression of distractors that occurs regardless of location.

Interestingly, in experiments 1a and 1b tracking performance declined as the number
of additional distractors increased, both for same-feature and different-feature addi-
tional distractors. The result that tracking declined as the number of same-feature
additional distractors increased is consistent with previous studies (Bettencourt and
Somers 2009; Sears and Pylyshyn 2000). More importantly, the decline in tracking
as the number of different-feature additional distractors increased indicates that even
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distractors that have a distinct feature from the targets produce some interference with
tracking. Thus, it does not appear that distractors that have a different feature from
targets are completely filtered out at a preattentive level. One possible explanation for
this is that preattentive filtering is graded, and distinct distractors are filtered to some
incomplete extent. Another possibility is that only a subset of the distractors were
preattentively filtered out. Preattentive filtering of a distractor should only be possible
if the distractor's features are acquired, and some previous studies have suggested that
feature information is acquired for only a subset of the objects during tracking (Botterill
et al 2011; Cohen et al 2011; Fencsik et al 2007; Horowitz et al 2007; Ren et al 2009).
The finding that even distinct distractors produce some interference with tracking is
also consistent with a role for bottom^ up processes in the interfering effect of distractors
in MOT, in which distractors divert attention away from targets due to their physical
salience (Bettencourt and Somers 2009).

In experiment 1c, however, there was a significant interaction, indicating that tracking
performance was affected less by the number of additional distractors when the addi-
tional distractors were stationary than when they were moving. This result supports
Pylyshyn et al's (2008) assertion that stationary distractors are, to a large extent,
preattentively filtered out during MOT. This result is also consistent with Pinto et al's
(2006) proposition that attention to moving and stationary objects is based on separate
transient and sustained processing channels.

Notably, the presence of a single different-color, different-shape, or stationary addi-
tional distractor did not impair tracking, relative to no additional distractors. Given
the literature on attention capture, it might have been expected that a single different-
feature distractor would have been highly salient and attracted attention. During visual
search, the presence of a different-feature singleton often attracts attention involun-
tarily (eg Theeuwes 1992, 1994). Some theories of visual search characterize bottom^ up
activation as how different an object is from surrounding objects (eg Cave 1999; Wolfe
1994), so a single unique object would be expected to be highly salient. The finding
that a different-feature singleton did not interfere with tracking suggests that what
constitutes a `salient' object may be different in MOT than in visual search, presumably
due to the more temporally sustained nature of the task and the attentional settings
for motion. It is important to note, however, that attention capture by a different-color
or different-shape distractor might have occurred during the target designation period
before the beginning of the motion, whereas attention capture by a stationary distractor
would occur after objects began to move. Perhaps in experiment 1c a single stationary
distractor impaired tracking as much as a single moving distractor owing to the single
stationary distractor capturing attention.

It could be contended that tracking performance might be improved when addi-
tional distractors have a different feature from the targets simply due to tracking being
facilitated when objects are more heterogeneous. However, we believe this explanation
to be unlikely. Makovski and Jiang (2009b) found that tracking performance was not
better when half of the targets and half of the distractors were one color and the other
objects another color than when all objects were identical, suggesting that tracking is
not improved merely by the presence of multiple colors.

3 Experiment 2
Experiment 1 found that top ^ down processing plays a role in the effect of distractors
on MOT and that the features of color, shape, and motion can be used to distinguish
distractors from targets. Yet it also indicates that even distinct distractors produce
some interference with tracking. These results suggest that distractors that have a differ-
ent feature from targets may be partially, rather than completely, filtered out at a
preattentive level. However, the distractors differed from targets only on a single feature.
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Perhaps if distractors are more distinct from targets, they could be completely filtered out
preattentively, and have no effect whatsoever on tracking. Experiment 2 was carried
out to test whether distractors that are distinct from targets on two features interfere even
less with tracking than distractors that are distinct from targets on a single feature.

One hypothesis is that the top ^ down processes in MOT have independent settings
for each individual feature of the targets, similar to the additive feature maps posited for
visual search (eg Cave 1999; Wolfe 1994). If this is the case, then tracking performance
will be higher with additional distractors that differ from targets on two features than
with additional distractors that differ on only one feature. A second hypothesis is that
the top ^ down processes in tracking are set to attend to the conjunction of the targets'
features, and thus only distractors that have all of the targets' features will receive
attention. If this is the case, then tracking performance will be equal for additional
distractors that differ from targets on one feature and on two features.

Two versions of experiment 2 were conducted, one examining the conjunction of
shape and color, and the other examining the conjunction of motion and color. In
experiments 2a, 2c, and 2d, the additional distractors were a different shape from the
targets on every trial, and could be either the same color as the targets or a different
color from the targets. In experiment 2b, the additional distractors were stationary on
every trial, and could be either the same color as the targets or a different color from
the targets.

Because the amount of attention available for processing distractors may be affected
by the amount of resources used for processing targets (eg Lavie 1995), and the process
of feature binding requires attentional resources (eg Brown and Brockmole 2010; Fougnie
and Marois 2009; Treisman and Gelade 1980), the ability to use information about
multiple features of distractors in MOT might be constrained by target tracking load.
Thus, target tracking load was manipulated in experiment 2. The number of targets
to be tracked was 5 in experiments 2a and 2b, 3 in experiment 2c, and 2 in experi-
ment 2d. Motion speed was increased as number of targets was reduced, in order to
avoid ceiling effects.

3a Experiment 2a
3a.1 Method
The method was the same as in experiment 1a, except as noted below.

3a.1.1 Observers. There were forty-four observers in experiment 2a.

3a.1.2 Stimuli. On every trial, there were 5 targets that were all the same color and
shape, and 5 identical distractors that were the same color and shape as the targets.
Depending on the trial, there was also a number of additional distractors, which were
either the same color as the targets, or a different color. The additional distractors
were a different shape from the targets on every trial.

3a.1.3 Design. Target color and target shape were both counterbalanced across observers.
One-quarter of the observers was in each of the following conditions: (a) targets were
blue disks and the additional distractors were blue or green crosses, (b) targets were blue
crosses and the additional distractors were blue or green disks, (c) targets were green
disks and the additional distractors were green or blue crosses, and (d) targets were
green crosses and the additional distractors were green or blue disks.

3a.2 Results
Figure 4a depicts the results. There was no significant main effect of color of addi-
tional distractors (F1 43 � 2:03, p � 0:161). Tracking performance did not differ for
different-color additional distractors (M � 0:79, SD � 0:11) and same-color additional
distractors (M � 0:77, SD � 0:11). The main effect of number of additional distractors

,
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was significant (F2:7 117:9 � 16:49, p 5 0:001, Z 2 � 0:28). There was no significant inter-
action between color and number of additional distractors (F2:8 119:1 � 1:25, p � 0:295).
The 0 additional-distractor condition was compared with each of the other 8 conditions
using t-tests. Significant differences were found between the 0 additional-distractor
condition and the 2, 5, and 10 different-color and 5 and 10 same-color additional-
distractor conditions.

3b Experiment 2b
3b.1 Method
The method was the same as in experiment 1a, except as noted below.

3b.1.1 Observers. There were thirty observers in experiment 2b.

3b.1.2 Stimuli. The stimuli were the same as in experiment 1c, with the following excep-
tions. On every trial, there were 5 targets that were all the same color, and 5 identical
distractors that were the same color as the targets. The targets and identical distractors
were moving on every trial. Depending on the trial, there was also a number of additional
distractors, which were either the same color as the targets, or a different color. The
additional distractors were stationary on every trial.
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Figure 4. Experiment 2 data. Proportion correct as a function of color of additional distractors
and number of additional distractors in (a) experiment 2a, in which the additional distractors were
a different shape from the targets on every trial and there were 5 targets; (b) experiment 2b, in
which the additional distractors were stationary on every trial and there were 5 targets; (c) experi-
ment 2c, in which the additional distractors were a different shape from the targets on every trial
and there were 3 targets; and (d) experiment 2d, in which the additional distractors were a different
shape from the targets on every trial and there were 2 targets.
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3b.2 Results
Figure 4b depicts the results. There was no significant main effect of color of additional
distractors (F1 29 � 0:57, p � 0:456). Tracking performance did not differ for different-
color additional distractors (M � 0:77, SD � 0:10) and same-color additional distractors
(M � 0:78, SD � 0:10). The main effect of number of additional distractors was signifi-
cant (F2:8 80:2 � 8:57, p 5 0:001, Z 2 � 0:23). There was no significant interaction between
color and number of additional distractors (F2:5 72:3 � 1:01, p � 0:382). The 0 additional-
distractor condition was compared with each of the other 8 conditions using t-tests.
Significant differences were found between the 0 additional-distractor condition and the
2, 5, and 10 different-color and 5 and 10 same-color additional-distractor conditions.

3c Experiment 2c
3c.1 Method
The method was the same as in experiment 2a, except as noted below.

3c.1.1 Observers. There were thirty-two observers in experiment 2c.

3c.1.2 Stimuli. On every trial, there were 3 targets that were all the same color and
shape, and 5 identical distractors that were the same color and shape as the targets.
During the motion period, each disk had a speed of 11.1 deg sÿ1, and both the x- and
y-components of the speed had to be at least 0.55 deg sÿ1.

3c.2 Results
Figure 4c depicts the results. There was no significant main effect of color of additional
distractors �F1 31 � 0:11, p � 0:747). Tracking performance did not differ for different-
color additional distractors (M � 0:74, SD � 0:12) and same-color additional distractors
(M � 0:73, SD � 0:11). The main effect of number of additional distractors was signifi-
cant (F2:8 85:8 � 8:72, p 5 0:001, Z 2 � 0:22). There was no significant interaction between
color and number of additional distractors (F2:7 84:5 � 0:81, p � 0:484). The 0 additional-
distractor condition was compared with each of the other 8 conditions using t-tests.
Significant differences were found between the 0 additional-distractor condition and
the 5 and 10 different-color and 10 same-color additional-distractor conditions.

3d Experiment 2d
3d.1 Method
The method was the same as in experiment 2a, except as noted below.

3d.1.1 Observers. There were thirty-six observers in experiment 2d.

3d.1.2 Stimuli. On every trial, there were 2 targets that were all the same color and
shape, and 5 identical distractors that were the same color and shape as the targets.
During the motion period, each disk had a speed of 18.5 deg sÿ1, and both the x- and
y-components of the speed had to be at least 0.92 deg sÿ1.

3d.2 Results
Figure 4d depicts the results. The main effect of color of additional distractors was
significant (F1 35 � 5:77, p � 0:022, Z 2 � 0:14). Tracking performance was higher with
different-color additional distractors (M � 0:78, SD � 0:10) than with same-color addi-
tional distractors (M � 0:74, SD � 0:10). The main effect of number of additional
distractors was significant (F2:5 86:5 � 16:22, p 5 0:001, Z 2 � 0:32). There was no signifi-
cant interaction between color and number of additional distractors (F2:9 100:6 � 0:55,
p � 0:641). The 0 additional-distractor condition was compared with each of the
other 8 conditions using t-tests. Significant differences were found between the 0 addi-
tional-distractor condition and the 5 and 10 different-color and 5 and 10 same-color
additional-distractor conditions.
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3.1 Discussion
In experiments 2a and 2c, with 5 targets or 3 targets to be tracked, tracking perfor-
mance was not higher with different-color, different-shape additional distractors than
with same-color, different-shape additional distractors. Similarly, in experiment 2b, with
5 targets, tracking performance was not higher with different-color stationary additional
distractors than with same-color stationary additional distractors. However, when the
number of targets was reduced to 2, in experiment 2d, tracking performance was
higher with additional distractors that differed from targets on two features than with
those that differed on one feature. These findings demonstrate that distractors that
differ from targets on two features hinder tracking less than distractors that differ from
targets on a single feature, but only when target tracking load is low. A low tracking
load draws less on attentional resources, presumably leaving more resources available
for processing multiple distractor features. This result suggests that during MOT each
individual feature of the targets is represented by independent settings, similar to the
additive feature maps posited for visual search (eg Cave 1999; Wolfe 1994), but that it
may not be possible to use several of these feature maps simultaneously unless adequate
processing resources are available.

In experiment 2, regardless of the number of targets to be tracked, tracking
performance decreased as the number of additional distractors increased, even for
different-color, different-shape additional distractors and for different-color stationary
additional distractors. This shows that even distractors that are distinct from targets
on two features hinder tracking, suggesting that they are not completely filtered out
at a preattentive level. This result is also consistent with a role for salience in the
interfering effect of distractors in tracking (Bettencourt and Somers 2009).

4 General discussion
The goal of the present study was to examine whether the extent to which distractors
impair MOT is affected by the feature similarity of the distractors to the targets.
Experiment 1 established the principal finding, that distractors that have a distinct
feature (shape, color, or motion) from the targets hinder tracking less than distractors
that are identical to the targets. This result suggests that distractors' interfering effects
on tracking are dependent on top ^ down settings for target features. Previous studies
on visual search and attention capture have found that the effect of a distractor object
is dependent on the distractor object sharing the features of the target (eg Folk et al
1992; Folk and Remington 1998; Treisman and Sato 1990; Wolfe et al 1989), and the
current study demonstrates that this result generalizes to MOT.

However, experiment 1 also showed that tracking performance declined as the
number of additional distractors increased, even when the additional distractors were
different in color or shape from the targets. Experiment 2 showed that even when
distractors were distinct from targets on two features (shape and color in experiments
2a, 2c, and 2d, or motion and color in experiment 2b), tracking performance still
decreased as the number of additional distractors increased. These results indicate that
even featurally distinct distractors still interfere with tracking, albeit to a reduced
extent. Thus, it does not appear that distractors with distinct features from targets are
completely filtered out preattentively.

Two main mechanisms that have been proposed for how distractors might interfere
with tracking are (a) that when a distractor passes near a target, the observer sometimes
mistakes the distractor for the target (Alvarez and Franconeri 2007; Bettencourt and
Somers 2009; Horowitz et al 2007; Iordanescu et al 2009; Intriligator and Cavanagh
2001; Oksama and Hyo« na« 2004; Pylyshyn 2004; Sears and Pylyshyn 2000), and (b) that
distractors may divert attention away from tracking the targets due to their physical
salience (Bettencourt and Somers 2009). The present results suggest that both of these
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mechanisms contribute to the interfering effects of distractors. The finding that
reducing the similarity of distractors to targets reduces their interference is consistent
with the idea that distractors affect tracking because they are confused with targets.
This result also suggests that the process of individuating targets and distractors
that are nearby each other takes into account top ^ down knowledge of target features.
On the other hand, the finding that even distinct distractors produce some interference
with tracking suggests that the presence of any physically salient object may attract
attention away from the targets.

There are at least two explanations for how a feature difference might reduce confu-
sions between distractors and targets. Previous studies have found that the attentional
focus on each target in MOT has a limited spatial resolution, and when the distance
between a target and a distractor is smaller than the spatial resolution, it becomes
difficult to select only the target (Intriligator and Cavanagh 2001). The presence of a
feature difference might improve tracking by allowing the observer to tolerate a closer
distance between a target and distractor. Another possibility is that feature-difference
information is used in attempting to recover lost targets (see Horowitz et al 2007;
Makovski and Jiang 2009b). That is, when a target is lost, knowledge of targets'
features could help to distinguish which objects could most likely have been the lost
target. Future studies are needed to examine to what extent each of these mechanisms
contributes to the feature-based effects.

Experiment 2 showed that distractors that are distinct from targets on two features
interfere less with tracking than distractors that are distinct from targets on a single
feature, when tracking load is low. This finding is inconsistent with the hypothesis
that the top ^ down processes in tracking are set to attend to the conjunction of the
targets' features and that only distractors that have all of the targets' features will
receive attention, because the number of features on which the distractors differed
from targets affected the attentional allocation. This result is instead comparable to
findings that during visual search, distractors that differ from the target on two features
are rejected more efficiently than distractors that differ on only one feature (Quinlan
and Humphreys 1987; Wolfe et al 1989). It has been proposed that during visual search,
attentional allocation is determined by the sum of the activations of feature maps
(eg Cave 1999; Wolfe 1994). The present results suggest that top ^ down attentional
allocation in tracking, similarly to visual search, is determined by independent settings
for each individual feature of the targets.

The finding that several features of a distractor can simultaneously be used to
ignore the distractor is at variance, however, with previous studies that have suggested
that when multiple objects are moving, the features of each object are not properly
bound (Makovski and Jiang 2009a; Saiki 2003; Saiki and Miyatsuji 2007) as they are
with stationary objects (eg Luck and Vogel 1997). If the shape and color of an object
are not integrated, then it should be impossible to use information about both features
of the object together for top ^ down processing. One reason for the difference in
results may be that whereas the previous studies presented four (Saiki 2003; Saiki
and Miyatsuji 2007) or eight objects simultaneously (Makovski and Jiang 2009a),
each with a unique feature conjunction, the current study only presented two feature
conjunctions simultaneously, each occurring on several objects. This smaller number of
feature conjunctions may have required fewer resources for binding, facilitating the
attainment of binding. Thus, the present results suggest that feature binding on multiple
moving objects is possible, at least under some circumstances.

Interestingly though, experiment 2 showed that with high tracking loads, distractors
that are distinct from targets on two features do not interfere less with tracking than
distractors that are distinct from targets on a single feature. This suggests that perceptual
load affects the ability to use information about multiple bound features of a distractor
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in MOT. This is consistent with previous findings that the amount of resources used for
processing targets affects the amount of attention available for processing distractors
(eg Lavie 1995), and that feature binding requires attentional resources (eg Brown and
Brockmole 2010; Fougnie and Marois 2009; Treisman and Gelade 1980). Thus, during
MOT, it may not be possible to use information from multiple feature maps simulta-
neously unless sufficient resources are available for processing and binding the features.
Visual short-term-memory (VSTM) limitations may also be a factor in the lack of a
benefit of a second-feature difference. Makovski and Jiang (2009b) found that perform-
ing a concurrent color-memory task interfered with tracking and eliminated the advantage
of tracking uniquely colored objects over tracking homogeneous objects. This suggested
that VSTM shares resources with tracking (see also Fougnie and Marois 2006), and is
used to maintain feature information during tracking. VSTM limitations could explain
the lack of a benefit of a second-feature distinction, because when the demands of
tracking a large number of targets has drained resources away from VSTM, there will
not be sufficient VSTM resources available to maintain two features of each distractor.

The findings of the present experiments imply that the visual system has access to
featural information about targets and distractors during tracking. Previous studies had
been mixed on this issue, with some studies suggesting that feature and identity infor-
mation can be used during tracking (Makovski and Jiang 2009b; Pylyshyn et al 2008;
Yantis 1992), and other studies suggesting that processing of feature and identity informa-
tion is more limited or occurs for only a subset of the tracked targets (Botterill et al
2011; Cohen et al 2011; Pylyshyn 2004; Ren et al 2009). One notable methodological
distinction is that, in several experiments that suggested limited feature acquisition, observ-
ers were required to use feature information explicitly, by making a response regarding
the features or identity of the targets, rather than just tracking the targets. It may be
that observers have limited explicit access to feature information about objects during
MOT, so they have difficulty consciously making responses about the features of the
objects, although feature information is being accessed at an implicit level (see Horowitz
et al 2007). Since the present study indicates that feature information can be used to
distinguish distractors from targets, it will be interesting for future research to investi-
gate the extent to which the top ^ down processes in distractor interference are based
on explicit access to the features of each individual distractor.

Another topic of interest is which particular types of feature information are processed
during MOT. The present experiments demonstrated that shape, color, and motion infor-
mation can be used to distinguish distractors from targets. These results are consistent
with previous research showing that color information (Makovski and Jiang 2009b)
and motion information (Pylyshyn et al 2008; Yantis 1992) are processed for tracked
objects during MOT. However, previous studies had found inconsistent results regard-
ing the use of shape information during MOT, with some studies suggesting that shape
information is not processed (Makovski and Jiang 2009a; Pylyshyn et al 2008) and others
suggesting that it is processed (Horowitz et al 2007). An explanation for these varied
results is that shape may be encoded only very coarsely during MOT. Thus gross
distinctions between shapes, such as those in the present study, are distinguishable
during tracking, but finer distinctions between objects, like complex shapes or relatively
similar shapes, may not be distinguishable during tracking.

In summary, the present study demonstrates that the interfering effect of distractors
on MOT is dependent on top ^ down settings for target features. Shape, color, and
motion information about distractors can be used to distinguish them from targets
during tracking. The study shows that feature binding on multiple moving objects is
possible, at least under some circumstances, when perceptual load is low and sufficient
attentional resources are available. The results suggest that distractors interfere with
tracking both due to being confused with targets, and due to their physical salience.
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