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Summary
Observers represent only a tiny fraction of the total amount of information available at any 
given moment. This small amount of information has been quantified: throughout the lifespan 
we typically maintain only three or four visual items in working memory at a time. Yet we are 
also capable of impressive quantificational feats: we can count the objects in arrays containing 
hundreds, or estimate that a scene contains “about 100” people. Given the strict limits on work-
ing memory, how do observers accomplish this? Here I propose that although working memory 
is limited in the number of items it can store, it is also flexible in what counts as an item. At least 
three types of representations can serve as an item in working memory: an individual object, a 
set, and an ensemble. Shifting between these types of representations allows us to bypass some 
of the strict constraints imposed by WM, thereby empowering quantification.

In order to perform everyday numerical computations like determining the more numer-
ous of two quantities or dividing one number by another, we must make use of memory. For 
example, exact addition requires holding two numbers in memory, operating only on the imme-
diately relevant digits (e.g., those in the ones column), then maintaining these representations 
while operating on the next digits (e.g., those in the tens column). Even simple counting requires 
memory: to achieve an exact count we must accurately remember which items we have already 
counted. The kind of memory required to support these quantitative computations, whether 
based on visual information (like seeing an array of objects) or verbal information (like reading 
a series of Arabic digits) (Box 2.1) must allow for rapid storage and immediate access to memo-
randa: exactly the functions provided by working memory (WM). Yet, a key signature of WM is 
the severe constraint on the amount of information it can maintain at any given time. Strikingly, 
observers of all ages appear able to concurrently represent three or four visual items in WM, but 
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no more [6–8]. Thus it seems that quantitative reasoning is constrained—and numerical actions 
like adding and counting are governed—by limits on the number of items that can be main-
tained in WM at any given time. This presents a puzzle for understanding how we think about 
quantities. How is it possible to estimate, enumerate, compare, or calculate using quantities that 
contain more than three items, if no more than three items can be held in WM at once?

Here I sketch one possible answer to this problem. I suggest that the hallmark capacity 
limitation of WM is accompanied by impressive representational flexibility. Only three or 
four items can be maintained in WM at once; but critically, different types of entities can 
function as items. These include individual objects, sets of objects, and ensembles (Fig. 2.1). All 
of these types of representations can be relevant to thinking about quantities, and each sup-
ports different kinds of quantity-relevant computations. By shifting between these types 
of representations [9], WM can offer the representational flexibility required for quantifica-
tion. This framework for thinking about the role of WM in cognition applies throughout the 
lifespan, from infancy onward.

Scholars debate whether WM operates 
separately for visual vs verbal material. One 
view is that, regardless of whether informa-
tion is presented in the form of a visual object 
or as a spoken, written, or signed word, these 
occupy a single shared store within memory 
[1]. The observation of similar capacity limits 
across varying kinds of stimuli [2], and the 
observation that maintenance of verbal mate-
rial and visual material sometimes mutually 
interfere have been taken as evidence to sup-
port this view of a unitary WM.

Another view is that visual and verbal 
information occupy entirely independent 
stores within memory. The observation that 
memory span for visuo-spatially presented 
items predicts subjects’ performance on stand-
ardized visuo-spatial tests but not their per-
formance on the verbal Scholastic Aptitude 
Test (SAT), and that memory span for written 
items predicts subjects’ SAT performance but  

not performance on standardized visuo- 
spatial tests, has been taken as evidence to 
support this dual-system view of WM [3].

A third proposal is that there are domain-
specific visual and verbal stores in memory, 
but that the process of actively operating on 
these stored representations is constrained by 
a domain general resource. One way to con-
ceive of this is that short-term memory (i.e. 
simply maintaining passive representations) is 
separable for visual vs verbal information, but 
that working memory (attending to and oper-
ating on stored representations) is unified. The 
locus of this shared domain general working 
memory resource has been suggested to be 
the sub-portion of memory that can be main-
tained in a highly activated state such that it 
is available for further processing [2], or as the 
central executive processes needed to coordi-
nate attention to and processing of informa-
tion stored in short-term memory [4,5].

BOX 2.1 

A  D I S T I N C T I O N  B E T W E E N  V I S U A L  A N D  
V E R B A L  W O R K I N G  M E M O RY ?
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FIGURE 2.1 Schematic of object, set, and ensemble representations being maintained in WM. Up to 
three or four items can be concurrently maintained. At least three different types of representations 
can serve as an item. Each of these may enter into a variety of computations, including many that are 
relevant to numerical processing.

REPRESENTING INDIVIDUAL ITEMS IN  
WORKING MEMORY

“Individual object” is an important representational unit for attention and memory—we 
tend to reason about discrete objects, rather than parts of objects or clusters of features [7,10]. 
Studies suggest a strict limit on the number of individual object representations WM can 
maintain at any given time. For example, adults shown four or fewer objects easily detect a 
change to any one of the objects’ features, but are much less likely to notice a change when 
shown more than four [7,11]. The same limit appears to constrain WM from early in devel-
opment: infants between 10 and 20 months old can remember one, two, or three individual 
objects at a time, but no more than this [8,12,13]. In one task, infants watched a particular 
number of identical objects being hidden inside a box, then retrieved just a subset of them. 
Continued searching of the box indicated that infants remembered the total number of 
objects originally hidden. In this task, 12- to 20-month old infants searched correctly when 
three or fewer objects were hidden, but failed when more than four objects were hidden.

These studies and others show that adults and infants can maintain representations of up 
to three or four individual objects in WM. Although this limit has sometimes been taken to 
indicate the existence of a “small number system” [14–16], performance in the above tasks is 
not explicitly numerical in nature. Change detection tasks show that adults use WM repre-
sentations of objects to notice when an object changes one of its features. The box task with 
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infants shows that WM representations of objects allow infants to detect when an object is 
missing from an array. However, neither of these tasks requires representing an array’s car-
dinality (i.e. neither task requires an explicit representation of number) [17]. Instead, adults 
and infants need only represent the individual objects initially seen, and then compare these 
to the subsequent array, for example, by establishing one-to-one correspondence between 
the arrays (in change detection: “I saw Object A, Object B; Object C, but now I see Object A, 
Object B; Object D;” in the box task: “I saw Object A, Object B; Object C, but now I see only 
Object A and Object B”).

These abilities appear to rely on a WM system in which representations of up to three or 
four individual objects can be maintained. These WM representations of individual objects, 
while themselves not numerical in nature, are available to play a role in many numerical 
activities, including the establishment of one-to-one correspondence and the serial counting 
of small arrays.

REPRESENTING SETS OF ITEMS IN WORKING MEMORY

The strict limit on the number of individual items that can be concurrently maintained 
in WM might seem to preclude ever representing more than three items at once. What to 
do, then, when faced with a scene containing more than three or four objects? One way to 
overcome the three- to four-item limit of WM is to bind together representations of individ-
ual objects into representations of sets of objects. Binding multiple individuals into a single 
higher-order group can increase the number of individual items that can be remembered, as 
in the well-known demonstrations of chunking by adults. Such chunking can involve either 
recoding of the group into a new representation that can be stored in Long Term Memory 
(e.g., recoding the separate letters C–A–T into the word “cat,” or recoding a series of digits 
into a single phone number) or binding without obvious recoding (e.g., representing Bob, 
Sue, and Mary as a unified set). Critically, in both of these cases, representing sets requires 
maintaining access to the individual components of the set. Remembering phone numbers 
would be of little use if one recalled only the number of sets (e.g., remembering that there 
was an area code, an exchange, and a final string of digits, without remembering the num-
bers comprising these) or a statistical description of the array (e.g., remembering only the 
mean of all of the digits comprising the phone number). Yet set-binding manages to evade 
the three-item limit of WM while still preserving access to individual representations of 
the sets’ contents. This appears to rely on the hierarchical reorganization of items within 
memory.

Multiple types of information can serve as the basis for this memory reorganization 
[18,19]. Adults can use spatiotemporal information to bind together items in WM, as in the 
case of chunking phone numbers into three sets of digits (e.g., 410-516-7364). Adults also can 
use semantic knowledge to bind items. For example, the subject S.F. used his knowledge of 
race times to more efficiently remember randomly presented digits (e.g., S.F. chunked 3-4-
9-2 as “three forty-nine point two, a near world-record mile time”) [20].

Untrained infants have similar abilities. Infants who typically can remember only up 
to three hidden objects can remember more if given spatial or perceptual grouping cues 
[21,22]. For example, 14-month-old infants can remember four hidden objects if they are 
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presented as two spatially separated sets of two, but not if they are presented as a single 
spatially unified set of four. And like adults, infants also can use semantic knowledge to 
group individual objects into sets. By 14 months infants simultaneously can remember 
two sets of two cats and two sets of two cars, but not a single set of four different cats or 
four different cars. Furthermore, besides representing two levels of information in memory 
(the individual object and the set of chunked objects), both adults and infants appear to 
construct more complex mental hierarchies. The adult subject S.F. remembered very large 
numbers of digits by creating elaborate tree structures; for example, he could parse a long 
digit string into multiple 1-mile running times, ¾-mile running times, or 10,000-meter run-
ning times. Within each of those superchunks, S.F. could then store multiple chunks, each 
of which contained several individual digits [23]. The ability to form superchunks based on 
spatial and conceptual cues also has been demonstrated in infants [24]. These results dem-
onstrate how chunking empowers the representation of many more items in WM than could 
be represented individually.

Set representations play a critical role in many numerical processes, including represent-
ing the nested relationships between quantities (e.g., that a set of five contains a set of four, 
which contains a set of three,…), as well as representing the cardinality of an array (that 
“five” refers to a feature of a set, and not to any particular item within the set). Importantly, 
WM constrains set representations just as it constrains representations of individual objects 
[25]. For example, the number of individual items that can be bound into a set never seems 
to exceed the three- to four-item WM limit [22–25], and the number of chunks that can be 
bound into a superchunk appears to obey the same principle [23]. This suggests that each 
set, or chunk, functions much like a single individual object for WM.

REPRESENTING ENSEMBLES IN WORKING MEMORY

Many real-world scenes contain stimuli that do not lend themselves to representation 
qua individual objects or sets of objects. Imagine enumerating a flock containing dozens of 
individual birds. The number of birds vastly exceeds the number of individual objects that 
can be represented in WM, and it would be inefficient and perhaps impossible to attempt to 
serially enumerate the birds in hierarchically organized sets of three. Instead, observers are 
able to represent quantity information about the flock as a whole, though this information is 
only approximate. For example, adults can report that there are “about a hundred birds” in 
the scene. These approximate number representations have been observed in adults, infants, 
and nonhuman species [14]. In all of these populations, the noisiness of the number repre-
sentation grows in direct proportion to the size of the stimulus, such that observers show 
more error when enumerating a flock of 100 birds than a flock of 50.

Approximate number representations are not generated by iteratively representing the 
individual items in the scene. With large enough arrays, adults and infants do not even 
detect the disappearance of an individual item [26,27], and adults are often at chance at 
reporting the features of an individual item from a large array [28–29]. However, observ-
ers can report various statistical features that are defined over the array as a whole, 
including but not limited to its approximate numerosity (Box 2.2). For this reason, represen-
tations of arrays in which the individual items are not represented are often called ensemble 
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representations. The non-retention of the individual items in the array makes ensemble repre-
sentations importantly different from object or set representations.

Ensemble representations can support many number-relevant computations, including 
ordinal judgments (deciding which ensemble contains more items) and approximate arith-
metic (adding or subtracting the numerosities of two ensembles) [38–40]. Recent evidence 
shows that, like representations of individual objects and sets of objects, ensemble represen-
tations of approximate numerosity are also constrained by WM. Adults [32,41] and infants 
[42] can represent the approximate numerosity of up to three arrays at once. For example, 
when shown spatially intermixed arrays of red and yellow dots, both adults and infants can 

(B)(A)

BOX 2.2 FIGURE 1 Two simple visual scenes.

Owing to limits on attention and mem-
ory, at any given moment most of the items 
occupying a visual scene are not individu-
ally represented. However, these items can be 
represented in a coarser way: by contributing 
to representations of ensembles. Ensemble 
representations do not offer information 
about their individual components [29], but 
instead can provide a statistical summary 
of portions of a scene. For example, take 
the simple visual scenes in Box 2.2 Fig. 1. 
Without storing information about the indi-
vidual dots that comprise the arrays, observ-
ers can easily report that Array A has more 
dots than Array B [30–32].

Besides representing the approximate 
numerosity of an ensemble, observers also 
can represent other features. For exam-
ple, adults can represent the average size 
of the items (e.g., recognizing that Array A 
has dots that are smaller on average than  
Array B) [29,33,34], the density of the ensem-
ble (e.g., recognizing that Array A has higher 
density than Array B) [30], and the average 
spatial location of the ensemble (e.g., rec-
ognizing that the center of mass of Array 
A is shifted rightward relative to that of  
Array B) [28]. For more complex stimuli, 
observers also can represent socially relevant 
features like the average emotion or average 

BOX 2.2 

F E AT U R E S  B O U N D  T O  E N S E M B L E 
R E P R E S E N TAT I O N S
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gender of an ensemble of faces [35]. And 
ensemble processing need not occur in a sin-
gle glance: observers are able to represent 
statistical averages of the size or emotion of 
stimuli changing over time [34,36]. Finally, 

ensemble features also are represented by 
infants. By six months of age, infants respond 
to changes in both the approximate numeros-
ity [27] and the cumulative surface area of an 
ensemble [37].

BOX 2.2 (cont’d)

1. Can observers concurrently represent 
up to three non-numerical features of 
an ensemble (such as its spatial location, 
or duration of presentation), much as 
they can represent up to 3 approximate 
numerosities?

2. Do individual differences in Working 
Memory capacity predict individual 
differences in subjects’ reasoning about 
number, space, and time?

3. Can an item simultaneously be 
construed at multiple different levels 
of representation (i.e. as an individual 
object, as a member of a set, and as a 
component of an ensemble)? Can WM 
simultaneously maintain representations 
of items across different levels (for 
example, allowing an observer 
concurrently to represent one individual 
object, one chunk, and one ensemble)?

4. To what extent is the type of 
representation that is stored in WM 
(individual object, set of objects, or 
ensemble) controlled by top-down vs 
bottom-up processes?

5. Does increasing the number of individual 
objects, sets of objects, or ensembles held 
in WM decrease the resolution of those 
representations?

6. The present framework for thinking 
about objects, sets, and ensembles draws 
on slot-based models of WM [2,7,43]. 
Can resource models of WM, in which 
capacity is constrained by the total 
amount of continuous information being 
stored rather than by the number of items 
being stored [44] also account for the 
parallel limits on memory for individual 
objects, sets, and ensembles?

BOX 2.3

O U T S TA N D I N G  Q U E S T I O N S

represent the approximate number of red dots, the approximate number of yellow dots, and 
the approximate number of all of the dots in the array: three ensembles in total. However, 
neither adults nor infants simultaneously can enumerate more than three ensembles. The 
same limit is observed for ensembles that are presented sequentially as for ensembles that 
are presented simultaneously, suggesting that the limit originates in memory rather than in 
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the number of ensembles that can be parsed from a single array using visual attention [41]. 
These results support the conclusion that, throughout the lifespan, an ensemble functions as 
an individual item within WM, and therefore that numerical approximation, which is based 
on ensemble representations, is constrained by limits on WM.

CONCLUSIONS

Thinking about number is one way in which humans use a finite representational system 
to reason about the infinite. We recognize that there is literally no end to the count list, and 
that there are infinitely many quantities that lie between any two integers. Yet the methods 
we use for performing everyday mathematical calculations reveal that the mental processes 
that underlie numerical thought are themselves far from infinite—they are surprisingly con-
strained. We often must resort to laborious methods or use external devices such as paper 
and pencil, abacus, or calculators in order to perform even simple numerical computations. 
One reason for this is that the number of items that can enter into numerical processing is 
limited by the strict capacity of WM. At the same time, reasoning about number is aided by 
WM’s representational flexibility. Throughout the lifespan we are able to store in memory 
representations of at least three types of entities: individual objects, sets of objects, and ensem-
bles. Each of these plays a critical role in numerical thought.

Beyond the domain of number, the constraints imposed by WM also may shape our think-
ing about non-numerical dimensions. Thinking about space and time also requires immedi-
ate access to items being maintained in memory. Furthermore, manipulating representations 
with spatial and temporal content (e.g., determining the shortest possible route in space or in 
time) is subject to memory constraints similar to those that limit thinking about quantities. 
We often jot down a sequence of directions for reaching a new location, or better remember 
the timing of appointments by marking them on a calendar. An open question is whether the 
framework offered here for thinking about how representational flexibility expands memory 
not only captures thinking about number, but also extends to thinking in other domains. 
Future research may ask whether capacity limits similar to those observed for numerical 
processing also shape the ways we think about space and time. For example, are we limited 
to representing up to three or four spatial locations or distances, or three or four temporal 
durations at once? Future work may also help to determine whether object-, set-, and ensemble-
representations support reasoning about space and time, as they do for number. We can 
remember the spatial location of a single object, or the duration of a single event. Can we 
also represent the spatial locations or spatial extents of ensembles of many items? Can we 
hierarchically represent the duration of a series of nested events? Discovering the extent to 
which objects, sets, and ensembles are employed across varied content domains will help  
to determine whether these three types of representation instantiate a very general solution 
to the problem of storing information in a highly limited memory system.
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