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University of Washington
Abstract

Processing Capacity of
Visual Perception and Memory Encoding

Jennifer E. McLean
Chairperson of the Supervisory Committee
Professor Geoffrey R. Loftus
Department of Psychology
A common conceptualization is that the visual system is a limited-capacity information-
processing system. This notion of limited capacity explains why performance for any one
task or item typically declines with increases in the number of other tasks or items to which
attention must be paid simultaneously. The idea is that a limited amount of attention, or
more specifically, processing capacity, must be divided between the tasks and items. This
effect of divided attention has been attributed to capacity limits in perception, or memory
encoding, or both, or neither. In this study, capacity of perception and memory encoding
was measured and compared using closely matched, yes-no response, search and memory
tasks in which stimuli set size was manipulated. The search and memory tasks differed
only in that the target was presented before the stimuli set for search versus after the stimuli
set for memory. Stimuli were small ellipses varying in contrast, orientation, and size. Set
sizes were | and 4. Performance was always worse for the larger set size, and this set-size
effect was larger for memory than for search. The magnitude of the set-size effect was
interpreted in terms of a theoretical measure of capacity limits that varied on a scale in
which zero corresponds to unlimited capacity and one to fixed capacity. By this measure,
perception had only slightly limited capacity while memory encoding was more sharply
limited. The limit of the joint processes of perception and memory encoding was consistent

with fixed capacity.
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INTRODUCTION

It is a common experience that when we try to do many things at once, our
performance on any one of those things is typically worse than when doing it alone. For
example, if a person is talking on a cellular phone and fixing his hair in the rear-view
mirror while driving, he may be more likely to get into a traffic accident than when his
attention is focused solely on driving. An explanation of this phenomenon begins with the
idea that the human mind has a limited amount of attention that must be divided among the
various tasks or activities being executed simultaneously. Thus, if talking on the phone and
fixing the hair each take up some amount of attention, there is less available to devote to
driving than there would be otherwise, and driving performance suffers.

Other examples of divided attention abound in everyday life. When three children
are simultaneously asking for their mother's attention, she cannot respond to all three in the
same way she would be able to each child alone. When a policeman asks a potential
witness on a park bench whether or not she had seen an average height male wearing a
brown jacket go by, that witness' memory may be quite different depending upon whether
the park was crowded (and her attention was divided between many people) or nearly
empty (and her attention was divided between fewer people). Similarly, the ability to locate
a friend's face in a crowd becomes more difficult as the size of the crowd increases.

Thus far, the word "attention" has been used rather loosely. To remedy the
situation, it is necessary either to clearly define what is meant here by attention or to
abandon the term in favor of a more precise term, or multiple terms, for the phenomena and
processes under investigation. In this decision, I follow the lead set by Pashler in his recent
review of the psychology of attention (1998) and choose the latter. Thus, while this is a
study of divided attention, these words will only rarely come up such as when referring to
the effect of doing multiple tasks at once or processing multiple items at once as a divided-

attention effect. To retain the unrestricted use of the term "attention" could easily lead to
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misunderstanding because of the familiarity of the term in ordinary language. The concepts
and experiences commonly associated with the term are likely to enter and weave their way
into the reader’s thoughts, thus potentially obfuscating the issues presented here. The more
precise term that has already been introduced, and henceforth will be used instead of
"attention,” is "capacity”. The term "capacity"” also carries with it connotations from
ordinary language, but hopefully fewer and less confusing ones, and indeed, it will be
gradually distilled into a precise, mathematically-formulated meaning.

Capacity

Before abandoning the term "attention," it is useful to discuss the meaning of
capacity and how it relates to the ordinary experience and understanding of "attention".
Capacity and selectivity are considered to be the two primary aspects of attention. Capacity
is the focus of this study. It has to do with limits in the ability to do multiple things at once
as illustrated in the examples above. Selectivity, which will not be addressed further in this
paper, concerns the ability to select and process only a portion of the stimuli available for
processing. For example, in reading this paper, you are able to select one section of text at
a time to process. From here on, the focus will be on the specific aspect of attention
referred to as capacity and on the limits of capacity. It is a term that Broadbent (1958) used
when he ushered in the modern era of attention research and proposed a limited-capacity
view of human information processing to account for divided-attention effects.

A capacity limit may be defined in two ways: First, as the maximum amount of
information that can be stored, when referring to a storage-capacity limit, or second, as
the maximum amount of information processed per unit time, when referring to a
processing-capacity limit. An over-simplified but useful analogy is the following. Think of
information like water. Information moves through the human information-processing
system like water flowing through a system of pipes and tanks. A storage-capacity limit of

a tank is its volume—the maximum amount of water it can hold. Similarly information may



be stored in short term memory or other stores in the information-processing system, and
potentially, there is a limit to the capacity of those stores. A pipe also has a capacity limit.
There is a maximum volume of water than can pass through the pipe per unit time, a
maximum flow rate. Given a sufficiently high water pressure input, smaller diameter pipes
have a smaller flow rate than larger pipes. Similarly, processes in the human information-
processing system may have a maximum information processing rate. In this study the
focus is on measuring and comparing the processing-capacity limits of visual perception
and memory encoding, two of the "pipes” in the visual system.

Because human information processing is much more complex than plumbing, this
simple analogy is not complete. Instead, an understanding of capacity limits in processing
requires in-depth investigation and a more complex model. The architecture of the
information-processing system itself is not yet well understood, let alone the nature and
source of capacity limits. To begin the investigation of processing-capacity limits, consider
the following definitions. Unlimited capacity means that there is enough processing
capacity available for all the stimuli being considered to be processed independently. That is
to say that the processing of one stimulus is unaffected by the processing of other stimuli.
Limited capacity then means that there is not enough processing capacity available for all
the stimuli to be processed independently. A particular kind of capacity limit is known as
fixed capacity. In this case, a fixed amount of capacity is available, and it is divided up
among the stimuli. There are other possible kinds of limits that will be described later, but
the fixed capacity concept is a simple idea that will serve as an anchor in the investigation of
capacity limits.

On the scale of the whole information-processing system, it is known that divided-
attention effects exist, as illustrated in the several everyday-life examples presented above
and confirmed through laboratory research to be discussed in detail below. Thus the entire

system as a whole is, by the definitions presented, limited in capacity. However, it is not



yet well understood what is the source, or sources, of this limit. Where in the system do
the processing bottlenecks occur? What are the capacity limits at each stage or component
of the system? These are questions addressed in this study.

In accomplishing a simple task such as searching a set of stimuli for a particular
target stimulus (e.g. searching for a friend's face in a crowd), it is thought that the
information comprising the stimuli must pass through a series of stages in the human
information-processing system including sensory encoding, sensory storage, perception,
memory encoding, and memory storage. To complete the task and provide a response such
as saying, "yes, the target is present in the set” (or "there's my friend!"), the stages of
memory retrieval, response selection, and response execution must also occur.

Capacity limits could potentially occur at any stage of processing. In order to
measure the capacity limit of a particular stage, a divided-attention task must be devised that
isolates that stage. In other words, the ideal is to control all stages but the one of interest
with respect to a set-size manipuiation, and then measure the effect of set size on task
performance. The effect is typically a decline in accuracy and/or increase in reaction time
with an increase in set size. In this way, the set-size effect can be attributed to the particular
stage of interest and the capacity limit of that stage can be interpreted from the set-size
effect. In this study, the capacity limits of interest are those present in visual perception and
memory encoding.

Perception and Capacity

A prototypical task for studying the effects of divided attention in perception is the
yes-no visual search task. The observer searches for a target stimulus among a set of
stimuli and responds "yes" or "no" if the target is present or absent, respectively. The
stimuli-set size is manipulated and the set-size effect on performance (accuracy and/or

reaction time) is measured. This is the laboratory version of the everyday-life tasks such as



that of searching for a friend's face in a crowd or for your favorite cereal on the
supermarket shelves.

The ideal implementation of this task isolates the perceptual stage of processing by
controlling the other stages with respect to the set-size manipulation. The sensory stage
may be controlled by careful placement of stimuli in the display to avoid crowding,
configural, and eccentricity effects that could be confounded with set size. The memory and
response stages are controlled because the simple yes or no response is the same for each
set size.

Researchers observed that search performance either remains approximately
constant or decreases with increasing set size, depending upon the task and stimuli. One
common view of search due to Treisman & Gelade (1980) emphasizes two findings. First,
when the target differs from the distractors in only one feature, such as searching for a red
dot among green dots or a horizontal line among vertical lines, reaction time is constant
with respect to set size. This first type of search is referred to as feature search. Second,
when the target differs from the distractors in more than one feature, such as searching for
a vertical red line among horizontal red and vertical green lines, reaction time increases
linearly with set size. This second type of search is referred to as conjunction search
because a conjunction of features defines the target.

The picture is more complicated than two kinds of results for the two kinds of
search. It was found that target-distractor discriminability variation could cause feature
search to yield large set-size effects like those found in conjunction search (Bergen &
Julesz, 1983; Duncan & Humphreys, 1989; Nagy & Sanchez, 1990; Palmer, 1994;
Palmer, Ames, & Lindsey; 1993; Pashler, 1987) and conjunction search to yield little or no
set-size effect like previously found only in feature search (McLeod, Driver, & Crisp,
1988; Nakayama & Silverman, 1986; Steinman, 1987). Specifically, when the target is

difficult to discriminate from the distractor, such as searching for a vertical line among very



6

slightly tilted lines, feature-search performance decreases dramatically with increasing set
size. Also, when the target is easy to discriminate from the distractor through the
appropriate choice of features and discriminability on each feature, conjunction-search set-
size effects can be eliminated.

Some researchers account for the results found in visual search with theories that
include the assumption of a very limited-capacity perceptual process. However, other
researchers have shown that an assumption of limited-capacity is not necessary to account
for the results. These two perspectives are discussed next.

Treisman and her colleagues designed what they called a feature-integration theory
of attention (Treisman & Gelade, 1980; Treisman & Sato, 1990) to account for the two
basic early findings and later made adjustments to it to account for the more recent findings.
The guided-search model of Wolfe and his colleagues (Wolfe, 1994; Wolfe, Cave, &
Franzel, 1989) is similar to the feature-integration theory. An assumption in both feature-
integration and guided search is that perception is limited-capacity.

In the feature-integration theory, the features (color, orientation, spatial frequency,
etc.) of the set of stimuli in a visual display are processed separately and in parallel in the
first stage of perception. Although parallel processing does not imply unlimited capacity, it
is commonly assumed to be such in this model and others similar to it. In feature search
this first stage dominates perceptual processing, yielding the result of little if any effect of
set size on performance. The capacity limit comes in at the second stage in which feature
representations are integrated into object representations in a serial fashion based upon
location in the visual field as represented in a "master map," a concept similar to the
attentional spotlight metaphor described by Posner (Posner, Snyder, & Davidson, 1980).
This second stage accounts for the findings of large set-size effects in conjunction search:

Large set-size effects are produced because features must be integrated before the target can



be identified and the integration occurs one stimulus at a time. Serial processing is
necessarily limited-capacity: stimuli are not processed independently. Thus this two-stage
perceptual process that consists of a potentially unlimited-capacity first stage followed by a
limited-capacity second stage is overall a limited-capacity process. The feature-integration
theory was later adjusted to account for the other findings in visual search. It was claimed
that when target-distractor discriminability is low, the first stage does not work as
efficiently and the serial "attentional” mechanism is necessary to perform the fine
discriminations yielding larger set-size effects in feature search; when target-distractor
discriminability is high, a feature-inhibition mechanism allows faster search on other
features, yielding smaller set-size effects in conjunction search.

Wolfe proposed a similar two-stage model of perception called guided search based
in part upon Treisman's feature-integration theory but with more specificity allowing
quantification and simulation (Wolfe, 1994; Wolfe, Cave, & Franzel, 1989). In this model,
the first-stage is the same kind of parallel-channel feature processor used by Triesman.
Each feature has a set of broadly-tuned channels, a concept used widely in vision research
and supported by physiological evidence (e.g. Maunsell & Newsome, 1987). What is new
is that the output of this stage guides the second, serial, limited-capacity stage so that
locations are not sampled randomly, as in the feature-integration model, but rather in order
of likelihood for containing the target. The visual field is represented as an activation map.
The activation at each location is the weighted average of bottom-up and top-down evidence
for the target at that location. The bottom-up evidence comes from the first-stage feature
processor and is based upon differences between stimuli in a local region. The top-down
evidence selects the output of one of the broadly-tuned channels per feature thus activating
one particular feature value over others (e.g. selecting the red channel when searching for a
red dot among green dots or a vertical red line among horizontal red and vertical green

lines). Wolfe accounts for discriminability effects as follows. In the first stage,



discriminability affects utilization efficiency of the parallel channels. In the second stage,
discriminability affects signal-to-noise ratio of the activation map that determines order of
location sampling.

Unlimited-Capacity Perception Models

Whereas in the models described above, a limited-capacity perceptual process was
used to account for visual-search results, other researchers have shown that no such
assumption is necessary (e.g. Eckstein, 1998; Palmer, 1994; Palmer & McLean, 1995;
Shaw, 1984; Tanner, 1961). The key difference between the two perspectives is in the
explanation of the source of errors.

In the feature-integration theory, which is focused on reaction-time predictions,
errors are largely ignored. In the guided-search model, errors can occur only as a result of
limited stimuli exposure duration shortening the serial search so that there is not enough
time to process every stimulus. A guess is made about the identity of the remaining stimuli,
and errors can occur as a result of guessing. Errors are not a result of stimulus
representation properties. These models implicitly assume a "high threshold,” meaning that
a distractor cannot be mistaken for the target.

The alternative is to assume that distractors can be mistaken for the target: the "low
threshold" assumption. Two classical theories that are based upon this assumption are
Signal Detection Theory (Green & Swets, 1966) and the Biased-Choice Theory (Luce,
1959). The models to be discussed next that are designed to account for visual search
results are based upon the Signal Detection Theory (SDT) framework. In this framework,
stimulus representations are noisy, not perfect. Such internal noise can be attributed to the
variability of neuron firing, a fact supported by physiological studies of neural activity, and
to noise in the physical stimulus. Because of noise, a distractor can engender a
representation that falls above the "low threshold" criterion for classifying it as a target — an

error termed a false alarm. Errors can also occur when, due to noise, a target engenders a
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representation that is misclassified as a distractor — an error termed a miss. Set-size effects
can arise when multiple noisy representations are mapped onto a single response in the
decision process. With each additional stimulus, there is an additional noisy representation
and hence another chance for an error. Thus, by this perspective, when performance
decreases with increasing set size, it is not necessarily due to limited-capacity perception.

Palmer and his colleagues (Palmer, 1994; Palmer, 1995; Palmer, Ames, &
Lindsey, 1993) have shown that this kind of SDT-based, unlimited-capacity perception
model can account for set-size effects in feature search for a variety of different stimuli:
searching for a longer line among short lines, a higher luminance disk among low
luminance disks, and several others. In these experiments, stimuli were presented briefly
and accuracy was measured. Presentation duration was kept well within the duration of a
single eye fixation to control eye movements which are possible in the typical reaction-time
experiments in which the stimuli are displayed until response. Thus, one advantage to the
brief presentation is that any set-size effects that are due to eye movements, a necessarily
serial process, are controlled. Another advantage is that a bri:f presentation can bring
performance down from ceiling level and variations in performance due to set size and
other factors can be observed.

Target-distractor discriminability effects were addressed in this research using a
technique borrowed from psychophysics. For each kind of stimuli and each set size, target-
distractor difference was varied, and a psychometric function relating performance to this
difference was fit to the data. For example, when searching for a longer line among short
lines, the line-length difference was varied. When the difference was very small,
performance was near chance. As the difference was increased, performance increased,
eventually up to perfect performance. Based upon the psychometric function, a threshold
target-distractor difference that would produce a set criterion performance level was

estimated. In this way, a threshold was obtained for each set size, and set-size effects were
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based upon changes in that threshold with set size. This analysis technique provided the
advantage that set-size effects could be compared across the different kinds of stimuli.

The SDT-based unlimited-capacity perception model accounted for discriminability
effects in terms of the separation between the target and distractor representation
distributions (d'). The more discriminable the target and distractor, the greater the
separation between the means of the two distributions, resulting in fewer errors. The less
discriminable the target and distractor, the smaller the separation, resulting in more errors.
The model produces a probability correct prediction that is a function of discriminability
and set size.

Eckstein (1998) has used a similar SDT-based unlimited-capacity model to account
for set-size effects in contrast and orientation conjunction search. By his account, the larger
set-size effects in conjunction search over feature search occur because noisy information
about each feature is combined to produce a stimulus representation. The representation of
a conjunction of features has more noise than the representation of one of the features
alone. The additional noise increases the set-size effect due to decision. No limited-
capacity, serial-search mechanism is required.

Palmer and McLean (1995) have also demonstrated that a limited-capacity
perceptual process is even unnecessary to account for reaction time results in visual search
with stimulus displays that are presented until the response is made. An unlimited-capacity,
parallel search model with error-free processing predicts no search time set-size effect.
However, when error is allowed, the unlimited-capacity, parallel model predicts arbitrarily
large search-time set-size effects, depending upon target-distractor discriminability. Palmer
and McLean made use of the diffusion-process random walk to predict visual search

reaction time.
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Mixed Evidence in Simultaneous vs. Successive Paradigm

Another approach to capacity-limit investigation of visual perception is the
simultaneous vs. successive visual-search paradigm. The simultaneous condition is the
same as the standard visual-search task. The stimuli are presented all at once. The observer
searches the set for a target stimulus. In the successive condition, the individual stimuli in
the set are presented one at a time. If perceptual-processing capacity is limited, then
performance should be better in the successive condition in which full capacity can be
dedicated to each stimulus, than in the simultaneous condition in which stimuli compete for
a limited amount of capacity. If perceptual-processing capacity is unlimited, then there
shouid be no difference in performance in the two conditions.

Results from the simultaneous vs. successive paradigm are mixed. Duncan (1987)
and Kleiss and Lane (1986) found an advantage of successive over simultaneous display
for words among similar letter strings and for difficult-to-discriminate letters, respectively,
suggesting limited-capacity perception. On the other hand, Shiffrin and Gardner (1972)
found no performance difference in the two display conditions with letter stimuli as would
be expected if perception is unlimited-capacity. Duncan (1980) also found no performance
difference between the simultaneous and successive conditions in visual search for two
independent letter targets except when separate responses for the two targets were required.
He concluded that capacity limits occur after stimulus identification, not in perception.

Memory Encoding and Capacity

The process by which information is encoded into short-term memory is another
possible locus of capacity limits in the visual system. The capacity limit of memory
encoding has not been researched as much as perception capacity limits or memory storage-
capacity limits. Whenever memory is employed in a task, memory-encoding must occur. A
typical memory task involves the presentation of stimuli followed by a memory test in

which the observer is asked to recognize or recall items in the stimulus set. Varying stimuli
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set size in this kind of task allows for the study of divided attention in memory encoding.
Again, the ideal would be to control all aspects of processing with respect to the set-size
manipulation with the exception of the process of interest, in this case, memory encoding.

For example, consider the following postcue memory task: A set of stimuli are
presented briefly. A cue is then presented at the location of one of the stimuli in the
previous display along with a memory probe stimulus presented at the center of the display.
The observer decides whether or not the cued stimulus matched the memory probe and
responds "yes" or "no", respectively. The stimuli-set size is manipulated and the set-size
effect is measured. As in visual search, the response end of processing is controlled with
respect to set size because of the simple binary response, and the front/sensory end is also
controlled due to careful placement of stimuli. What is different is that in search, the
information encoded into memory need not depend upon set size: only information about
the single target need be remembered to perform the task (was it present or absent?). The
distractors need not be remembered, and indeed there is evidence that they are not (Brand,
1971; Gleitman & Jonides, 1976). In the memory task, however, all of the stimuli must be
remembered to perform correctly. Unfortunately, in this task, the memory encoding
process is not totally isolated. Perception must occur prior to memory encoding, and so set-
size effects must be attributed to the joint processes of perception and memory encoding.
However, if the capacity limit of perception is known, then the memory-encoding capacity
limit may be determinable from the joint-processes limit. Any potential capacity limit
imposed by memory storage may be avoided by keeping the largest set size smaller than the
maximum short-term memory storage capacity.
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