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A considerable amount of cogni-
tive, behavioral research has been con-
ducted on working memory'. Defi-
nitions vary, but a theory-independent
definition might state that working
memory is the collection of mental
processes that permit information to
be held temporarily in an accessible
state, in the service of some mental
task. The nature of the task can vary
widely and can include immediate re-
call, reading or listening comprehen-
sion, reasoning, or problem-solving. In
listening comprehension, for example,
it is often the case that the intended
meaning of a word within a sentence is
unclear until subsequent words in the
sentence are presented. It is necessary
to hold words in mind in some form
until their meanings can be interpreted
in light of the remainder of the sen-
tence. In reasoning, assumptions and
facts must be held in mind and consid-
ered together until conclusions can be
deduced from them. It has been clear
that the capacity of working memory is
limited ever since George Miller? de-
scribed various research studies sug-
gesting that people can recal! at most
about seven independent, meaningful
items or ‘chunks’ at a time.

Although limits to working mem-
ory are easily observed, it is much more
difficult to determine what specific
mental faculties underlie the observed
limits. The observed Ilimit depends
upon details of the stimuli, suggesting
that it is not a single, simple limit. For
example, immediate memory for lists
of words is better when the lists con-
tain words that can be pronounced rela-
tively quickly?, and this ‘word-length
effect’ occurs to some extent even
when the short-word and long-word
sets actually comprise the same words,
but with instructions to pronounce
them quickly versus stowly*. To account
for stimulus-dependent working mem-
ory limits as weil as age differences in
working memory, various researchers
have proposed working memory sys-
tems that include muiltiple compo-
nents. Baddeley' proposed a system
that includes a ‘central executive’
process that makes use of a passive,
time-limited phonological store along
with a ‘covert rehearsal’ process for
verbal recall, and a passive, time-limited
‘visuospatial store’, possibly with an-
other covert rehearsal process, for
visual recall. In my own theoretical
writing®¢ | have proposed that working
memory is composed of a capacity-
limited focus of attention, along with a
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temporarily activated portion of the in-
formation in permanent memory, which
extends beyond the focus of attention
to include some automatically acti-
vated information (see Fig. 1). When
researchers use the term ‘working
memory’, some of them seem to be re-
ferring only to the focus of attention,
whereas others seem to be referring to
all of the temporarily activated infor-
mation. It is also likely that certain in-
active portions of memory can be stored
in a way that allows them to be recalled
(or reactivated) quickly?4”. For example,
in a reasoning problem involving rain-
bow colors, encoding the seven colors
of the rainbow as the name ‘Roy G. Biv’
and keeping that name in mind makes
the color names easily accessible while
using up perhaps only one to three
items of working memory capacity.

There have been some attempts to
go beyond the observed working
memory limits to glean the limits of the
underlying processing components.
Broadbent® suggested, on the basis of
past evidence, that the true capacity
limit is about three items (presumably
when the contributions of mnemoni-
cally useful processes such as rehearsal
and long-term memorization have
been eliminated). For example, this is
about the number of items that can be
recalled without error across many
trials, and about the maximum number
of items that can be grouped together
into a single ‘chunk’, although the ac-
tual limit may be closer to four. Other
researchers have proposed similar ca-
pacity limits of three or four items in
the number of processing channels for
visual search®, the number of items
that can be enumerated quickly, with-
out a slow, serial counting process',
and the number of moving visual items
that can be tracked at the same
time'®t, A similar limit of about four
items has been found when subjects
encounter a spatial array of printed
characters® or a spatiotemporal array
of spoken characters' and must report
them all. It is not clear if all of these
similar limits are related; if so, perhaps
they reflect the capacity limit of the
focus of attention®.

Recently, Luck and Vogel!* have
contributed to this area in an impor-
tant way. They first presented a spatial
array of colored squares or rectangles
on every trial. The second presentation
was another array that could differ
from the first array in the color of one
item. Subjects were able to carry out
the task well only if the first array, the

one to be held in memory, contained
four or fewer items. (The same pattern
was obtained in an experiment in which
a single item within the second array,
the one that sometimes differed from
the first array, was marked with a sur-
rounding square in order to limit the
decision to that one item.) These results
extend the previously observed capacity
limit to nonverbal visual stimuli, and to
a situation in which there was only one
decision to be made (in the case when
there was a single probe item). A few
other results warrant special mention
and discussion.

First, the observed capacity of vis-
ual working memory was not reduced
when subjects had to hold in mind two
digits during a visual memory trial, to
be recalled immediately afterwards™.
One might expect a reduction of visual
working memory if both verbal and
visual representations were held in the
same capacity-limited store. However,
it is possible that the two verbal items
could be held entirely in the form of a
passive phonological store and rehearsal
process’ without taking up space in the
capacity-limited store or focus of atten-
tion>%, If the verbal memory load were
increased further or accompanied by
a rehearsal-blocking task', it might
well be shown to reduce the observed
capacity of visual working memory.

Second, the capacity limit was
found to be the same (about four
items) no matter whether the discrep-
ancy between displays occurred in one
feature, two features, or four features
of each object. Thus, the capacity is ap-
parently for integrated objects, not
features per se. This at first may seem
curious, in view of the fact that other
research'® suggests that links between
features must be perceived one object
at a time rather than for all objects in
parallel. Possibly, subjects read the
items into working memory one at a
time but are still limited to about four
such items on a trial. If this is true, de-
spite the short durations of the arrays
(=100 ms), then items must be read out
of a post-stimulus sensory memory™
and, therefore, memory should be
greatly curtailed by a pattern mask im-
mediately following the first array in a
trial.

For arrays larger than four it is not
even absolutely clear whether subjects
encode a specific four items from a vis-
ual array (either serially or in parallel)
or do a partial encoding of all of the
items (e.g. about half the features of
each item in an eight-item array). In
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Fig. 1 An illustration of one simple theoretical model of
working memory. (Modified from Refs 5,6.)
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other words, the basis of the four-item
limit is still unclear. Various research
strategies could be of use here. For ex-
ample, an item-by-item analysis could
theoretically reveal that it is usually the
four items closest to the fixation point
that are encoded. If, instead, all items
are partially encoded, then it should be
possible to improve performance by
changing more than one feature of the
target object between presentations in
the same trial, increasing the chances
that at least one of the critical features
had been encoded by the subject.

Working memory has also been a
popular topic within recent neuro-
imaging studies. It is important to real-
ize that there is still considerable be-
havioral work to be done before it will
become clear what the behaviors are
that might be explained through brain
processes.
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Response from Luck and

Vogel

Human abilities in cognitive tasks
are clearly limited, and a central goal
of cognitive science is to understand
the processing restrictions that underlie
limitations in the performance of these
tasks. Perhaps the most thoroughly
studied cognitive limitation is the highly
restricted capacity of working memory.
As discussed by Cowan in the preced-
ing commentary, working memory can
be defined as the temporary storage of
information in an accessible state that
permits the information to be used for
ongoing mental operations.

Working memory is analogous to
the internal memory registers of a com-
puter’s central processing unit (CPU). In
standard computer architectures, the
number of CPU registers is relatively
small, just as the capacity of working
memory is limited to a few items, and
the registers are used to store the
inputs and outputs of computational
operations, just as working memory
is used in the service of cognitive
processes. In addition, many different
types of data can be stored in the
registers of a CPU, and this is paralleled
by the ability of working memory to
store information about sights, sounds,
words and concepts. Moreover, just as
the speed and flexibility of a computer
is partially limited by the number of
CPU registers, performance on cognitive
tasks, such as reading and arithmetic, is
correlated with an individual’s working
memory span'. Thus, it is clear that
working memory plays a central role in
cognitive processing and that limitations
in working memory capacity are a sig-
nificant source of limitations in the
performance of cognitive tasks.

As discussed by Cowan, it appears
that the capacity of working memory
appears to be only about four items, al-
though various ‘mental tricks’ can be
used to retain larger sets of informa-
tion?. Working memory capacity has
been studied extensively in the context
of verbal information3, but has been
addressed only rarely in the case of
purely visual information. In addition,
previous studies of visual working
memory have primarily used letters
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and digits as stimuli4, which is problem-
atic because these stimuli could easily
be encoded verbally as well as visually,
and because they are relatively com-
plex and highly overlearned visual
forms. To overcome these limitations,
we recently examined the capacity of
visual working memory for simple fea-
tures, such as color and orientation, as
well as for combinations of these fea-
tures®. This approach permits a more
systematic exploration of factors such
as stimulus complexity and similarity.

Our basic experimental paradigm
is illustrated in Figure 1A. On each trial,
subjects viewed two arrays of colored
squares {catled S1 and S2) and reported
whether the two arrays were identical
or differed in the color of one of the
squares. A 900 ms gap separated S1
and 52, making it necessary for subjects
to store S1 in memory so that it could
be compared with S2. To assess the ca-
pacity of working memory, we varied
the number of items in the stimulus ar-
rays (the set size), assuming that per-
formance would be nearly perfect
when the displays were within the
memory span and that performance
would decline when the displays ex-
ceeded the memory span. Indeed, sub-
jects were nearly perfect when the ar-
rays contained one, two or three items,
but accuracy began to decline as the set
size increased to four or more items.

On the basis of an equation devel-
oped by Pashler5, we estimated that
subjects were able to hold an-average
of about four items in visual working
memory at one time (because perfor-
mance was not perfect with a set size
of four items, it is likely that there was
some variation from trial to trial in the
number of items actually held in work-
ing memory). This estimate of working
memory capacity is quite similar to the
estimate derived for very different
types of stimuli, as discussed in
Cowan’s commentary, and this is some-
what surprising because the informa-
tion to be retained in this experiment
was extremely simple.

To examine the role of stimulus com-
plexity, we conducted an additional
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Fig. 1 Stimuli and results from a study of visual working memory?®. Subjects are instructed to report whether the two stimulus arrays
(51 and S2) are identical or differ in terms of a single feature of one object. When color is the only feature (A), accuracy declines systemati-
cally as the number of items in each array (the set size) is increased beyond three items. When each item has a color and an orientation (8),
subjects are just as accurate when they must remember both features of each object (the conjunction condition) as when they are instructed
to remember a single feature (the orientation-only and color-only conditions).
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experiment in which the stimuli were
colored bars presented in one of four
orientations, as illustrated in Figure 1B.
Studies of visual perception with stim-
uli of this nature have shown that
subjects frequently make errors when
asked to combine features such as
color and orientation’®, especially
when the stimulus arrays contain a
large number of closely-spaced ob-
jects>', Thus, to avoid perceptual er-
rors, we used relatively small set sizes
(two, four or six items) and spaced the
objects widely. When subjects were in-
structed to look for changes in only
one of the two features (the ‘color-
only’ and ‘orientation-only’ conditions),
memory capacity was again found to
be four items. In the critical condition
(the ‘conjunction’ condition), either the
color or the orientation of an object
could change, thus requiring subjects
to retain in memory both features of
each object in order to perform the
task correctly. In other words, to per-
form this task perfectly when the array
contained four items, eight features
had to be held in working memory.
Although this might have been ex-
pected to result in reduced accuracy,
we found that subjects were just as ac-
curate in the conjunction condition as
in the color-only and orientation-only
conditions, even though twice as many
features had to be retained in working
memory in the conjunction condition.
Moreover, in a follow-up experi-
ment, we found that subjects could re-
tain four features of each object just as
easily as they could retain a single fea-
ture of each object, allowing 16 fea-

tures to be retained - as long as they
were distributed across four objects.
Along with other results, these find-
ings indicate that visual working mem-
ory does not store individual features,
but instead stores integrated object
representations. This is similar to the
results of various studies of verbal
working memory showing that complex
‘chunks’ can be stored as individual
items'".

As Cowan remarks, the finding of
equivalent working memory perfor-
mance for individual features and con-
junctions of features seems curious, es-
pecially given the greater perceptual
difficulty of identifying multi-feature
objects. A likely explanation is that the
binding together of features is the re-
sponsibility of the perceptual system,
and that working memory simply
stores the integrated object represen-
tations that are the result of. percep-
tion. However, this does not fully ex-
plain why there is a severe limit on the
number of objects that can be stored
but no evident limitation in the num-
ber of features that compose each ob-
ject. To explain this finding, we have
borrowed from the literature on per-
ceptual binding, in which several inves-
tigators have proposed that the sepa-
rately coded features of an object are
bound together by means of synchro-
nous firing of the neurons that code
the individual features'>*.

As illustrated in Figure 2, a red ver-
tical bar and a green horizontal bar can
be represented by means of synchro-
nization of the neurons that code red
and vertical, with independent syn-
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chronization of the neurons that code
green and horizontal. In'models of this
nature, synchronization plays a key
role in binding features together, so
that (in this example) the stimuli are
not incorrectly coded as a red horizon-
tal bar and a green vertical bar.
Synchronization is also important for
individual features, which are coded by
the pattern of activity across a set of
relatively broadly tuned neurons.

A synchronization-based model of
working memory can explain both the
existence of severe limits in the num-
ber of objects that can be stored and
the lack of a limit on the number of
features that can be stored. We hy-
pothesize that the number of objects
that can be maintained in working
memory is limited by the possibility of
spurious  synchronizations between
neurons that code different objects. If
many objects are stored simuitaneously,
there will be a high probability that
the neurons coding one object will
fire at the same time as the neurons
coding a different object, leading to
interference between the represen-
tations and thus impaired performance.
However, adding more features to
each object will not lead to additional
interference, because this will simply
increase the number of neurons that
will fire simultaneously as a group. On
the other hand, this process of creating
synchronization among multiple neur-
ons might be quite difficult, which
could make the encoding of objects
into working memory very time-con-
suming. Indeed, as Cowan suggests,
the insertion of a mask between 51 and
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Fig. 2 Example of the use of synchronized neural firing to code combinations of features in working memory. The responses of
four individual neurons are shown, separate neurons coding red, green, horizonta! and vertical. Each vertical mark represents a neural re-
sponse (i.e. an action potential), and the horizontal axis represents the passage of time. The red and vertical neurons are bound together by
means of firing at the same time as each other, as are the green and horizontal neurons. Occasionally, both sets of neurons fire at the same
time, and these spurious synchronizations will tend to degrade the representation. This will occur more frequently as more items are stored,

and might underlie the capacity limits of visual working memory.

S$2 in the paradigm shown in Figure 1
might severely disrupt the process of
transferring perceptual information
into working memory, especially for
multi-feature objects. Some observa-
tions of this nature have already been
reported’®,

The synchronization model also
speaks to the last issue raised by
Cowan, that of the coding of stimulus
arrays that exceed the capacity of
working memory. Specifically, if too
many items are stored simultaneously,
then interference between the items
will lead to a degraded representation
of each item. However, it is also poss-
ible that selective attention might be
used to store only a subset of the items
in working memory, allowing a high-
fidelity representation of the selected
items rather than a low-fidelity repre-
sentation of the entire array. We be-
lieve that interactions of this nature
between attention and working mem-
ory will become a significant area of re-
search in the coming years.
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