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How are attentional priorities set when multiple stimuli compete for access to the limited-capacity visual at-
tention system? According to Pylyshyn (1989) and Yantis and Johnson (1990), a small number of visual ob-
jects can be preattentively indexed or tagged and thereby accessed more rapidly by a subsequent attentional 
process (e.g., the traditional “spotlight of attention”). In the present study, we used the multiple object track-
ing methodology of Pylyshyn and Storm (1988) to investigate the relation between what we call “visual in-
dexing” and attentional processing. Participants visually tracked a subset of a set of identical, independently 
randomly moving objects in a display (the “targets”), and made a speeded identification response when they 
noticed a target or a nontarget (distractor) object undergo a subtle form transformation. We found that target 
form changes were identified more rapidly than nontarget form changes, and that the speed of responding to 
target form changes was unaffected by the number of nontargets in the display when the form-changing tar-
gets were successfully tracked. We also found that this enhanced processing only applied to the targets them-
selves and not to nearby nontarget distractors, showing that the allocation of a broadened region of visual at-
tention (as in the “zoom-lens” model of attentional allocation) could not account for these findings. These re-
sults confirm that visual indexing bestows a processing priority to a number of objects in the visual field. 
 

 
 It is widely accepted that visual attention can 
be shifted from one location to another independ-
ently of eye movements, and that the processing of 
stimuli appearing at attended locations is en-
hanced. The methodological paradigm that pro-
duced much of the evidence for this is the atten-
tional cueing procedure (Posner, Snyder, & David-
son, 1980). In a cueing experiment, visual atten-
tion is shifted to a predetermined location either 
endogenously, in which the shift is under the voli-
tion of the observer, or exogenously, in which the 
shift is involuntarily elicited by a highly salient 
cue. A substantial number of studies have demon-
strated that the speed and accuracy of processing at 
cued locations is superior to that at uncued loca-
tions. For example, Downing (1988) found that 
perceptual sensitivity was enhanced at the location 
of a cue, and concluded that focused attention 
serves to facilitate visual information processing.
 Previous research suggests that, whether con-
trolled endogenously or exogenously, there can be 
only one focus of attention at any one time. Pos-
ner, Snyder, and Davidson (1980) provided evi-
dence that visual attention is allocated to single 
contiguous regions of the visual field, enhancing 
the processing of stimuli falling within the single 
contiguous “spotlight”. Eriksen and St. James 
(1986) subsequently showed that this enhanced 
processing falls off monotonically as one moves 
out from the locus of visual attention, and that the 
resolution of the spotlight varies inversely with the 
size of the region encompassed (the “zoom-lens” 
model). Many investigators have concluded that 
the spotlight is the primary processing bottleneck 
of the attentional system, as only stimuli falling 
within this region undergo extensive perceptual 

analysis (e.g., Eriksen & Hoffman, 1974; Yantis & 
Johnston, 1990), and only one such region can be 
attended to at any one time (Eriksen & Yeh, 1985). 
There is also evidence that focal attention may be 
directed at objects in the field of view rather than 
at spatial regions (Baylis and Driver, 1993) and 
that the objects selected in this way continue to be 
identified as the same objects as they move about 
(Kahneman and Treisman, 1992; Pylyshyn, 1989).
 Although the evidence for the unitary nature 
of focal attention is somewhat contentious (e.g. 
Castiello & Umilta, 1990; Joula, Bouwhuis, Coo-
per, & Warner, 1991; Pashler, 1998), there do seem 
to be severe limitations on the allocation of focal 
attention. Thus, when multiple stimuli compete for 
attention there must be some mechanism that pri-
oritizes the stimuli in some way so that stimulus 
selection can proceed in an efficient manner. Con-
sequently, an understanding of the means by which 
attentional priorities are assigned is of some im-
portance. 
 Yantis and Johnson (1990) sought to deter-
mine how attentional priorities are set under condi-
tions in which attention is allocated in a stimulus-
driven manner. They had participants search for a 
target letter in static multielement displays com-
posed of multiple abrupt onset and no-onset items. 
Abrupt onset and no-onset items are distinguished 
by their attentional saliency: No-onset items are 
presented by removing camouflaging line seg-
ments from an existing object in the display until 
the target is revealed, while onset items abruptly 
appear in previously empty locations of the dis-
play. In previous studies, Yantis and his colleagues 
(Jonides & Yantis, 1988; Yantis & Jones, 1991; 
Yantis & Jonides, 1984) found that single abrupt 
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onsets automatically capture attention, and that 
abrupt onset items are processed before other no-
onset items in a display. Yantis and Johnson 
(1990) found that when multiple abrupt onsets are 
present, a limited number of them (approximately 
four) can be processed before other no-onset items. 
They proposed that attentional priorities are set by 
means of attentional “tags” that are bound to the 
representations of highly salient objects (such as 
abrupt onsets), and that a limited number of abrupt 
onsets can be attentionally tagged and then given 
priority access to focused attention. 
 Like Yantis’ priority tag model, Pylyshyn's 
(1989) FINST model of visual indexing provides a 
means for setting attentional priorities among mul-
tiple stimuli. In the FINST model, a limited num-
ber of objects can be preattentively and simultane-
ously indexed independently of their retinal loca-
tions or identities (FINST is an acronym for FIn-
gers of INSTantiation, a reference to the idea that 
these indexes point to objects and provide a way to 
bind objects to internal symbolic arguments). 
Pylyshyn (1989) suggested that a primary function 
of visual indexing is to individuate a small number 
of objects so that they may be directly accessed 
and subjected to focused attentional processing. 
Indexing provides direct access to the objects, so 
that once an object is indexed it is not necessary to 
use attentional scanning to find that object (Pyly-
shyn et al., 1994). In contrast, in order to selec-
tively attend to a non-indexed object, its position 
must first be ascertained through attentional scan-
ning (e.g., Treisman & Gelade, 1980; Tsal & La-
vie, 1993). Visual indexing thus provides a means 
of setting attentional priorities when multiple 
stimuli compete for attention, as indexed objects 
can be accessed and attended before other objects 
in the visual field.  
 In the FINST model, visual indexes are as-
signed primarily in a stimulus-driven manner, so 
that salient feature characteristics or changes are 
automatically indexed. Typical stimulus events 
that would be indexed roughly correspond to stim-
uli that automatically attract focal attention, such 
as peripheral cues (Posner & Cohen, 1984), abrupt 
visual events such as onset stimuli (Yantis & Jon-
ides, 1984), and “pop-out” visual features (e.g., a 
red circle embedded in a display of black circles; 
Treisman & Gelade, 1980). 
 Burkell and Pylyshyn (1997) have provided 
more direct evidence of the ability of several si-
multaneous onsets to attract indexes which could 
then be used to access and examine the indexed 
items. They used Treisman-type visual search 
tasks to study the selection of search subsets by 
onset cues, and they appealed to the fact that visual 

search behavior depends on the nature of the set 
through which one has to search. In the original 
visual search studies, Treisman and Gelade (1980) 
showed that search targets that differed from each 
nontarget in the search set by a single feature 
(called the “single-feature” search condition) were 
easily recognized and the time it took to recognize 
them was very nearly independent of the number 
of nontargets in the search set. In contrast, displays 
in which each nontarget shared some feature with 
the target, so that only a combination of two fea-
tures together defined the target (called the “con-
junction-feature” search condition), resulted in 
generally slower searches as well as reaction times 
that increased substantially with increasing num-
bers of nontargets in the display. Burkell and Pyly-
shyn used displays which were of the “conjunction 
search” type. However, they selected subsets 
through which subjects were required to search, 
and the subsets could constitute either a single-
feature or a conjunction-feature search.  
 The subsets were selected as follows . All 
members of the search set were precued by “X” 
place holders, but a subset of variable size that was 
to contain the target was cued by placeholders that 
occurred about one second later than the other 
placeholders, and about 100 ms before the search 
began. The precued subset itself could constitute 
either a single-feature or a conjunction-feature 
search task (i.e., the target could be distinguished 
from members of the subset by one feature or only 
by a conjunction of two features). Burkell and 
Pylyshyn found that a subset precued by these late 
onset cues could, for the purposes of speeded vi s-
ual search, be separated from the rest of the dis-
play and treated as though they were the only 
items present. Burkell and Pylyshyn showed, for 
example, that only the single-feature versus con-
junction-feature property of the subset was rele-
vant to the pattern of search reaction times (the 
overall display always provided a conjunction-
search condition because it contained items with 
all combinations of properties). Moreover, they 
found that increasing the relative distance between 
search targets did not increase the search time, 
showing that the indexed targets could be accessed 
without having to find them first by scanning the 
display. 
 Visual indexes point to features or objects, 
not to the locations that these stimuli occupy. Like 
the object files of Kahneman, Treisman, and Gibbs 
(1992), visual indexes are object-centered and con-
tinue to reference objects despite changes in their 
location. According to the visual indexing model, 
a visual index automatically individuates and 
tracks moving objects. Because there are a small 
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number (around 4 or 5) of such indexes, observers 
can track around 4 or 5 independently-moving 
distinct visual objects in parallel. In an empirical 
test of this hypothesis, Pylyshyn and Storm (1988) 
had participants visually track a prespecified sub-
set of a larger number of identical, randomly mov-
ing objects in a display. The members of the subset 
to be tracked (the targets) were identified by 
briefly flashing them several times, prior to the 
onset of movement. According to the model, tar-
gets designated in this fashion are automatically 
indexed. During the tracking task the targets were 
indistinguishable from the other distractor objects, 
which made the historical continuity of each tar-
get's motion the only clue to its identity. Partici-
pants tracked the target objects for 5 to 10 seconds, 
after which either a target or a distractor was 
probed by superimposing a bright square over it. 
The participants' task was to determine whether 
the probed object was a target or a distractor. Ac-
cording to Pylyshyn and Storm (1988), the index-
ing of the target objects would allow each of them 
to be simultaneously tracked and identified 
throughout the motion phase of the experiment, 
despite the fact that the targets where perceptually 
indistinguishable from the distractors.  Pyly-
shyn and Storm (1988) found that performance in 
this multiple object tracking task was extremely 
high for subsets of up to 5 elements— in fact, par-
ticipants could simultaneously track up to five 
target objects at an accuracy approaching 90%. 
McKeever and Pylyshyn (1993), Yantis (1992), 
Scholl and Pylyshyn (in press), Viswanathan and 
Mingolla (1989), Cavanagh (in press), and Culham 
et al. (in press) have all reported similar results. 
Moreover, using a simulation of the task, analyses 
by Pylyshyn and Storm (1988) and McKeever and 
Pylyshyn (1993) indicate that a single spotlight of 
focused attention moving rapidly among the target 
objects and updating a record of their locations 
could not produce this level of tracking perform-
ance in the setup used in their study. In the Pyly-
shyn and Storm (1989) simulations, for example, 
tracking performance was no higher that 50% 
based on extremely conservative assumptions. One 
such assumption was an attentional scan velocity 
as high as 250 degrees per second (the highest 
estimated scan velocity in the previous literature). 
Another assumption was that participants stored 
(with zero encoding time) the predicted locations 
based on the direction and speed of the targets’ 
motion, and that they used a guessing strategy 
when they were uncertain. These results suggest 
that it is not possible for the task to be performed 
at the observed level of accuracy without some 
parallel tracking of the target objects. Pylyshyn 

and Storm (1988) concluded that their results con-
firmed a key prediction of the vi sual indexing 
model; namely, that a small number of objects can 
be indexed and that the indexes are used to keep 
track of them in parallel without attentional scan-
ning and without encoding their locations. 
 We should note that Yantis (1992) has added 
an additional mechanism to explain how multiple 
target objects are tracked in this task. Yantis (1992) 
argues that participants spontaneously group the 
targets together to form a virtual polygon, whose 
vertices correspond to the continually changing 
positions of the targets, and that it is this single 
“object” that is tracked throughout the trial. While 
it may be that observers conceptually group ele-
ments into a polygon it is still the case that the 
individual targets themselves must be tracked in 
order to keep track of the location of the vertices 
of such a virtual polygon. Consequently, we do not 
consider Yantis's (1992) account to be incompati-
ble with Pylyshyn and Storm’s (1988) analysis. 
Indeed, we have offered a closely related proposal 
for what we call an “error recovery” stage of the 
tracking process, wherein a polygon-like represen-
tation of the relative location of targets is main-
tained and referred to when the loss of a target is 
detected (McKeever & Pylyshyn, 1993; Pylyshyn 
et al., 1994).  
 The purpose of the present investigation was 
to explore the relation between visual indexing and 
attentional processing in the context of the multi-
ple-object tracking paradigm. According to Pyly-
shyn (1989), visual indexing provides a means of 
keeping track of a number of objects, in the sense 
of providing a means for querying them, without 
first having to ascertain their positions through 
attentional scanning. We assume that, in order to 
focus unitary attention on an object, one must first 
find the object and move focal attention to it. 
However, if the object has already been indexed, 
focal attention can be allocated to it directly, with-
out prior search. Consequently, shifting attention 
to indexed objects should be faster than shifting 
attention to non-indexed objects. Because of this 
we expect that in a task requiring focal attention, a 
response to an indexed object will generally occur 
before a response to other objects in the visual 
field.  
 This hypothesis was investigated in Experi-
ment 1. Participants tracked a set of target objects 
and made a speeded identification response when 
they detected that a target or a distractor object 
underwent a subtle form transformation. Accord-
ing to our hypothesis, targets are indexed during 
the tracking task, and therefore unitary focal atten-
tion can be moved directly to them. If focal atten-
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tion is shifted to a target, either on some regular 
basis or when some global change-detector reports 
a change, then any change at that target is more 
readily recognized. Thus, if targets undergoing 
changes are found to be more rapidly identified 
this would support our hypothesis that visual in-
dexing facilitates attentional processing.  
 

Experiment 1 
Method 
 
 Participants. Seventeen individuals participated in 
this experiment. All had normal or corrected-to-normal 
vision, and were paid $15.00 for their partic ipation. 
 Apparatus and stimuli. Stimuli were presented on 
a 19-inch Sun MicroSystems monochrome monitor with 
a resolution of 1056 by 900 pixels. A Sun MicroSystems 
3/50 microcomputer controlled the stimulus presentation 
and randomization of trials. Response times were col-
lected with a three button mouse and a dedicated Zytec 
timing board (Danzig, 1988) which provided response 
latencies accurate to one millisecond. 
 Stimuli consisted of rectangular, seven-segment 
box figure eights and the capital letters E and H. The E 
and H characters were created by removing lines from 
the figure eights. The line segments used to construct 
these stimuli were a single pixel in width. The E and H 
figures were used because of their high degree of simi-
larity to the figure eight character.  
 All the stimuli were created as pixel-drawn “ob-
jects” in video memory that could be moved across the 
screen without being continually recreated. Each object 
subtended a visual angle of 0.84 degrees in height and 
0.63 degrees in width from a viewing distance of 50 cm. 
Stimuli were white and were presented on a dark back-
ground.  
 The animation of the objects in the display was 
controlled by an algorithm which simulated brownian 
motion, creating a random, independent, and continuous 
pattern of movement for each object. Motion sequences 
were generated in real-time during each trial and all the 
participants reported the perception of smooth and con-
tinuous motion during the practice trials. Each object 
was surrounded by an invisible circular barrier which 
insured that no two objects could collide or superimpose 
themselves over one another. Each object moved at a 
randomly determined velocity of between 4 and 8 de-
grees per second. Once determined, the velocity of each 
object did not vary throughout a trial. A wall repulsion 
force retained all the objects within a 15 by 15 degree 
area by bouncing them off these invisible borders. Al-
though the total number of target and distractor objects 
displayed varied according to the trial type, the move-
ment and velocity of these objects did not vary as a 
function of the number of targets and distractors present 
in a given trial. This was accomplished by having the 
maximum number of objects (16) moving in the display 
on every trial, but making only a subset of them visible 
for the particular condition concerned. This technique 
eliminated any relation between the density of objects in 
the display and the freedom of their movement.  

 Procedure. Participants were seated in a darkened 
room approximately 50 cm from the display and used a 
chinrest to reduce head movements and control viewing 
distance. A three button mouse was used to collect re-
sponses. Participants were given written instructions 
prior to the experiment, which outlined the general pro-
cedure and emphasized the importance of maintaining 
fixation throughout the session. Each participant was 
then given a demonstration and explanation of a trial 
sequence. They were instructed to note the positions of 
the blinking target objects at the start of each trial, be-
cause the task was to keep track of these objects when 
they began moving. During the motion phase, they were 
instructed to track the target objects without moving 
their gaze from the fixation cross (eye position was not 
monitored). At some point in the trial, one of the target 
or distractor objects would transform into an E or an H, 
and participants were to respond by pressing the E or H 
button as quickly as possible when they had identified 
this form change. Participants were informed that the 
target and distractor objects were equally likely to un-
dergo form changes. Each participant completed 20 
practice trials prior to the experiment.  
 Figure 1 depicts a trial sequence. Each trial began 
with the presentation of an isolated fixation cross for 2 s. 
Then, depending upon the condition, from 7 to 16 fig-
ure- eight objects appeared on the screen. The placement 
of the objects was randomly determined on each trial, 
subject to the constraint that none could overlap one 
another or their invisible “barriers”. Three or four of 
these objects then began to blink on and off for 3 s, des-
ignating them as the target objects to be tracked. The 
appearance of the remaining objects (the distractors) did 
not change during this target designation phase. All of 
the objects then began to move in a random and con-
tinuous fashion about the screen (subject to the previ-
ously mentioned constraints), and the participant at-
tempted to simultaneously track each of the target ob-
jects. The target and distractor objects were indistin-
guishable from one another during this tracking phase. 
Participants tracked the targets for a randomly deter-
mined interval of between 5 and 9 s, after which either a 
target or a distractor object was transformed into an E or 
an H. On 50% of the trials, a target object underwent a 
form change, and on the remaining 50% of the trials a 
distractor underwent a form change. The remaining 
targets and distractors, as well as the new letter in the 
display (E or H), maintained their movement during the 
transformation and continued moving until the partic i-
pant responded. After a response had been made, the 
screen was cleared and a new trial was initiated follow-
ing a 3 s inter-trial interval. 
 Each participant completed eight blocks of 45 
trials. The order of trials was randomized separately for 
each participant, and there was a five-minute rest period 
between each block. 
 Design. There were three factors manipulated in 
this experiment: the type of form change (target or dis-
tractor form change), the number of targets tracked (3 or 
4) and the number of distractors present in the display 
(4, 8, or 12). There were 30 trials in each of the twelve  
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Figure 1: A schematic representation of a trial sequence. Participants view items on a video monitor. In the target designa-
tion phase (t=2) the target objects were flashed for 3 seconds (the selected targets are shown in circles in this illustration). 
The targets were then tracked for several seconds during the motion phase (t=3), and then a target or a distractor object un-
derwent a form change by dropping two segments and ending up as an E or an H (t=4). The participants' task was to identify 
this form change as quickly and as accurately as possible . In this example, there are three target objects, and one of these 
target object undergoes a form change to an E shape. 
 
 
conditions, for a total of 360 trials. 
 

Results 
 
 Response latencies greater than 3 seconds 
were classified as outliers and were removed from 
the dataset. This procedure resulted in the removal 
of 3.6% of the data. Response latencies and error 
rates were submitted to a 2 (Type of Form Change) 
x 2 (Number of Targets) x 3 (Number of Distrac-
tors) repeated measures analysis of variance 
(ANOVA). The mean identification error rate (E or 
H) across all the conditions was 3.8%, and a three-
factor repeated measures ANOVA yielded no sig-
nificant effects, all F's < 1. (Unless otherwise 
stated, the p values for all significant statistics re-
ported in the text are less than .05.)  
 In the analysis of the response latencies, the 
main effect for the number of targets tracked (3 or 
4) was not significant, F < 1. That is, response 
latencies were similar whether three or four target 
objects were being tracked. The mean response 
latencies in Experiment 1, collapsed across the 
number of targets tracked (3 or 4), are listed in 
Table 1. 
 There was a significant main effect for the 
type of form change (target or distractor object), 
which confirmed that participants responded more 
rapidly to target form changes than to distractor 
form changes, F(1, 16) = 29.58, MSE = 25,084. 
Responses to target form changes were an average 
of 121 ms faster than responses to distractor form 

changes. The main effect for the number of 
distractors (4, 8, or 12) was significant, F(2, 32) = 
17.04, MSE = 9,009, as response latencies in-
creased as the number of distractors in the display 
increased. 
 The interaction between the type of form 
change and the number of distractors was not sig-
nificant, F(2, 32) = 1.91, MSE = 7,772. The ab-
sence of this interaction suggests two things: (a) 
that participants responded to target form changes 
more rapidly than to distractor form changes re-
gardless of the number of distractors in the display, 
and (b) that response latencies to both target and 
distractor form changes increased with increases in 
the number of distractors. This latter finding was 
unexpected, and will be discussed in greater detail 
in the Discussion section below.  
 The interaction between the number of tar-
gets and the number of distractors was not signifi-
cant, F < 1, nor was the interaction between the 
type of form change and the number of targets, 
F(2, 16) = 3.40, MSE = 7,692. Finally, the three-
way interaction was not significant, F < 1. 
 Analysis of region-bounded effects. The re-
sults of this experiment clearly indicate that target 
form changes are identified more rapidly than dis-
tractor form changes when participants are track-
ing the target objects. This result supports our hy-
pothesis that visual indexing facilitates attentional 
processing.  
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Table 1 
Mean Response Latencies (in Milliseconds) and Identification Error Rates (in %) to Target and Distractor 
Form Changes in Experiment 1  
————————————————————————————————————————————— 

  Number of Distractors 
  ————————————————————— 

Type of Form Change  4 8 12 
————————————————————————————————————————————— 

Target     
M  1022 1080 1145 
SE         43.4        34.1       36.3 

      Errors           3.8          4.6         3.1 
Distractor     

M  1175 1194 1241 
SE         51.6        50.9        46.3 

      Errors           3.8          3.4         4.5 
————————————————————————————————————————————— 
Note. The data are averaged across the Number of Targets (3 or 4).  
 
 Although we contend that the latency advan-
tage for target form changes is a consequence of 
the visual indexing of the target objects, there is an 
alternative explanation for this finding. Specifi-
cally, it is possible that during the tracking task the 
participant's attention was focused on the continu-
ally changing triangular or polygonal figure whose 
vertices constituted the three or four targets in the 
display. Maximum attentional sensitivity may then 
have been allocated to the region bounded by and 
including the group of target objects. Such a proc-
ess could be the consequence of a deliberate atten-
tional strategy employed by participants to enable 
target tracking, in which a “zoom-lens” of visual 
attention was focused on this region (Eriksen & St. 
James, 1986). If this was the case, then we would 
expect that responses to target form changes would 
be facilitated, because all of the target form 
changes would have occurred within this region of 
focused attention. Moreover, distractors undergo-
ing form changes within this region would be iden-
tified more rapidly than distractors undergoing 
form changes outside of this region, and the aver-
aging of these two types of trials would produce an 
apparent delay in responding to distractor form 
changes relative to target form changes. Thus, a 
zoom-lens model could account for our data by 
postulating that participants dynamically allocate 
attention to the region encompassed by the targets. 
 To evaluate this hypothesis, for the last six of 
the seventeen participants in Experiment 1, the 
screen coordinates of the target and distractor ob-
jects were recorded following every response. The 
trials in which a distractor object underwent a form 
change were divided into two groups: trials in 
which the participant responded to the form 
change when the distractor was within the region 

encompassed by the targets, and trials where the 
participant responded to the form change when the 
distractor was outside of this region. The target 
locations at the time of the response served as the 
vertices of the region in question, with the bounda-
ries of the entire region defined by the convex hull 
of the target objects (the smallest convex polygon 
that contained all of the targets). These data were 
then submitted to a one-factor repeated measures 
ANOVA, with distractor position (distractor inside 
or outside the convex hull of the targets) as the 
single factor. A zoom-lens account would predict 
an effect of distractor position in this analysis, with 
distractor form changes being identified more rap-
idly when they occurred within the convex hull of 
the target set. 
 However, in this analysis the effect of dis-
tractor position was not significant, F < 1. That is, 
response latencies to distractor form changes were 
similar regardless of whether the distractor was 
inside (1215 ms) or outside (1238 ms) the convex 
hull of the target set.

1
 Consequently, it does not 

appear that the facilitation in responding to target 
form changes can be explained by appealing to a 
zoom-lens mechanism. Note that a similar result 
was also reported by Intriligator and Cavanagh 
(1992), who used a variant of the multiple object 
tracking task involving only two targets moving in 
a rigid configuration. They reported that the detec-
tion of simple luminance changes was facilitated 
when they occurred on targets being tracked, but 
not in the region between the two tracked objects.  
 

Discussion 
 
 Why are target form changes identified more 
rapidly than distractor form changes during the 
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tracking task? According to our hypothesis, the 
indexes bound to target objects confer an access 
priority to these objects, so that target objects can 
be checked via focal attention before distractor 
objects when a form change occurs. Distractor 
form changes will only be identified by way of a 
serial self-terminating attentional scan initiated 
after the indexed objects have been checked. Our 
explanation is similar to that of Yantis and Johnson 
(1990), who argued that a small number of abrupt 
onset items can be attentionally tagged and then 
examined before no-onset items in visual search 
displays, producing a processing advantage for 
abrupt onset items. Similarly, our claim is that the 
target objects are indexed at the start of each trial, 
and that this indexing allows them to be continu-
ally referenced when they are in motion. When a 
form change occurs, the indexes bound to the tar-
get objects allow them to be directly examined via 
focused attention, so that target objects are 
checked before distractor objects for the presence 
of a form change. Note that we are assuming that 
the form change itself can be detected without the 
aid of focused attention. More specifically, we 
contend that the initial registration of the form 
change event is detected preattentively, perhaps by 
a generalized difference operator which signals 
that some general change in the display has oc-
curred but does not provide precise location or 
identity information (e.g., Atkinson & Braddick, 
1989; Scialfa & Joffe, 1995). The detection of the 
form change would then permit the allocation of 
focal attentional required to identify the type of 
form change (E or H).  
 If the target objects are being checked before 
the distractor objects when a form change occurs, 
then target form changes will be identified more 
rapidly than distractor form changes. This would 
seem to be a plausible account of the data at hand, 
and yet this explanation is not consonant with the 
fact that responses to target form changes were 
increasingly delayed as the number of distractors 
in the display increased. That is, if the target ob-
jects are always checked before the distractors, 
then increasing the number of distractor objects in 
the display should have no effect on the speed at 
which target form changes are identified.  
 This application of the visual indexing model 
assumes, however, that the target objects are flaw-
lessly indexed and tracked throughout every trial. 
This assumption is almost certainly false, as the 
tracking task itself is subject to error and failures 
of tracking do occur. It is probably the case that 
indexes do not always stay permanently bound to 
the target objects throughout the tracking task. 
Although we maintain that indexing and tracking a 

small number of objects is preattentive, it is 
probably the case that maintaining those indexes 
over an extended period of time requires some 
effort or reactivation to prevent their decay or loss. 
A reasonable assumption is that the probability of 
an index being lost or misplaced would increase 
with the number and/or density of distractors in the 
display, so that increases in the number of distrac-
tors would lead to decreases in tracking perform-
ance. It is known that the attentional resolution 
required for individuating objects drops off rapidly 
with eccentricity (Intriligator, 1998), increasing the 
chances that when a target and a distractor object 
pass close to one another in the periphery of the 
display, the two objects may then momentarily fail 
to be resolved. When the target and distractor sub-
sequently move away from each other, the index 
could be shifted to the wrong object or lost alto-
gether. If an index was shifted to a distractor, the 
participant might then consider this object a target, 
while the object that had been tracked might then 
become a distractor.  
 If the index bound to a target object was lost 
or shifted, and the same target subsequently un-
derwent a form change, then responses to this form 
change would be delayed. In effect, this target 
would now be a distractor, and responses to these 
non-indexed target form changes would be slower 
than responses to indexed target form changes. 
During the course of the experiment a fair number 
of these events may have occurred, increasing the 
average response latencies to target form changes. 
More specifically, as the number of distractors in 
the display increased, the probability that an index 
would be lost or shifted to a distractor would also 
have increased. Averaging the response latencies 
to form-changing targets that were tracked with 
those that were not tracked would create a spurious 
increase in response latencies to target form 
changes with increases in the number of distrac-
tors. In Experiment 2 we tested this possibility. 
 

Experiment 2 
 
 If imperfections in the process of indexing 
and tracking the target objects was responsible for 
the display size effect witnessed in Experiment 1, 
then such an effect should not occur if the targets 
are perfectly tracked throughout every trial. Al-
though it is not possible to ensure that all the tar-
gets are perfectly tracked, we have designed a pro-
cedure that may, given certain assumptions, help 
us to determine whether a particular target that 
underwent a form-change had in fact been cor-
rectly tracked on that particular trial. To do this we 
developed a dual-response procedure in which we 
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asked participants to indicate, on each trial, 
whether the object that underwent a form change 
was a target or a distractor. Thus, the participant 
was required to indicate the identity of the changed 
object and also whether it was a target or a distrac-
tor. 
 In this experiment, participants tracked four 
target objects and made a speeded identification 
response to a form change in the display (E or H), 
after which they made a two-alternative forced 
choice categorization decision as to what type of 
object underwent a form change (target or distrac-
tor). Because participants had to indicate what type 
of object underwent a form change on each trial, 
the trials where participants had lost a form-
changing target could be distinguished from the 
trials where a form-changing target was accurately 
tracked. If failures in tracking performance pro-
duced the display size effect for target form 
changes in Experiment 1, then excluding those 
trials where participants had lost a form-changing 
target from the RT analyses should greatly attenu-
ate and perhaps even eliminate this display size 
effect.  
 Of course, the success of the method depends 
on participants being able to categorize the 
changed objects as ones they had or had not 
tracked. Because there will be some trials on 
which participants may not be certain as to 
whether the object that underwent a form change 
was a tracked object, their category assignment 
may contain both errors of omission and errors of 
commission. Such errors may occur for several 
reasons. For example, a target may be lost because 
the index simply becomes dissociated from it – in 
which case the forced-choice categorization re-
sponse may merely reflect a guessing strategy. On 
the other hand, if the target is lost because the in-
dex shifts to a nearby distractor, the participant 
may unknowingly take the newly indexed object to 
be a target or might even be aware of the shift and 
exercise some wariness. Clearly, our ability to iso-
late those trials in which the participant correctly 
tracked a form-changing target will not be without 
some error. But so long as the errors are relatively 
infrequent and the bias in the use of the target ve r-
sus distractor categories remains relatively fixed 
over the conditions of the experiment, this method 
may provide a useful way of restricting the trials 
used to compute the RT measure to those which 
the participant has actually tracked the form-
changing target. 
 In summary, we can state our specific predic-
tions as follows: (a) If participants are more likely 
to lose target objects as the number of distractors 
in the display increases, then target categorization 

errors (incorrectly attributing target form changes 
to distractors) should increase with increases in the 
number of distractors; (b) Response latencies to 
form-changing targets that are no longer tracked 
(and thus not indexed) should be slower than those 
for accurately tracked targets; (c) When the accu-
racy of the participants' categorization decisions 
(target or distractor form change) is ignored, re-
sponse latencies to both target and distractor form 
changes should increase with increases in the 
number of distractors in the display (as in Experi-
ment 1); and (d) Excluding those trials where par-
ticipants had lost a form-changing target should 
greatly attenuate the effect of display-size on iden-
tification RT. 
 

Method 
 
 Participants. Twenty-four individuals participated 
in this experiment, and were paid $10.00 upon comple-
tion of the 45 minute session. None of these individuals 
had participated in Experiment 1. 
 Apparatus and stimuli. The apparatus and stimuli 
were identical to those of Experiment 1. 
 Procedure. Participants tracked four targets during 
every trial, and after 5 to 9 s of tracking one of the ob-
jects was transformed into an E or an H figure. The time 
to identify this form change was measured. The prob-
ability that a target or a distractor would undergo a form 
change was identical (50%), and the participants were 
informed of these probabilities.  
 After the participant had responded to the form 
change, the screen was cleared and two boxes labeled 
“Tracker” (the target) and “Non-Tracker” (the distrac-
tor) appeared. The participant then indicated what type 
of form change had occurred (target or distractor form 
change) by moving a mouse pointer into the appropriate 
box and then pressing a mouse button. This categoriza-
tion decision was made on every trial, and participants 
were instructed to guess when they were unsure of the 
correct response.  
 Design. Two factors were manipulated: the Type 
of Form Change (target or distractor object) and the 
Number of Distractors in the display (4, 8, or 12). There 
were 30 trials in each of the six conditions of this ex-
periment. 
 

Results and Discussion 
 
 The mean identification error rate (E or H) 
across all the conditions was 3.9%, and a two-
factor repeated measures ANOVA (Type of Form 
Change x Number of Distractors) yielded no sig-
nificant effects, all F's < 1. Response latencies 
greater than 3 seconds were classified as outliers 
and were removed from the dataset. This proce-
dure resulted in the removal of 3.1% of the data. 
 Identification data. Before looking at the 
categorization data, we replicated the analysis that 
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was done in the first study. In this analysis the 
accuracy of the participants' categorization deci-
sions (i.e., attributing the form changes to target or 
distractor objects) was ignored when computing 
average response latencies. Thus, the response 
latencies to form-changing targets that were no 
longer being tracked (as indexed by target catego-
rization errors) were averaged with the response 
latencies to targets that had been accurately 
tracked. This treatment of the data should repro-
duce the pattern of effects observed in Experiment 
1: Responses to target form changes should be 
faster than responses to distractor form changes, 
and response latencies to both target and distractor 
form changes should increase with increases in the 
number of distractors.  
 The results of this analysis were in fact iden-
tical to those of Experiment 1. The mean response 
latencies and error rates are listed in Table 2. A 
two-factor (Type of Form Change x Number of 
Distractors) repeated measures ANOVA revealed a 
significant main effect for the type of form change, 
F(1, 23) = 46.52, MSE = 34,500, and the number 
of distractors, F(2, 46) = 9.48, MSE = 9,920, but 
no interaction between these two factors, F(2, 46) 
= 2.28, MSE = 7,383. Participants identified target 
form changes an average of 211 ms faster than 
distractor form changes, and response latencies to 
both target and distractor form changes increased 
with increases in the number of distractors. Note 
that response latencies were slower in this experi-
ment than in Experiment 1, presumably because 
participants had to determine the identity of the 
changed object (E or H) as well as the type of 
changed object (target or distractor) prior to re-
sponding. 
 Categorization data. Earlier we argued that 
target objects are not always perfectly tracked dur-
ing the tracking task, and that the probability of 
losing one or more targets increases with increases 
in the number of distractors. This assumption can 
now be directly tested. Because participants made 
a categorization decision on every trial to indicate 
whether a target or a distractor underwent a form 
change, the trials in which participants accurately 
tracked form-changing target objects could be dis-
tinguished from the trials in which they did not. 
For example, if a target object underwent a form 
change and the participant categorized the event as 
a “distractor” form change, then the participant 
had not accurately tracked this particular target 
throughout the trial. Responses in which the par-
ticipant correctly identified the form change (E or 
H) but incorrectly categorized the type of form 
change (target or distractor) were classified as 
categorization errors. 

 Table 3 lists the percentage of target and dis-
tractor categorization errors as a function of the 
number of distractors in the display. As measured 
by the categorization data, tracking performance 
(100% – the percentage of categorization errors) 
was reliably greater than chance (50%) in each of 
the six conditions of this experiment (all p's < .05), 
although it was lower than that observed in Pyly-
shyn and Storm's (1989) experiment (particularly 
when there were more than four distractors).  
 A two-factor (Type of Form Change x Num-
ber of Distractors) repeated measures ANOVA 
indicated that both target categorization errors and 
overall categorization errors increased with in-
creasing number of distractors. There was a main 
effect for the type of form change (target or dis-
tractor object), F(1, 23) = 5.36, MSE = 546, as 
categorization errors were more frequent for target 
form changes. The main effect for the number of 
distractors (4, 8, or 12) was also significant, F(2, 
46) = 45.53, MSE = 54. Importantly, the interac-
tion between these two factors was significant, 
F(2, 46) = 15.18, MSE = 97. The source of this 
interaction is clear. As the number of distractors in 
the display increased, the number of target form 
changes incorrectly attributed to distractor objects 
increased, whereas the number of distractor form 
changes incorrectly attributed to target objects was 
relatively constant. These results confirm that par-
ticipants were more likely to lose target objects in 
the tracking task as the number of distractors in the 
display increased. 
 According to our hypothesis, if the index 
bound to a particular target object is lost or shifted 
(producing a target categorization error), and the 
same target subsequently undergoes a form 
change, then the time to identify this form change 
will be longer relative to when the target is accu-
rately indexed and tracked throughout the trial. 
Consequently, we would expect that the response 
latencies associated with target categorization er-
rors (incorrectly attributing a target form change to 
a distractor) would be slower than the response 
latencies associated with correct target categoriza-
tions (correctly attributing a target form change to 
a target). 
 To test this prediction, we compared the re-
sponse latencies associated with target categoriza-
tion errors to those associated with correct target 
categorizations. These data were submitted to a 
one-factor (Trial Type: incorrect target categoriza-
tion versus correct target categorization) repeated 
measures ANOVA.

2
 The effect of trial type was 

significant, F(1, 20) = 18.68, MSE = 29,148; the  
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Table 2 
Mean Response Latencies (in Milliseconds) and Identification Error Rates (in %) to Target and Distractor 
Form Changes in Experiment 2  
———————————————————————————————————————————— 

  Number of Distractors 
  ————————————————————— 

Type of Form Change  4 8 12 
———————————————————————————————————————————— 

Target     
M  1410 1481 1469 
SE         65.1        62.1        59.7 

     Errors           4.4          4.1          3.6 
Distractor     

M  1609 1662 1722 
SE         64.7        67.4        65.6 

     Errors           3.1          4.3          3.8 
————————————————————————————————————————————— 
 
response latencies associated with target categori-
zation errors (1669 ms) were slower than the re-
sponse latencies associated with correct target 
categorizations (1441 ms). Thus, when participants 
were no longer tracking a particular form-changing 
target (as indicated by a target categorization er-
ror), responses to this target were delayed. 
 Moreover, note that if the indexes bound to 
target objects are lost or are shifted to distractors, 
then the speed of responding to these non-indexed 
target form changes should be similar to the speed 
of responding to distractor form changes. Thus, the 
response latencies to target form changes that were 
incorrectly attributed to distractors should be very 
similar to the response latencies to distractor form 
changes that were correctly attributed to distrac-
tors.  
 To test this prediction, we compared the re-
sponse latencies of trials where participants had 
made a target categorization error (attributing a 
target form change to a distractor) to those trials 
where the participants had correctly attributed a 
form change to a distractor. These data were sub-
mitted to one-factor (Trial Type: incorrect target 
categorization versus correct distractor categoriza-
tion) repeated measures ANOVA . This analysis 
yielded no significant effect of trial type, F < 1. In 
fact, there was only a 30 ms difference between 
the response latencies associated with target cate-
gorization errors (1669 ms) and the response la-
tencies associated with correctly categorized dis-
tractor form changes (1699 ms). This suggests that 
targets that were no longer indexed (and tracked) 
were essentially “distractors” to the participant, as 
they were identified as being distractors and were 
responded to no faster than “true” distractor form 
changes. 
 Identification and categorization data. Recall 

that the pattern of categorization errors confirmed 
that participants were more likely to lose target 
objects as the number of distractors in the display 
increased. This is precisely what one would predict 
given the hypothesis that increases in the number 
of distractors increases the probability that indexes 
bound to targets will be lost or shifted to distractor 
objects. What remains to be shown, however, is 
that the loss of indexes bound to form-changing 
target objects produced the display size effect ob-
served in Experiment 1. 
 Because participants had to indicate the type 
of form change on each trial (target or distractor), 
the trials where participants had lost a form-
changing target could be distinguished from the 
trials where the form-changing target object was 
accurately tracked. According to our hypothesis, 
excluding those trials where participants had lost a 
form-changing target from the RT analyses should 
greatly attenuate the display size effect. 
 The response latencies on trials where the 
participants correctly identified (E or H) and then 
correctly categorized the type of form change (tar-
get or distractor) were submitted to a 2 (Type of 
Form Change) x 3 (Number of Distractors) re-
peated measures ANOVA . The results of this 
analysis indicated that when a form-changing tar-
get object was accurately tracked, the time to re-
spond to this form change did not significantly 
vary with increases in the number of distractors. 
The data are listed in Table 4. The main effect for 
the type of form change (target or distractor) was 
significant, F(1, 23) = 50.11, MSE = 59,042. Re-
sponses to target form changes were an average of 
287 ms faster than responses to distractor form 
changes. The main effect for the number of  
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Table 3 
Mean Percentages of Target and Distractor Categorization Errors in Experiment 2. 
———————————————————————————————————————————— 

  Number of Distractors 
  ——————————————————— 

Type of Form Change  4 8 12 
———————————————————————————————————————————— 

Target     
M  14.9 33.6 39.4 
SE           2.9          3.8          4.2 

Distractor     
M  18.4 20.8 21.6 
SE           2.6          2.6          3.6 

————————————————————————————————————————————— 
 
distractors (4, 8, or 12) was marginally significant, 
F(2, 46) = 3.40, MSE = 14,527, p = .064. Finally, 
the interaction between the type of form change 
and the number of distractors was significant, F(2, 
46) = 3.61, MSE = 8,946. An inspection of Table 4 
suggests that there was a display size effect for 
correctly categorized distractor form changes, but 
that response latencies to correctly categorized 
target form changes appeared to be relatively unaf-
fected by increases in the number of distractors. 
Simple main effects corroborated this interpreta-
tion. Response latencies to distractor form changes 
increased with increases in the number of distrac-
tor objects, F(2, 46) = 6.25, MSE = 12,579, 
whereas response latencies to target form changes 
were not significantly affected by the number of 
distractors in the display, F < 1. 
 Summary. The conclusions one can draw 
from these analyses of the identification, categori-
zation, and joint identification/categorization data 
are clear. Tracking performance deteriorated as the 
number of distractors in the display increased 
(categorization data), and when form changes took 
place on targets no longer being tracked (and in-
dexed), the response latencies to these form 
changes were longer than those for targets that 
were accurately tracked. When these two types of 
trials were averaged together (identification data), 
the net result was an increase in response latencies 
to target form changes with increases in the num-
ber of distractors. However, when the trials in 
which participants had lost a form-changing target 
were excluded from the response latency data 
(joint identification and categorization data), re-
sponse latencies to target form changes appeared 
to be independent of the number of distractors in 
the display. Thus, it seems reasonable to conclude 
that the display size effect for target form changes 
observed in Experiment 1 was the consequence of 
failures in tracking performance.  
 Distractor categorization errors. The analy-

ses so far appear to establish that when objects are 
being correctly tracked, the latency to identify a 
form change on a tracked object is not influenced 
by the number of distractor objects around it, and 
that the identification of form changes on target 
objects that have lost indexes fares no better than 
on distractor objects. But what about the distractor 
objects that are erroneously classified as targets? 
Are distractors misidentified as targets treated as if 
they were targets, or is the misidentification itself 
somehow noticed? The prediction in this case is 
not as clear because it is not known whether an 
index can simply shift to another object or whether 
it is merely lost and then an alternative target for it 
is sought. 
 As a preliminary exploration of these ques-
tions, the response latencies on trials where par-
ticipants incorrectly categorized distractor form 
changes as target form changes  were compared to 
those trials where participants correctly catego-
rized target form changes. If indexes merely 
shifted unnoticed from target to distractor objects, 
resulting in the distractor in question being treated 
as a target, then the response latencies associated 
with these incorrectly categorized objects should 
be similar to those associated with correctly cate-
gorized targets. That is, the presence of an index 
bound to a distractor would convey the same atten-
tion-priority benefits as an index bound to a target.  
 A one-factor repeated measures ANOVA 
(Trial Type: incorrect distractor categorization 
versus correct target categorization) revealed a 
statistically reliable difference between the re-
sponse latencies associated with distractor catego-
rization errors and those associated with correct 
target categorizations, F(1, 20) = 12.43, MSE = 
86,031. That is, the response latencies associated 
with distractor categorization errors (1760 ms) 
were 
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Table 4 
Mean Response Latencies (in Milliseconds) to Correctly Identified and Correctly Categorized Target and Dis-
tractor Form Changes in Experiment 2.  
————————————————————————————————————————————— 

  Number of Distractors 
  ————————————————————— 

Type of Form Change  4 8 12 
————————————————————————————————————————————— 

Target     
M  1389 1411 1396 
SE            64.5           63.4           63.8 

Distractor     
M  1621 1702 1732 
SE            63.4           66.5           68.1 

————————————————————————————————————————————— 
 
significantly slower than the response latencies 
associated with correct target categorizations 
(1441 ms). Consequently, it would appear that 
indexes did not merely shift unnoticed from target 
to distractor objects. (Also note that the response 
latencies associated with distractor categorization 
errors were similar to the response latencies asso-
ciated with correct distractor categorizations; 1760 
ms versus 1699 ms, respectively, F < 1.) This find-
ing was not anticipated by the current model and 
we can only speculate on what goes on in these 
cases. There are, however, independent reasons for 
thinking that the loss of an index may be detected 
(as hypothesized in the error-recovery model de-
scribed in Pylyshyn et. al. 1994). Thus, a reas-
signed index might be treated somewhat differ-
ently from a correctly tracked one by the decision 
stage of the tracking process. Perhaps the uncer-
tainty associated with the detection of the loss of 
an index results in an increase in reaction time. 
 Analysis of the region-bounded attention a s-
sumption. Finally, as in Experiment 1, we evalu-
ated the possibility that the allocation of a spread-
ing region of focused attention (as in the “zoom-
lens” model) could account for the facilitation in 
responding to target form changes. For all twenty-
four participants, the position of form-changing 
distractors at the time of a response was recorded, 
and the trials in which a distractor form change 
occurred inside the convex hull of the target set 
were compared to the trials in which a distractor 
form change occurred outside of this region. A 
zoom-lens view would predict that distractor form 
changes occurring within this region would be 
identified more rapidly than distractor form 
changes occurring outside of this region. However, 
as before, response latencies to distractor form 
changes were similar regardless of whether the 
distractors were inside (1666 ms) or outside (1662 
ms) of the region encompassed by the targets, F < 

1. This result indicates that the allocation of a 
zoom-lens of focused attention was not responsible 
for the facilitation in responding to target form 
changes, because the identification of distractor 
form changes was not enhanced in the region en-
compassed by the targets. 
 

General Discussion 
 
 The purpose of this investigation was to 
study the relation between visual indexing and 
attentional processing in the context of the multi-
ple-object tracking paradigm. Specifically, we hy-
pothesized that target objects being tracked (and 
thus indexed) would be assigned a higher priority 
for access to serial focused attention, so that t arget 
form changes would be identified more rapidly 
than distractor form changes. The results of Ex-
periment 1 clearly demonstrated that during the 
tracking task target form changes are identified 
more rapidly than distractor form changes. How-
ever, we also found that responses to target form 
changes were increasingly delayed as the number 
of distractors in the display increased, a finding 
not consistent with the visual indexing model. That 
is, if the target objects are independently tracked 
and used to determine the responses, then the 
speed of responding to target form changes should 
not be affected by the number of distractors in the 
display. 
 In Experiment 2, we evaluated the possibility 
that failures in tracking performance were respon-
sible for this display size effect. We hypothesized 
that on some trials participants had not accurately 
tracked the form-changing targets, and that their 
responses to these “lost” targets would be delayed. 
We reasoned that if participants indicated the type 
of form change on every trial (target or distractor), 
then the trials where participants had accurately 
tracked a form-changing target could be distin-
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guished from the trials in which they had not. Ex-
cluding those trials where participants had lost a 
form-changing target from the RT analysis would 
then eliminate or greatly attenuate this display size 
effect. 
 The results of Experiment 2 confirmed these 
predictions. Tracking performance deteriorated as 
the number of distractors in the display increased, 
and responses to form-changing targets that were 
not accurately tracked were slower than response 
to targets that were accurately tracked. When only 
the trials in which participants had correctly 
tracked the form-changing targets were examined, 
the response latencies to target f orm changes were 
unaffected by the number of distractors in the dis-
play.  
 Finally, our experiments have shown that the 
facilitation afforded by the indexes applies only to 
the actual targets and does not spread to the re-
gions between them, so the results cannot be ex-
plained by the assumption that attention is allo-
cated broadly to the region encompassed by the 
target objects (as in the “zoom-lens” model). Re-
sponses to distractor objects undergoing form 
changes within the convex hull of the target set 
were no faster than responses to distractors under-
going form changes outside of this region.  
 These findings are consistent with Pylyshyn’s 
visual indexing model (Pylyshyn, 1989, 1994, 
1998). According to that model, certain salient 
properties – a sudden onset being the most obvious 
such property – result in an index or pointer being 
assigned to the objects. There is a limit of 4 or 5 
such indexes available. The indexes are object-
based in that they do not point to the locations of 
objects but to the objects themselves, and, as a 
result, indexes keep referencing objects as the lat-
ter move around. The purpose of indexes is to bind 
objects to internal references or names. Just as the 
arguments of a function have to be bound before 
the function can be evaluated, so cognitive proc-
esses cannot be applied to visual objects unless the 
objects are bound to the arguments of the proc-
esses. For example, in order to evaluate the n-ary 
predicate "collinear", the objects over which the 
predicate applies must be indexed or bound to ar-
guments of the predicate. 
 The multiple object tracking task is one of 
the purest and most direct tests of the assumptions 
of this model. This is because, as Pylyshyn and 
Storm (1988) showed, tracking multiple independ-
ently-moving identical objects could not be done 
in their study by recording and updating an encod-
ing of the locations of the objects being tracked, so 
a more direct tracking mechanism must be avail-
able. In the present study a number of additional 

predictions of this model were examined. The first 
prediction was that tracked objects can be exam-
ined more quickly than non-tracked objects in a 
task that requires focal attention (i.e., form identi-
fication). The second prediction was that tracked 
objects can be accessed more quickly than non-
tracked objects even when the latter are located in 
the same region of the display as the tracked ob-
jects (contrary to might be expected from the 
“zoom lens” model of attention allocation). The 
third prediction was that the presence of different 
numbers of non-tracked objects does not directly 
affect the speed of accessing and processing of 
tracked objects. All of these predictions were veri-
fied, although the last one required that we use a 
dual-response methodology that allowed us to re-
move mistracked objects from the pool used to 
compute response latencies. 
 

Other Models of Multiple Parallel Access in 
Visual Attention 
 
 At least one other model has attempted to 
account for the pattern of reaction times in a situa-
tion similar to the one we used. As noted, Yantis 
and Johnson (1990) found that a limited number of 
abrupt onset items could be processed before no-
onset items during visual search, and they pro-
posed that abrupt onsets are attentionally “tagged” 
and then assigned a higher priority for access to 
focused attention. This tagging model is compati-
ble with our proposal, although we have empha-
sized the dynamic changing location and tracking 
aspect of the access and have proposed a different 
mechanism to explain the results. Instead of ap-
pealing to the existence of a “tag” located on a 
stimulus object, we have proposed a mechanism 
that is part of the early vision system (in the sense 
of Pylyshyn, in press-a). We have argued that such 
a mechanism is independently required for other 
early-vision purposes (such as to enable vision to 
be “situated” and causally connected in the right 
way with objects in the world – Pylyshyn, in press-
b). Although we have not attempted directly to 
compare tagging models (see also Watson and 
Humphreys, 1997; Ullman, 1994) with the visual 
indexing model, we note that the tagging models 
make no predictions about the ability to track mul-
tiple objects nor about the locality property of the 
access provided by tracked objects. Also, it ap-
pears that tags have a rather short-lived effect 
(Yantis & Jones, 1991), whereas our tracking stud-
ies have run as long as 30 seconds. And finally, tag 
models assume that there is some place where the 
tags actually reside – because tags cannot actually 
be written on the world, presumably they are writ-
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ten into some iconic store which itself can be 
scanned. Because little is known about such a 
store, and the very idea of an iconic store presents 
serious empirical problems (cf., O’Regan, 1992; 
Pylyshyn, in press-b), the visual indexing model 
offers some advantages as a basis for understand-
ing the phenomenon of priority access. 
 Perhaps closer in spirit to the indexing model 
is the object file theory of Kahneman, Treisman, 
and Gibbs (1992). Like visual indexes, object files 
are object-centered and continue to reference ob-
jects across changes in spatial position. However, 
object files are memory organizations and the the-
ory does not deal with the mechanism by which 
object files are attached to the objects with which 
they are associated, and it makes no predictions 
concerning the time for accessing tracked objects. 
In contrast, although Yantis and colleagues (Jon-
ides & Yantis, 1988, Yantis & Jones, 1991; Yantis 
& Jonides, 1984) do deal with the access issue, 
they have used static displays to study the atten-
tional priority conferred to abrupt onset items, and 
to our knowledge have not explored the possibility 
that attentional tags are object-centered and apply 
to moving objects. Consequently, the visual index-
ing model (which was developed independently  in 
a very different context – Pylyshyn, Elcock, Mar-
mor, and Sander, 1978) augments these existing 
models and makes specific predictions about the 
attentional priority conferred to a number of ob-
jects under dynamic display conditions. Moreover, 
it has been applied to a wide range of novel visu-
ally related phenomena, from subitizing to mental 
imagery and visual stability (Pylyshyn, 1998). 
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Footnotes 
 
 1. Because the data from only six of the sev-
enteen participants in this experiment were avail-
able for this analysis, once could argue that the 
lack of an effect of distractor position (inside or 
outside the convex hull of the target set) was due 
to a reduction in statistical power. However, the 
data from the same six participants indicated that 
target form changes were responded to more rap-
idly than distractor form changes, F(1, 5) = 14.19, 
MSE = 22,103. Moreover, there was no effect of 
distractor position in Experiment 2 either, where 
the data from twenty-four participants were exam-
ined. 
 2. Three of the twenty-four participants made 
no target categorization errors in one or more of 
the conditions in this experiment, and so all of the 
response latency analyses involving target catego-
rization errors are based on the data from the re-
maining twenty-one participants.  
 


