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Is multiple object tracking carried out automatically
by an early vision mechanism independent of
higher-order cognition? An individual
difference approach

Lauri Oksama

Finnish Defence Forces Education Development Centre, Jirvenpdd, Finland

Jukka Hyona
University of Turku, Finland

Existing theories of multiple object tracking (MOT) offer different predictions
concerning the role of higher level cognitive processes, individual differences,
effortful attention and parallel processing in MOT. Pylyshyn’s model (1989)
argues for an automatic parallel processing mechanism separate from other cog-
nition, whereas alternative models (e.g., Kahneman & Treisman, 1984 or spotlight
models) are based on higher level cognition such as spatial short-term memory
and/or effortful attention switching. These predictions were examined in Experi-
ment 1 where identical objects and in Experiment 2 where visually and semanti-
cally distinct objects were tracked. Both experiments demonstrated a substantial
individual variation in the estimated tracking capacity. Tasks measuring visuo-
spatial short-term memory and attention switching proved to be significant pre-
dictors of MOT. In addition, tracking performance deteriorated as a function of
tracking time and set size. Our results are in contrast to Pylyshyn’s model. A
mechanism with both parallel and serial processing and temporary spatial memory
is outlined to accommodate the observed pattern of results.
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Visual tracking of moving targets is an essential part of many real world
tasks. For example, air traffic controllers and military pilots using up-to-date
technology need to keep track and integrate different kinds of visual informa-
tion. In many sports, such as football and ice hockey, a player has to keep
track of other players in a constantly changing situation. But how good is our
visuoperceptual system at doing this kind of tracking? Can we genuinely
track several moving targets simultaneously and effortlessly, or do we need to
shift effortfully our focal attention from one target to another during tracking?
Are some people better than others in tracking tasks like these? Several inter-
esting questions about multiple object tracking (MOT) can be raised from
both a practical and theoretical point of view. They concern the capacity of
simultaneous tracking, the automatic versus the effortful nature of tracking,
and the role of individual differences in tracking. These questions were
examined in the present study.

Theoretically, perhaps the most relevant question concerns the psycho-
logical mechanisms behind tracking performance. Is the mechanism based on
an independent module separate from other cognitive processes with its own
operation and memory systems? Or does it make use of processes also shared
by other visuospatial tasks? Four plausible models of MOT are first described
and discussed and we outline their predictions related to these questions
(tracking capacity, automatic versus effortful nature of MOT, and the nature
of individual differences). The models differ from each other in many impor-
tant respects. Pylyshyn’s FINST (fingers of instantiation) theory (e.g.,
Pylyshyn, 1989, 1994; Pylyshyn, Burkell, Fisher, Sears, Schmidt, & Trick,
1994; Pylyshyn & Storm, 1988) capitalizes on low-level early vision pro-
cesses, where tracking is carried out preattentatively without recourse to
memory representations. In contrast, Yantis’ model (1992) and that of
Kahneman and Treisman (1984; Kahneman, Treisman, & Gibbs, 1992) are
based on higher level attentive processes, object representations, and spatial
relations between the tracked objects. The fourth model to be discussed, an
attention switching model, assumes that tracking is carried out by shifting a
““spotlight’’ of attention continuously from one target to another (cf. Posner,
1980).

In cognitive psychology, the research on dynamic visual attention started
only about a decade ago. The first multiple object tracking experiment was
designed by Pylyshyn (Pylyshyn & Storm, 1988; for a new development of the
paradigm, see Saiki, 2002). Before that, visual attention was mainly studied in
the context of static stimuli. In the tracking task, the participant has to track
randomly moving targets among several moving distracters. The seminal study
of Pylyshyn and Storm indicated that the participants were able to track between
four and five targets with an 85% accuracy.
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PYLYSHYN’'S EARLY VISION MODEL

The original FINST theory contends that the performance in MOT (and in other
visual tasks involving multiple objects) is based on a very primitive mechanism
provided by an ‘‘early vision’’ system (recently Pylyshyn, 2001, has added new
assumptions and slightly changed the terminology; however, it seems that the
basic claims of the original model remain the same). The assumed mechanism
provides four or five indexes or pointers, which can be assigned to visual objects.
These pointers or reference tokens do not encode or represent anything about the
objects they refer to (i.e., in that sense they are ‘‘feature-blind’’); they just make a
primitive mechanical reference relation possible between the visual system and
the outside world, similarly to physical fingers touching physical objects. Thus,
the FINST mechanism is separate from higher cognition; it is an encapsulated,
“‘cognitively impenetrable’’ system with perhaps its own memory system (cf.
Pylyshyn, 1999). Higher order serial cognitive processes can access the output of
this mechanism or select input to this system, but they cannot influence the
internal workings of the encapsulated system. Indexes work independently from
each other and make it genuinely possible to track several objects simultaneously.
The mechanism has limited capacity, about four indexes, due to the architectural
limitations in the visual nervous system (its localization is not known; the
posterior parietal cortex is one potential candidate; cf. Culham, Brandt, Cava-
nagh, Kanwisher, Dale, & Tootell, 1998; Scholl & Pylyshyn, 1999).

After indexes have been assigned to the to-be-tracked objects they continue
to remain with the same objects despite the fact that the moving objects change
their locations continuously on the retina and despite any temporary occlusions
(i.e., indexes are ‘‘sticky’’). Originally, this notion of ‘‘stickiness’’ was intro-
duced to suggest that index maintenance is automatically carried out by the
FINST mechanism without a need of allocating attentional effort (Pylyshyn &
Storm, 1988). Later, however, Pylyshyn (Pylyshyn et al., 1994; Pylyshyn, 2001)
has admitted that the MOT task as a whole is attentionally demanding and that
successful index maintenance during the tracking task may perhaps require
periodic attentional effort to reactivate index binding (but he still continues to
assume that the mechanism is in principal automatic; see Pylyshyn, 2001,
p-149). Yet, to our knowledge, the question about the nature of tracking
(whether automatic versus effortful) has not been systematically studied in the
context of the Pylyshyn paradigm.

Pylyshyn and Storm (1988) introduced the MOT paradigm as a test of the
FINST theory. In the original version of the task, subjects were required to track a
prespecified subset (1-5) of identical randomly moving objects among of
identical distracters. At various moments during movement, one items was
flashed, and the subject was to indicate whether the flashed element (the probe)
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was a member of the target set or not. If the flash occurred on a target, the subjects
were instructed to press a response key as quickly and accurately as possible.

The FINST model with an automatic and parallel tracking mechanism predicts
an accurate and flawless tracking performance in this task as a function of
tracking time and target set size (when the capacity limit is not exceeded).
According to Pylyshyn, relatively errorless performance (85% accuracy with five
targets) supports the argument for parallel processing in tracking. In addition, a
simulation of a serial strategy showed that it could not account for the observed
level of performance in the task (Pylyshyn & Storm, 1988). However, it was also
found that tracking performance deteriorated (i.e., accuracy decreased and
response latency increased) as the number of targets increased, as reflected in a
significant set-size effect (Pylyshyn & Storm, 1988). This finding is not fully
consistent with a purely parallel model but shows that either some serial pro-
cessing takes place or that parallel processing is to some extent resource limited
(see the ‘‘Serial attention-switching and mixed models’’ section below).

To accommodate the above-mentioned nonparallel aspect in performance,
Pylyshyn and Storm (1988) postulated two processing stages: A parallel tracking
stage and a serial response selection stage. Serial processing is invoked by
response selection, when properties of the tracked objects need to be checked (i.e.,
outside the domain of the tracking itself). According to this two-stage model, the
serial response stage is responsible for the set-size effect in the MOT paradigm.
This might be true for the effect of the number of objects on the time taken to press
the response key, because as the number of targets increases it takes longer to
serially check whether or not the probed object belongs to the target set. However,
it is not clear how the serial response stage can explain a set-size effect in response
accuracy, because it is highly unlikely that the yes/no response is forgotten during
the short response. Thus, it seems unlikely that a purely parallel model could fully
explain tracking performance. At least it may be argued that the issue about the
serial versus parallel nature of tracking has not yet been satisfactorily settled.

The question about the nature of individual differences in tracking has not
been explicitly raised in the context of the FINST model. The model appears to
predict that possible individual differences are distributed around some typical
or universal value, say four, with little variance presumably caused by non-
interesting random factors or by measurement error. In the original study,
Pylyshyn and Storm (1988) do mention the existence of some individual var-
iations in multiple tracking performance. Although their sample size (n = 7) was
too small to say anything conclusive about individual differences, this finding
encourages further work with a larger sample.

YANTIS” MODEL OF PERCEPTUAL GROUPING

According to Yantis (1992), when participants track multiple moving objects,
they spontaneously group individual target elements into a single virtual object
or into a higher order perceptual representation. Tracking performance is thus
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based on the participant’s ability to maintain a perceptual grouping during
motion. Thus, performance is assumed to consist of two stages: A group for-
mation and a group maintenance stage. The group formation stage is governed
by Gestalt laws of grouping, and it has some similarity to Pylyshyn’s initial
indexing stage (i.e., it is preattentative, automatic, and stimulus driven; e.g.,
Pylyshyn & Storm, 1988). However, in contrast with Pylyshyn’s idea of auto-
matic sticky indexes, the group maintenance stage is assumed to be goal
directed, effortful, and attention demanding. The effortful group maintenance is
based on a continuous updating of the representation of the elements as they
move around. Yantis provides experimental support for his claim by showing
that factors influencing perceptual grouping (whether the objects conformed to
the Gestalt law of common fate during motion or whether the objects formed a
canonical polygon, e.g., a regular triangle, in their starting positions) also
influence the success of maintaining a representation of the tracked objects.
According to Yantis, group maintenance is assumed to be closely linked to the
processes needed in mental rotation.

Yantis (1992) does not provide any exact prediction about how many objects
could be tracked. The specific number may vary greatly depending on the
efficiency of perceptual grouping. For instance, when the configuration of
elements becomes more complex, the mental transformations needed to update
the representation also become more difficult and slower. As a consequence,
tracking capacity is different for different configurations of elements. As regards
the question about the automatic nature of tracking, Yantis’ model provides a
clear prediction: Group maintenance is an attention demanding, effortful, and
nonautomatic process.

The assumption about continuous mental transformations being responsible
for group maintenance links individual differences in MOT to visuospatial
processing abilities (i.e., ability to make spatial transformations). The higher the
visuospatial processing capacity is, the more efficiently tracking is performed.
Thus, tracking is not assumed to rely on an encapsulated system separate from
other cognitive processes but carried out using higher cognitive processes like
mental rotation and attention.

OBJECT FILE THEORY OF KAHNEMAN
AND TREISMAN

The object-file theory of Kahneman and Treisman (1984; Kahneman et al.,
1992) posits that temporary memory representations are necessary when per-
ceiving a dynamically changing visual scene. Unlike the feature-blind visual
indexes of Pylyshyn (1989, 1994, 2001), these representations, metaphorically
called “‘object files’’, collect different types of information (location, feature,
semantic) about objects. Although object files gather information about object
properties, they are addressed only by spatiotemporal properties of the objects,
and not by featural or semantic information (thus, ‘‘a frog can turn into a
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prince’’). It is further assumed that the number of object files that can be
maintained open at the same time is limited.

Kahneman and Treisman (1984; Kahneman et al., 1992) have provided
empirical evidence for the temporary object-specific representations by
examining priming effects in perception in relation to individual objects (in
distinction to nonspecific conceptual effects due to long-term memory). More-
over, they also found evidence for capacity limitations. The object-specific
priming benefit decreased as a number of objects to be perceived increased, and
the effect disappeared somewhere after four objects (it was statistically sig-
nificant for four objects but not for eight objects). They assumed that the
observed capacity effect was due to a visuospatial, relatively long-lived post-
categorical memory, as they were able to rule out an explanation based on iconic
or long-term memory. In the standard terminology of cognitive psychology, this
kind of memory system often goes as the visuospatial short-term or working
memory. Object file representations are thus located in an intermediate level
between primitive feature registration and object identification. In their view,
the assumed mechanism is then different from both the early vision and iden-
tification (long-term memory) systems.

The object file theory does not provide any explicit predictions about how
effectively or successfully objects are maintained during tracking. On the other
hand, the assumption of a limited visuospatial short-term memory as the basis
for maintaining object files appears to lead to a prediction that the number of
object files successfully kept open should correlate with the individual capacity
differences in visuospatial short-term memory. The larger the visuospatial
memory capacity is, the more object files can be kept open during perception of
a dynamic scene. Unlike Yantis’ (1992) model, which relates tracking perfor-
mance to visuospatial processing capacity, the object-file model relates tracking
performance to visuospatial working memory capacity. Therefore, on the
assumption that visuospatial working memory capacity is normally distributed
in the population, a normal distribution would be observed for the individual
tracking capacity around an average value, say four or five.

SERIAL ATTENTION-SWITCHING AND
MIXED MODELS

An extreme alternative to Pylyshyn’s early vision FINST model (Pylyshyn,
1989, 1994) and object-based attention models by Yantis (1992) and Kahneman
and Treisman (1984; Kahneman et al.,, 1992) is a serial attention-switching
model (described and simulated in Pylyshyn & Storm, 1988; Yantis, 1992). In
this type of space-based model (i.e., where only one single spatial region can be
attended at any one time, in contrast to object-based models in which attention
operates on perceptual objects, not on specific regions of space), successful
performance is not achieved by simultaneously tracking several objects but by a
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continuous serial and effortful switching of focal attention between the tracked
objects. The purpose of these continuous attention shifts is to update coordinates
for target items in memory as the targets move about in the display. It may be
noted that different kinds of serial models with different spotlight velocity
parameters may be postulated. Moreover, it is possible to put forth mixed
models that would combine parallel and serial processing elements. One
example of mixed models is a limited-capacity parallel model (Pylyshyn &
Storm, 1988, discuss this kind of model; for more information about this kind of
models, see, e.g., Townsend, 1990). The limited-capacity parallel model
assumes that the system has a fixed reserve of resources that is allocated
between the tracked objects. The increase in the global processing load is
assumed to result in a decrease in the amount of (parallel) resources available
per object per unit of time and in difficulties in the allocation of the parallel
resources between the target objects. Thus, the serial and mixed models predict
that visual tracking is prone to errors as a result of demanding effortful allo-
cation of attention. The exact predictions about the magnitude of set-size effects
would depend on the assumed parameters (attention velocity, memory
requirements, etc.) of the model. As regards the question of the automaticity in
tracking, these models clearly argue that tracking is nonautomatic and highly
effortful.

Some versions of a serial model were described and tested in the simulations
of Pylyshyn (Pylyshyn & Storm, 1988) and Yantis (1992). They provided evi-
dence that the observed performance in multiple object tracking tasks with, say,
four objects (with typical target velocities) is not possible to achieve by a serial
switching strategy unless unrealistically fast attention movement or spotlight
velocities were assumed. On the other hand, the set-size effect observed by
Pylyshyn and Storm (1988) suggests that there must be at least some serial
involvement present in MOT. Moreover, it may be noted that although four
objects could not be tracked with realistic attentional spotlight velocities, it
might be possible to track two objects using a serial strategy (the fewer objects,
the slower attention velocities are needed to accomplish successful tracking by
continuous attention switching). This means that an errorless tracking perfor-
mance with two targets may be accounted for both by a purely serial, a purely
parallel, or a mixed model, and it would thus be difficult to differentiate between
the models on the basis of accuracy data when only a couple of items are
tracked.

In the attention-switching models, individual variations in tracking perfor-
mance are readily predicted and explained by differences in the capacity to
serially allocate focal attention and the capacity to update a temporary memory
for the target coordinates. Thus, this leads to a prediction that tracking perfor-
mance should correlate with performance in tasks that demand effortful atten-
tional processing (e.g., continuous task switching) and visuospatial short-term
memory. In other words, individual differences are assumed to reflect dif-
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ferences in the general attentional capacity and visuospatial short-term memory,
but not capacity differences in any specific mechanism unique to tracking. These
models also predict a low average tracking capacity with quite large individual
variation due to factors related to higher cognition (e.g., attention, processing
strategies, visuospatial short-term memory).

Finally, Baddeley’s working memory model (see Baddeley, 2000, for the
most recent version) would assume that both general attentional resources
(provided by a central executive) and the visuospatial sketchpad would be in
operation in MOT. The visuospatial sketchpad consists of a temporary storage of
visuospatial information and a mechanism that refreshes visuospatial informa-
tion in the store before it is lost. However, the nature of the rehearsal mechanism
is not quite clear (one candidate is implicit motor activity similar to eye
movements, Baddeley, 1986; another is shifts of spatial attention, Smyth &
Scholey, 1994; and still another is some form of amodal rehearsal mechanism
that makes recourse to general attentional resources, Phillips & Christie, 1977).

THE PRESENT STUDY

The four different types of models of MOT described above differ from each
other in many important respects regarding issues of tracking capacity, auto-
matic versus effortful nature of tracking, and the nature of individual differ-
ences. To date, only tracking capacity has been studied empirically. The purpose
of the present study was to shed more light on these issues by using both an
experimental and an individual difference approach.

The key question as to whether the mechanism underlying MOT is an
independent encapsulated system separate from higher cognition or, alter-
natively, a system inherently utilizing other cognitive processes, was examined
by means of predicting individual differences in MOT with measures of
visuospatial working memory, attentional switching, and mental rotation
(Experiment 2). A null or negligible correlation with cognitive task measures
would support the claim about the encapsulated system separate from higher
cognition. In contrast, if significant correlations (or a significant regression
model) can be found relating MOT to cognitive measures, this would support the
idea that the tracking mechanism shares processes with other ‘‘high level”’
tasks.

Possible individual differences in tracking capacity are interesting and
informative as such. If the variance in the tracking capacity is large among
participants, this significant variation should be taken into account theoretically
and practically. On the other hand, a unimodal distribution with a narrow var-
iation presumably peaking around four items would be evidence for negligible
individual differences (maybe due to noninteresting random factors such as
measurement error). In the present study, individual estimates of tracking
capacity were calculated and their distributions were assessed from this point of
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view. The capacity issue was examined by varying the number of objects to be
tracked from two to six. If the set-size effect proved nonsignificant, it would
support the idea that the mechanism is fully parallel with a large tracking
capacity. In contrast, if a significant linear trend were observed, this would be
taken as evidence for a serial process. Significant set-size effects with quadratic
trends (with a good performance up to some number of objects, presumably
four) would be evidence for parallel capacity with capacity limitations.

The issue of the automatic versus effortful maintenance of objects during
tracking was studied by comparing different tracking durations. By studying
tracking performance over time we can examine how vulnerable the maintenance
process is to temporal performance decrements. In the research on vigilance, a
decrement in the signal detection rate has been attributed to limitations in effortful
attention (Parasuraman, 1985; Parasuraman & Mouloua, 1987). On the other
hand, no sensitivity decrement over time is taken to support the view that signals
can be sustained with automatic processes (Fisk & Schneider, 1981). If main-
tenance is automatic (or indexes are ‘‘sticky’’), we should not find any large
performance or sensitivity (in terms of the signal detection theory) decrements as
a function of time, at least within the capacity limits. However, if maintenance of
objects demands effortful attention, we should find large performance decrements
as a function of time (cf. Fisk & Schneider, 1981). To our knowledge, this issue
has not yet been studied empirically.

Two experimental paradigms were used. The first was the standard MOT
with identical objects (Experiment 1) and the other was a modified version,
where each target and distracter had a unique visual identity (multiple identity
tracking; MIT; Experiment 2).

EXPERIMENT 1

The purpose of Experiment 1 was to examine the issues raised above in the
context of the MOT paradigm (Pylyshyn & Storm, 1988; Yantis, 1992). We
chose the MOT paradigm with identical elements because it is the first and the
most influential experimental task used to study the tracking of multiple moving
objects. MOT has its pros and cons. On the one hand, it forms a good testing
ground for the hypothesis about the automatic nature of tracking. Using identical
elements ensures that the participant must continuously track all the elements. If
no performance decrement were found in this task as a function of time-on-task,
then the tracking process may be judged to be in some sense automatic. On the
other hand, identical elements are nonoptimal to study the processes involved in
dynamic binding, when identity information has to be connected to the correct
spatiotemporal objects. This motivated us to create a new version of MOT with
nonidentical elements in Experiment 2.

MOT was presented to a large sample of participants to examine the general
tracking capacity, possible individual capacity differences, the effortful versus
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automatic nature of tracking, and the possible relationships of MOT into other
measures of cognition. Tracking capacity was measured by manipulating the
number of targets tracked. The automatic versus effortful nature of tracking was
examined by comparing different tracking durations. Individual differences in
tracking capacity were assessed by calculating individual estimates of tracking
capacity. The question whether the mechanism underlying MOT performance is
an independent encapsulated system separate from higher cognition, or alter-
natively, makes recourse to other cognitive processes, was examined by corre-
lating individual differences in MOT to other cognitive abilities: visuospatial
short-term memory, verbal working memory, and attention switching. Measure
of visuospatial short-term memory and attention switching were chosen as we
considered these cognitive functions potentially relevant in MOT on the basis of
several alternative models to the FINST hypothesis (Pylyshyn, 1989, 1994,
2001). A measure of verbal working memory was included to rule out the
possibility that a possible involvement of the visuospatial working memory
could be ascribed to a general, modality nonspecific working memory capacity.

Method

Participants. Participants in the experiment numbered 201, 180 males and
21 females. The age of the participants ranged from 19 to 42, the median was 23
years (95% was under 30 years). The experiment was conducted as a part of a
large test battery that was administered to civilian air company applicants. All
participants had normal or corrected-to-normal vision (with maximum of
+/—1.5 diopter). A group of 220 participants was selected to this final selection
stage from the total of 1500. The first selection was based on the previous school
achievement (mathematics and English); 550 individuals passed these criteria.
The final selection from 550 to 220 was based on standardized reasoning tests (a
Raven type of intelligence test, a verbal reasoning test, and a mathematical
reasoning test) and clinical personality tests. Only those who were among the
best 11% in the norm scores (stanine 8 or 9) were selected (the norms were
based on a representative sample of normal Finnish young adults). This
screening was done as a part of an air pilot recruitment process. Nineteen
participants were excluded from the experiment due to a technical error.

Apparatus. The stimuli were presented on six 19-inch Eizo FlexScan F730
monitors with a resolution of 800 x 600 pixels controlled by Matrox G400
cards, Pentium 3, 500 MHz, 128 Mt RAM computers, and the E-prime software
(Schneider, Eschman, & Zuccolotto, 2002a, 2002b). The separate software that
generated the motion sequences was written in Visual Basic.

Stimuli.  The stimuli consisted of 12 identical solid white squares (15 x 15
pixels) subtending 0.63° x 0.63° with a dark background, the background
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subtending a visual angle of 25° horizontally and 32° vertically. An empty
framed square (0.63° x 0.63°) was present during every trial in the centre of the
display as the fixation point. A randomly chosen subset of two to six of the total
of twelve objects was designated as targets. The remaining objects were
distractors.

Movement sequences. The experimental trials consisted of 166, 300, or 433
static frames presented one after another for 30 ms each. This yielded an
animation sequence of 5, 9, or 13 s in duration. In the resulting motion, items
could move a minimum of 3 and a maximum of 6 pixels per frame. Because
each frame had duration of 30 ms, the resulting item velocities were in the range
of 4.19-8.38°s. Animation sequences (trajectory files) were generated and
stored offline.

Initial item positions were generated at random. Directions for each object
were chosen randomly from among the eight compass directions. Each object
was assigned a movement duration, randomly selected from 7 to 27 in 30 ms
increments (210-810 ms), and speed, randomly selected from 3, 4, 5, or 6 pixels
per frame. The movement duration determined the time for how long the object
maintained a certain direction and speed. When the movement duration expired,
new random speed, direction, and duration values were assigned to the object.

Random object motion created many possible collisions between objects,
between objects and the fixation square, and between objects and the edges of
the display monitor during the motion phase. Several actions were taken to avoid
these collisions. First, an invisible cushion surrounded the objects and the
fixation square. Thus, two objects could not be closer than 0.63° apart. Second,
before an object was moved to the new position, a possible collision to another
object cushion area and to the edges of the display was checked. If a collision
was going to happen with some other object, a reverse direction was chosen to
the collided objects (the new direction depended on the collision event, e.g., if
one object was to the south of another object, the northern object moved to the
north and the southern to the south). Also new random duration and speed values
were assigned to the objects in the case of potential collision. Third, edge
collisions were prevented in a similar manner: A new direction (randomly
selected from the three possible reverse directions), speed, and duration were
assigned to the objects. This procedure yielded a sequence of frames in which
each element moved in a random, independent and continuous way for some
period of time (210-810 ms or until a collision was about to happen), and then
changed direction and speed abruptly and began to move in a new direction.

Thirty trajectory files were generated and stored offline and divided into two
sets of fifteen files for the two experimental blocks. One trajectory file was used
five times in the block, one time in each target set and duration. Thus, all the
trajectories within each target set and duration were different but the trajectories
between the different target sets and durations were similar. However, the
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chosen target and distractor objects were different in different target sets while
the trajectory was the same. This technique ensured that any differences between
different set-size and duration conditions were due to target set size or duration
manipulation, and not to other accidental differences between the trials and
trajectory patterns (see Scholl & Pylyshyn, 1999, for a similar procedure).

Procedure. Participants (from three to maximum of six at the same time)
were seated approximately 57 cm from the display; a chinrest was used to
reduce head movements and control the viewing distance. A screen was placed
between the participants in order to prevent subjects from seeing or disturbing
each other. The “‘b’” and “‘n’’ buttons in the keyboard were used to collect the
responses. The subjects were instructed to use their dominant hand for the
response. Participants were given written instructions prior to the experiment,
outlining the general procedure and explaining a trial sequence. They were to
note the positions of the flashing targets at the start of each trial and to keep
track of them during the movement phase. Subjects were instructed to track the
targets without moving their gaze from the fixation cross (eye position was not
monitored). At the end of the movement phase, the probe phase occurred. In this
phase, all the objects stopped moving and the probe element was highlighted by
flashing it five times. The subjects were instructed to respond as accurately and
quickly as possible whether the probed element was one of the target items.

At the beginning of each trial, the items and fixation point were displayed for
1 s. After that, between two and six objects flashed on and off for five times
(flash duration was 150 ms). The appearance of the remaining objects (dis-
tractors) did not change during this target designation phase. All the objects then
began to move in a random and continuous fashion around the screen. The
participants attempted to simultaneously track each of the target objects. They
tracked the targets for 5, 9, or 13 s, after which the movement stopped and a
target or a distractor object (the probe item) was flashed off and on five times
against the background of the other items. After that, the screen was cleared and
a response screen appeared, which asked if the probe was a target or not. After a
response had been given, the response screen was cleared and a new intertrial
screen was presented. In that screen it was asked if the participant was ready to
start the next trial. The next trial was initiated after the participant responded by
pressing the space bar. Participants were provided with 10 practice trials;
feedback was provided after each response. Each participant completed two
blocks of 75 trials. The order of trials was randomized separately for each
participant. On half of the trials the probe was one of the targets; on the other
half of trials the probe was one of the distracters. There was a short rest period
between the blocks. The entire session took about 65 min.

Method used in the individual ENOT estimation. To estimate the number of
objects the participants were able to track we used a measure called ‘‘effective
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number of items tracked’” (ENOT) developed by Scholl, Pylyshyn, and Feldman
(2001). This measure leans on the assumption that the observed individual
performance level is based on correctly tracking some of objects and guessing
the others. A derivation and justification of the formula is found in Scholl et al.
(2001). The formula is:

m=n2P — 1)

where m is effective number of items tracked, » a number of targets and P is
empirically observed proportion of correct answers to probe questions.

The procedure for calculating the individual ENOT estimate was the fol-
lowing. First, we calculated a series of ENOT values for the different target set
sizes for each participant by using this formula. For instance, one individual
series of ENOT values was 1.8, 3.0, 3.7, 4.2, and 4.0 for set sizes from 2 to 6,
respectively (i.e., in set size 2 this individual was able to track 1.8 objects
effectively, in set size 3 it was 3.0 objects, but in set size 5 it was only 4.2
objects, and in set size 6 it was only 4.0 objects). Next, a final estimation of
individual tracking capacity was deduced on the basis of how much the observed
performance deviated from the perfect performance. We checked the individual
ENOT values one by one for different set sizes to see if the result was within
preset tolerance level. The largest tolerated deviation was set to 0.5. If the
observed result for a certain set size was within this tolerance limit, that set size
was interpreted as successfully tracked. The integer value of the highest set size
within tolerance limits was then entered as the total tracking capacity estimate
for a participant. Thus, for instance, the series of values given above would yield
a total estimate of 4, because the highest value within tolerance limits was 3.7 in
set size 4 and the next value in set size 5 deviated too much (0.8) from the
allowable limit. A separate ENOT was estimated for the three tracking
durations."

Other types of estimation procedure are of course also possible, but we argue
that this type of estimation has several advantages: It is simple; it does not make
too fine-grained distinctions; it takes into account the progressive nature of set
sizes; it estimates the maximum capacity; and it forgives the random lapses of
attention during the smaller set sizes. If anything, our individual capacity esti-

"In 9 s and 13 s durations the procedure yielded a few cases (19 cases or 9.5% of the participants
in the 9 s and 13 cases or 6.5% in the 13 s condition), where the estimate appeared to be the highest
possible six. However, because in none of these cases the ENOT estimate for set size 5 was not
within the tolerance limit but was typically very low (e.g., 2,), these cases were not classified as six—
the former estimate within the tolerance limits was used. The participants in these cases probably
changed their response criterion and were thus able to improve their performance, as reported below
in the section on the sensitivity and response bias. On the other hand, the individual ENOT estimates
of six in the 5 s condition were typically a result of a progressively increasing series of ENOT values
(i.e., the ENOT value in set size 5 was also within the tolerance limit).
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mate overestimates rather than underestimates the true capacity. It resembles the
procedure used in the working memory literature in estimating the individual
working memory capacity.

Description of cognitive measures used in correlation and regression
analyses. Individual differences in the visuospatial short-term memory
capacity were measured by a computer-aided Corsi-Block-Tapping-Test
(Corsi, cited in Milner, 1971; Vienna Test System, 1992a, 1999), in which
nine irregularly distributed dice are displayed on the screen. A hand-shaped
pointer tapped sequentially on a steadily increasing number of dice (from three
to nine). The dices were presented at a rate of 2000 ms, and a die was
highlighted for 320 ms. The participant was instructed to tap the dice in the
sequence shown. After three runs of each set size, the item length was increased
by one die. The test was interrupted if the participant answered three consecutive
runs incorrectly. The individual test result is the number of sequences correctly
tapped.

To test the ability to continuously switch attention among multiple tasks, a
computer-based synthetic work task SYNWORKI1 (Elsmore, 1994) was used.
During the test trial, the computer screen is divided into four quadrants each
assigned to a different task. In the upper left corner of the screen is a memory
task (a version of Sternberg, 1969). The initial display in this task consists of
seven letters to be memorized. The memory set is then removed and followed by
periodic displays of a probe letter, which is to be classified as a member of the
set or a nonmember. The upper right corner of the display contains an arithmetic
task. In this task, two three-digit numbers are to be added by adjusting plus and
minus buttons to produce the correct sum in the row below the addends. This
task was the only self-paced task. The lower left quadrant of the display contains
a visual monitoring task. In this task, the participant monitors the position of a
pointer moving continuously along the horizontal scale and attempts to reset it
before it reaches the end of the scale. The lower right quadrant of the display
contains an auditory monitoring task. High and low tones are presented
periodically throughout the trial, and the task is to respond whenever a high tone
occurs. A small window in the centre of the screen was used for displaying a
composite performance score on all of the tasks. During training, each task was
presented in isolation for 1 min followed by the four tasks presented together for
1 min. The test phase consisted of eight 5 min trials. The parameters for the three
computer-paced subtasks in the first 5 trials were the following: The memory
probes occurred every 10 s; auditory events occurred every 10 s; the pointer line
required 10 s to move from the middle of the scale to the end of the scale. For
the last three trials the following changes were made to the parameters of the
subtasks: The memory probes occurred every 5 s instead of 10 s; auditory events
occurred every 8 s instead of 10 s; the pointer line required 15 s instead of 10.
The individual test result was the total score of the fifth 5 min trial.
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Verbal working memory capacity was measured by an operation span task
(Turner & Engle, 1989), in which the participant saw an equation in the com-
puter screen (multiplication or division; e.g., [6/2] + 6 = 9) one at a time and
responded as rapidly and accurately as possible by pressing a Yes or No key in
the computer keyboard (the time limit was 15 s). Fifty milliseconds after the key
press, a word to be remembered appeared for 800 ms on the screen. The words
were high-frequency, two-syllable five-letter Finnish (i.e., the native language of
the participants) nouns. The time limit for the presentation of the mathematical
equations and the to-be-remembered words was used to reduce the time avail-
able to rehearse the words. The equation—word pairs were presented in set sizes
ranging from 2 to 8§ (set size 2 was used as a practice); the total number of trials
was 99. At the end of each trial, the participant saw a question mark and wrote
down the words that followed the equations. The operation—word span score was
the total number of words correctly recalled (the presentation order had to be
preserved).

Design. There were two manipulated factors in the experiment: The number
of targets tracked (from 2 to 6) and the duration of movement (5, 9, or 13 s).
Both variables were within-subject variables. There were 10 trials in each of the
15 conditions; the total of 150 trials were divided into two blocks.

Results and discussion

The data were submitted to a two-way repeated-measures analysis of variance
(ANOVA). Within-subjects variables were target set size (from 2 to 6) and trial
duration (5, 9, or 13 s). Moreover, trend analyses were performed as univariate
ANOVAs to estimate how well polynomial trends fit the data. Unless otherwise
stated, the p values for all significant statistics reported are less than .001. A
Greenhouse-Geisser correction was made to the p values whenever needed.

Error rate in performance accuracy. Table 1 shows the means for the error
rate in performance accuracy as a function of duration and target set size. A
significant main effect was found for the number of targets, (4, 800) = 237.49.
That is, performance deteriorated as the number of tracked targets increased. A
trend analysis showed that in addition to a linear component (accounts for 87.6%
of the variance), F(1,200) = 749.59, there was a significant quadratic (6.6%),
F(1,200) = 51.42, and a cubic (5.3%), F(1,200) = 61.68, component. A contrast
analysis indicated that the greatest difference was observed between set size 3
and 4 and that the difference between 5 and 6 did not reach significance: 2 vs. 3
targets, F(1,200) = 48.88; 3 vs. 4 targets, F(1,200) = 223.23; 4 vs. 5 targets,
F(1,200) =32.92; an