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Abstract

Adults can represent approximate numbers of items independently of language. This
approximate number system can discriminate and compare entities as varied as dots, sounds,
or actions. But can multiple different types of entities be enumerated in parallel and stored as
independent numerosities? Subjects who were prevented from verbally counting watched an
experimenter hide sequences of objects in two locations. The number of object types, which
contrasted in category membership, color, shape, and texture, varied from 1 to 5, and object
types were completely temporally intermixed. Subjects were then asked how many objects of
each type were in each location. In three experiments, subjects successfully enumerated the
objects of each type in each location when 1-3 types were presented, but failed with 4 or 5
types, regardless of the total number of objects seen. Thus, adults can perform simultaneous
enumeration of multiple sets that unfold in temporally intermixed fashion, but are limited to 3
such sets at a time. Furthermore, they perform these parallel enumerations in the absence of
training or instruction, and can do so for sets of objects that are hidden in distinct locations.
The convergence of this 3-set capacity limit with the 3-item capacity limit widely observed in
studies of working memory suggests that each enumeration requires a single slot in memory,
and that storage in memory is required before enumeration can occur.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Many species, including humans, monkeys, rats, and pigeons, represent numerical
information without verbally counting. They can discriminate and compute over
various visual and auditory entities (Dehaene, 1997; Feigenson, Dehaene, & Spelke,
2004 for reviews) using representations that are abstract rather than modality-spe-
cific (Barth, Kanwisher, & Spelke, 2003; Barth, LaMont, Lipton, & Spelke, 2005;
Feron, Gentaz, & Streri, 2006; Jordan & Brannon, 2006; Kobayashi, Hiraki, &
Hasegawa, 2005). Furthermore, the neural underpinnings of this ability have begun
to be identified. Human nonverbal enumeration is believed to rely on a dedicated
region of the intraparietal sulcus (Ansari, Dhital, & Soon, 2006; Piazza, Izard, Pinel,
Le Bihan, & Dehaene, 2004; Pinel, Piazza, LeBihan, & Dehaene, 2004). When this
area is engaged, performance shows a characteristic pattern of error that increases
with the size of the target array (Barth et al., 2003; Cordes, Gelman, Gallistel, &
Whalen, 2001; Lipton & Spelke, 2003; Moyer & Landauer, 1967, Whalen, Gallistel,
& Gelman, 1999). This pattern has led to the predominant view that number is rep-
resented nonverbally as a series of mental magnitudes whose degree of precision is
inversely related to the size of the to-be-represented quantity.

Activation of this approximate number system has been demonstrated for entities
ranging from 2-dimensional dots to auditory tones to lever presses. However, in all
of these cases human and animal subjects have been required to enumerate just a sin-
gle set of entities at a time. Even when comparing two arrays presented in different
modalities, subjects first enumerated one array and then enumerated the next. But
daily life presents situations that merit multiple enumerations at the very same time.
For example, a group of cooperative animals on a hunt might determine the ratio of
their group members to that of their prey in order to decide whether to attack or
move on. In such a situation, one could enumerate first the predators, store the result
in memory, and then enumerate the prey. But could one simultaneously enumerate
both of these as independent sets?

One recent demonstration has shown that human adults indeed can represent the
numerosities of several sets at once (Halberda, Sires, & Feigenson, 2006). Observers
saw dot displays comprised of 1-6 colors, with varying numbers of dots in each color
subset and subsets completely spatially intermixed. The displays appeared for 500 ms
and were forward- and backward-masked. On some of the trials, observers were told
before the onset of the display which color they were to enumerate (Probe Before tri-
als). On other trials they were not told until after the display had disappeared (Probe
After trials). Comparing the accuracy of enumeration on these two types of trials
revealed the number of colored subsets observers could simultaneously enumerate
in a single flash. When enumeration on Probe After trials was just as accurate as
on Probe Before trials, observers had to have stored the approximate numerosities
of all of the color subsets in the array. When performance was significantly worse
on Probe After than Probe Before trials, this indicated that the number of color sub-
sets had exceeded the number of enumerations that could be simultaneously per-
formed. This calculation revealed each observer’s enumeration capacity. On
average, observers could enumerate 3 spatially-intermixed sets. However, even
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despite the brief, 500-ms display time, it was not possible to definitively conclude that
adults were actually performing multiple enumerations in parallel. Another possibil-
ity is that they first enumerated one set, very rapidly stored the result in memory, and
then enumerated the other set(s). Evidence that numerosity-tuned neurons in mon-
key cortex begin firing an average of only 120 ms after the onset of a stimulus con-
taining their preferred numerosity (Nieder, Freedman, & Miller, 2002) lends some
indirect support to this possibility.

Still, the claim that adults can likely enumerate multiple sets at once raises several
interesting questions. First, the colored subsets in the displays used by Halberda
et al. were simultaneously visible — all of the subsets appeared on screen at the same
time. The challenge of multiple enumeration is highlighted when stimuli are not
simultaneously visible in this way but rather appear sequentially — for instance, when
many red marbles and many blue marbles are dropped into a jar in intermixed order.
In this case neither set of marbles is simultaneously visible in its entirety, rendering
useless the strategy of first enumerating one set and then the other. Indeed, it seems
that without keeping track of both sets in parallel as they accumulate, enumeration
would be impossible. Recent work suggests that the enumeration of simultaneously-
presented and sequentially-presented stimuli are in fact subserved by different pop-
ulations of neurons, at least in primates (Nieder, Diester, & Tudusciuc, 2006). It is
therefore unclear to what extent simultaneous- and sequential-enumeration share a
common set of properties, including the possibility of enumerating multiple sets.
Can adults perform multiple enumerations on sets that accumulate over time and
thus overlap temporally, rather than spatially? If so, this would be stronger evidence
for a genuine ability to perform multiple enumerations in parallel.

Furthermore, positive evidence for the enumeration of multiple sequentially-pre-
sented sets would help to pinpoint the locus of the 3-set limit observed by Halberda
et al. (2006). One possibility is that enumeration capacity is constrained by attention:
Only up to 3 sets can be enumerated because only up to 3 sets can be visually
attended in parallel (see Pylyshyn & Storm, 1988; for evidence that no more than
3—4 individual objects can be attended in parallel). Another possibility is that enumer-
ation capacity is constrained by memory: Only up to 3 sets can be enumerated
because only up to 3 sets can be stored in memory in parallel (see Alvarez & Cava-
nagh, 2004; Luck & Vogel, 1997; Xu & Chun, 2006 for evidence that no more than 3
individual objects can be stored in parallel). Both of these options are consistent with
the results of Halberda et al., because all of Halberda’s sets were simultaneously vis-
ible in the form of spatially-intermixed dot arrays. If we also observe the 3-set enu-
meration limit with sequentially-presented, temporally-intermixed dot displays, it
would favor the explanation that capacity is limited by memory rather than by atten-
tion, since no more than 1 object need be attended at a time.

Earlier work has asked whether adults can represent sequentially-presented sets
(Erlick, 1964; Karsh, 1969; Yntema & Mueser, 1960; Yntema & Schulman, 1967).
For example, Monty, Taub, and Laughery (1965) flashed sequences containing vary-
ing numbers of tokens of 2-4 letter types, and asked subjects to write down how
many tokens of each letter comprised each sequence. Monty et al. found that sub-
jects produced fairly accurate responses, and that performance decreased as the
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number of letter types, total number of tokens, and speed of presentation increased.
However, these findings do not reveal whether the approximate number system can
enumerate multiple sets in parallel because subjects were allowed to verbally count
the letters (and almost all subjects reported doing so). This leaves open the possibility
that language is required to maintain multiple tallies. Furthermore, since Monty
et al. report the total number of counting errors collapsed across all letter types,
rather than separately reporting the number of errors made within each letter type,
it is hard to know how many distinct letter types subjects were able to accurately
represent.

A second open question is whether the ability to perform multiple enumerations is
the result of extensive training. The observers in the studies by Halberda et al. (2006)
and Monty et al. (1965) participated in several hundred trials each, and were explic-
itly told to enumerate. Therefore, it remains unclear to what extent multiple-set enu-
meration is spontaneously deployed, or rather develops in response to explicit
instruction and/or practice.

Finally, the discovery of a 3-set limit on multiple enumeration is intriguing in that
it converges with the 3-object limit observed in studies of visual attention (Pylyshyn
& Storm, 1988) and working memory in adults (Alvarez & Cavanagh, 2004; Cowan,
2001; Luck & Vogel, 1997; Xu & Chun, 2006) and infants (Feigenson, Carey, &
Hauser, 2002; Feigenson & Carey, 2003, 2005). In these studies, both adults and
infants were limited to tracking approximately 1, 2, or 3 objects at a time; subjects
failed with larger numbers. But the evidence from infants suggests that, at least in
some situations, the 3-item limit applies locally rather than globally. For instance,
infants who had to remember the number of crackers hidden at each of two locations
successfully chose the greater quantity when presented with 1 cracker in the left loca-
tion and 2 crackers in the right location (a choice between 1 vs. 2 crackers), and also
succeeded with 2 vs. 3 crackers, but failed with 3 vs. 6, 3 vs. 4,2 vs. 4, and even 1 vs. 4
crackers (Feigenson et al., 2002; Feigenson & Carey, 2005). Note that the total num-
ber of crackers involved in a 2 vs. 3 comparison is the same as that involved in a 1 vs.
4 comparison, but the 2 vs. 3 comparison contains 3 or fewer objects at each location
while the 1 vs. 4 comparison exceeds infants’ 3-item limit at one of the locations.
Infants’ success at 2 vs. 3 and failure at 1 vs. 4 shows that infants were limited to
tracking up to 3 hidden objects per location, rather than 3 hidden objects in total.
Might the limit on adults’ ability to perform multiple enumerations be similarly con-
strained to allow up to 3 enumerations at a time at any given location?

The present studies sought to confirm that adults can represent the numerosity of
several sets at once and asked: (1) Whether subjects can perform multiple enumera-
tions of sequentially-presented, temporally intermixed items, as they can over simul-
taneously-presented items; (2) whether multiple enumeration is spontaneously
performed without training or explicit instruction; and (3) whether subjects can rep-
resent the numerosity of multiple sets at two distinct locations.

These questions were addressed using a modification of the procedure that has been
used with infants. Adult subjects watched an experimenter sequentially place a series of
objects into one bucket, and then another series of objects into another bucket (see
Feigenson & Carey, 2005; Feigenson et al., 2002). Verbal shadowing during the
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presentation prevented subjects from counting the items. After the presentation, sub-
jects were asked which bucket contained more objects of a given type and approxi-
mately how many objects of that type were in each bucket. Critically, the number of
object types varied across subjects. In the 1-Type Condition, subjects saw two different
quantities of just a single object type (e.g., 5 candies hidden in one bucket and 10 can-
dies in the other). In the 2-Type Condition, subjects saw two different types of objects
hidden in each bucket (e.g., 5 candies temporally intermixed with 10 toy pigs in one
bucket and 10 candies intermixed with 5 pigs in the other). Subjects saw 1, 2, 3, 4, or
5 object types, and objects were always presented in a pseudo-random order that inter-
mixed the different object types within each bucket. The ratios between the two hidden
quantities (1:2 in Experiment 1; 2:3 in Experiment 2) were chosen because they are
known to be discriminable by adults performing nonverbal enumeration (Barth
etal.,2003; Whalenetal., 1999). It was expected that adults would successfully enumer-
ate in the 1-Type Condition, consistent with previous results, but unclear whether they
would succeed in the 2-, 3-, 4-, and 5-Type Conditions.

2. Experiment 1
2.1. Method

Eighty adults (51 female; mean age 19.7 years) who were native speakers of Eng-
lish received course credit, candy, or payment in exchange for participation. Subjects
sat at a table across from the experimenter. First they were instructed in verbal shad-
owing. They engaged in approximately 1 min of practice repeating a random letter
sequence that had been recorded by a female speaker (0.77 letters/s). Subjects were
told to repeat each letter immediately upon hearing it, and to do so without stopping
to correct any errors. All subjects were judged to have adequately engaged in this
shadowing task, and so continued on to the next phase of the experiment.

Next, the experimenter told subjects that they would see a short sequence of
events while verbally shadowing, after which they would be asked simple questions
about the events. Subjects resumed shadowing and saw two short “practice events”
in which the experimenter placed 3 toys under 3 cups, moved the cups around the
table top in front of the subject and then revealed them, then hid 3 balls behind 2
small screens and revealed them. These practice events lasted approximately 1 min
in total. Subjects watched these events while continuously shadowing, and were
not told that these were practice events.

For the final critical event, the experimenter placed 2 opaque buckets 80 cm apart,
then sequentially hid different quantities of objects in each. For example, subjects in
the 1-Type Condition saw 5 toy pigs placed one at a time into one bucket and 10 in
the other. The experimenter took the objects from a container hidden under the table
and waved each object above the bucket before placing it inside, making sure sub-
jects were attending. One object was placed approximately every 2s. The experi-
menter finished placing all of the objects in one bucket before moving on to the
second bucket.
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For each object type, there were always 5 in one bucket and 10 in the other (Table 1).
The number of object types presented varied by condition, with 16 subjects (approxi-
mately equally balanced by sex) in each condition. The objects were approximately
1-2 in. long and differed in category membership, color, shape, and texture. They con-
sisted of pink rubber pigs, green Starburst candies, black AA batteries, blue plastic
poker chips, and white cottonballs. In the conditions in which multiple object types were pre-
sented, objects were presented in a fixed pseudo-random order such that the different object
types were completely temporally intermixed. Appendix A lists the orders that were used.

After placing all of the objects, the experimenter turned off the shadowing recording
and asked subjects a series of questions. For each object type presented, the experi-
menter asked: (1) Please point to the bucket that has more (X). (2) How many (X)
do you think are in that bucket? (3) How many are in the other bucket? Subjects were
asked these 3 questions about the first object type, then about the second object type,
etc. If subjects guessed that the buckets contained equal numerosities of a given type
(e.g., “There are 5 pigs in the left bucket and 5 in the right™), they were told that the
buckets contained unequal numbers and were asked to adjust their answers accord-
ingly. If subjects expressed uncertainty, they were told to “Give your best guess.”” After
subjects had answered these questions for all object types presented, the experimenter
finished by asking: How did you know how many objects were in each bucket, and did
you explicitly count?

Which bucket contained more of each object type, which bucket the presentation
began in, and in which order the object types were queried by the experimenter were
all counterbalanced across subjects. Experiment sessions were videotaped to ensure
that subjects had adequately verbally shadowed throughout the duration. All sub-
jects were judged to have done so.

2.2. Results

The first question was whether subjects in the different conditions correctly chose
which bucket contained more objects. Although it is possible to analyze subjects’ total
correct answers collapsed across all of the object types queried (ranging from 1 to 5
types, depending on condition), asking the question in this way introduces several
unwanted sources of variance. First, if subjects’ memory of the object sequences
decayed at all over time, this would be reflected in higher accuracy for the first object
type queried and lower accuracy for the last object types. Second, subjects might have
adjusted their guesses for any given object type based on the answers given for the
object types previously queried'. Therefore, analyzing responses for the first object
type queried provides a more accurate reflection of subjects’ abilities (recall that which

! Subjects’ responses suggested that both of these may have affected their numerical judgments.
Accuracy was slightly higher on the first object type queried than on the last type queried in 4 out of the 4
conditions involving more than one type. Additionally, some subjects attempted to revise their numerical
estimations when queried about multiple object types (for example, one subject initially answered that
there were 6 candies in the left-hand bucket but then corrected his estimate, saying ““Six Starbursts. . .no, I
guess 12. There were more Starbursts than batteries, so 12.”).



Table 1

Distribution of object types in each condition of Experiments 1-3

Experiment Condition Bucket A Bucket B
1 1-Type 5 toy pigs 10 toy pigs
2-Type 5 toy pigs, 10 candies 10 toy pigs, 5 candies
3-Type 5 toy pigs, 10 candies, 10 batteries 10 toy pigs, 5 candies, 5 batteries
4-Type 5 toy pigs, 10 candies, 10 batteries, 5 poker chips 10 toy pigs, 5 candies, 5 batteries, 10 poker chips
5-Type S toy pigs, 10 candies, 5 batteries, 10 poker chips, 10 cottonballs 10 toy pigs, 5 candies, 10 batteries, 5 poker chips,
5 cottonballs
2 1-Type 6 toy pigs 9 toy pigs
2-Type 6 toy pigs, 9 candies 9 toy pigs, 6 candies
3-Type 6 toy pigs, 9 candies 9 batteries 9 toy pigs, 6 candies, 6 batteries
4-Type 6 toy pigs, 9 candies 9 batteries, 6 poker chips 9 toy pigs, 6 candies, 6 batteries, 9 poker chips
5-Type 6 toy pigs, 9 candies 9 batteries, 6 poker chips, 9 cottonballs 9 toy pigs, 6 candies, 6 batteries, 9 poker chips,
6 cottonballs
3 3-Type 7 toy pigs, 14 candies, 7 batteries 14 toy pigs, 7 candies, 14 batteries
4-Type 4 toy pigs, 8 candies, 4 batteries, 8 poker chips 8 toy pigs, 4 candies, 8 batteries, 4 poker chips

I-1 (8002) L0 uonu3o) | uosuadiag 1
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Fig. 1. (a) Proportion of correct responses indicating which bucket contained more objects for the first object
type queried in Experiment 1. The solid line indicates chance performance. (b) Subjects’ numerical estimates
for the 5- and 10-object arrays in Experiment 1, shown by condition. Bars indicate standard error.

object type was queried first was counterbalanced across subjects and that subjects did
not know which type(s) they would be asked about).

Analysis of responses to the first object type queried revealed that subjects in the 1-,
2-, and 3-Type Conditions were all above chance in choosing which bucket held more
objects: 1-Type: 13/16 correct, p < .05; 2-Type: 14/16 correct, p < .01, and 3-Type: 13/
16 correct, p < .05, all 2-tailed sign tests (Fig. 1a). In contrast, subjects in the 4- and 5-
Type Conditions were at chance: 4-Type: 7/16 correct, p = .804; 5-Type: 8/16 correct,
» =.99. Since subjects did not know which object type they would be queried about
first, this performance pattern suggests that subjects were able to enumerate up to 3
object types at a time®. When 4 or 5 types were presented, performance completely fell

2 Analyzing responses across all trials, rather than just responses on the first object type queried, yielded
the same general pattern. Collapsed across all types queried, the proportion of correct responses was: .81
(1-Type Condition), .91 (2-Type Condition), .69 (3-Type Condition), .55 (4-Type Condition), and .59 (5-
Type Condition).
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apart and subjects were unable to enumerate any of the types. This catastrophic failure
parallels that observed when infants in a similar paradigm see 4 or 5 individual objects
hidden — for example, after seeing 1 object hidden in one bucket and 4 in the other,
infants chose randomly between the two locations (Feigenson et al., 2002; Feigenson
& Carey, 2005). This convergence suggests that whether tracking individual objects
or individual object types, both adults and infants are limited to encoding information
from no more than 3 items at once. Furthermore, at least in the tasks that have been
used with adults (in the present experiments) and with infants (in Feigenson et al.,
2002 and Feigenson & Carey, 2003), when more than 3 items are presented subjects lose
track of all items rather than just the items presented after memory capacity has been
reached.

Because subjects also reported how many objects of each type were in each
bucket, it is possible to ask whether numerical estimates correctly approximated
the target number of objects hidden, and to determine whether their estimates of
the two numerical quantities differed significantly from one another. Producing reli-
ably higher estimates for the 10-object sequence than for the 5-object sequence would
be further indication that subjects successfully enumerated the quantities. Further-
more, if subjects were relying on their approximate number system rather than ver-
bally counting, their answers should not fall exactly on the target number. Consistent
with these predictions, subjects were not only successful at recognizing the ordinal
relationship between the presented quantities, but also were fairly accurate in their
numerical approximations, although their answers were not exactly correct
(Fig. 1b). Estimates of the two numerosities differed significantly when 1, 2 or 3 types
were presented, but not when 4 or 5 types were presented (Fig. 1b). Subjects in the 1-,
2-, and 3-Type Conditions successfully produced higher estimates for 10-object
sequences than for 5-object sequences, as revealed by within-subject z-tests for each
condition: 1-Type: #(15) = 3.429, p <.005; 2-Type: #(15) = 6.445, p <.001; 3-Type:
1(15) =2.748, p <.02. In contrast, subjects in the 4- and 5-Type Conditions did
not produce reliably different numerical estimates for the two sequences: 4-Type:
t(15) = —.112, p = .912; 5-Type: t(15) = .492, p = .630. This further confirms that
subjects were unable to track numerosity when 4 or 5 object types were seen. Addi-
tionally, the finding that subjects produced approximately correct numerical
responses argues against the possibility that their judgments were based on timing
rather than number. Timing was confounded with object number, in that for any
given object type it always took longer to present the sequence containing the greater
number of object tokens. It is therefore conceivable that subjects in these conditions
tracked up to 3 temporally intermixed presentation durations (see Meck & Church,
1983), in which case the present results would have implications for limits on the
number of durations that can be represented, rather than for the number of enumer-
ations that can be represented. However, the fact that subjects were able to report
approximately how many discrete objects were in each location suggests that they
had access to numerical information about the events, making the duration account
less plausible.

None of the subjects reported explicitly counting to obtain their numerical estima-
tions, although a few said they had tried but lost track after the first few objects.
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When asked how they arrived at their estimates, typical responses were that they
“weren’t sure,” “just had a feeling,” or “just saw more objects on that side than
the other.”

Thus, Experiment 1 demonstrates that adults can non-verbally enumerate multi-
ple temporally-intermixed sets in parallel. Moreover, they are limited to enumerating
no more than 3 sets at any one time. This ability appears to be spontaneously
employed, as subjects had no idea that they were in a number-task, much less that
they would be asked to track the numerosities of multiple sets at once. And finally,
subjects successfully represented the approximate numerosity of up to 3 sets of
objects in each of two hiding locations, paralleling infants’ performance at tracking
individual objects in two hiding locations. Given the surprising nature of these results,
a second experiment was conducted to confirm this effect. Experiment 2 aimed to
replicate Experiment 1 using the more difficult ratio of 2:3 instead of 1:2 (i.e., 6
vs. 9 objects rather than 5 vs. 10). If adults can indeed enumerate up to 3 sets of items
at a time, then they should be able to do so with a range of numerical values so long
as those values are discriminable by the approximate number system.

3. Experiment 2
3.1. Method

One hundred adults (63 female; mean age 21.2 years) who were native speakers of
English received course credit, candy, or payment in exchange for participation. The
stimuli and procedure were identical to those of Experiment 1, except that the pre-
sentation involved intermixed sets of 6 and 9 objects rather than 5 and 10 objects
(Table 1). Different object presentation orders were used (see Appendix A) to ensure
that the results did not depend on seeing any particular sequence.

3.2. Results

Experiment 2 replicated the findings of Experiment 1. As in Experiment 1, sub-
jects in the 1-, 2-, and 3-Type Conditions were above chance in choosing which
bucket held more objects for the first object type they were queried about: 1-Type:
15/20 correct, p <.05; 2-Type: 16/20 correct, p < .02, and 3-Type: 18/20 correct,
p <.001, all 2-tailed sign tests (Fig. 2a). In contrast, subjects in the 4- and 5-Type
Conditi}ons were at chance: 4-Type: 10/20 correct, p > .99; 5-Type: 10/20 correct,
p>.99.

Analysis of subjects’ estimates of the number of objects in each bucket again
shows that they successfully formed numerical approximations but were unable to
keep exact counts, and also that they produced reliably higher estimates for the

3 Analyzing subjects’ total correct responses yielded the same general pattern. Here, the proportion of
correct responses was: .75 (1-Type Condition), .83 (2-Type Condition), .75 (3-Type Condition), .55
(4-Type Condition), and .46 (5-Type Condition).
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Fig. 2. (a) Proportion of correct responses indicating which bucket contained more objects for the first
object type queried in Experiment 2. The solid line indicates chance performance. (b) Subjects’ numerical
estimates for the 6- and 9-object arrays in Experiment 2, shown by condition. Bars indicate standard error.

9-object sequence than for the 6-object sequence when presented with 1, 2, and 3
object types, but not with 4 or 5 types. This is revealed by within-subject z-tests
on subjects’ numerical estimates of the 6- versus 9-object sequences for each condi-
tion (Fig. 2b): 1-Type: #(19) = 2.16, p <.05; 2-Type: #19) =2.83, p <.01; 3-Type:
1(19) =4.79, p < .01. 4-Type: #(19) = .16, p = .87; 5-Type: #(19) = .21, p = .83. This
further confirms that subjects were unable to track the number of objects involved
when 4 or 5 object types were seen.

4. Experiment 3
One concern with subjects’ failure with 4 and 5 object types in Experiments 1 and

2 is that these conditions involved more fotal objects than the 1-, 2-, and 3-Type
conditions. The greater presentation length and complexity in the 4- and 5-Type
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Conditions could conceivably have caused subjects to lose motivation or become
overwhelmed over the course of the presentation. Might this, rather than any limit
on the number of object types that can be enumerated in parallel, have led to their
failure? The finding that performance plummeted abruptly when more than 3 object
types were presented mitigates against such an explanation, since the gradual
increase in presentation length and complexity as the number of object types
increased would more plausibly lead to an accompanying gradual decrement in per-
formance. However, Experiment 3 sought to replicate the performance break
between 3 and 4 object types while explicitly ruling out total presentation duration
and complexity as causes.

4.1. Method

Thirty-two adults (22 female; mean age 19.5 years) who were native speakers of
English received course credit, candy, or payment in exchange for participation.
The stimuli and procedure were identical to those of Experiments 1 and 2. The 16
subjects assigned to the 3-Type Condition saw toy pigs, candies, and batteries.
The ratio between the presented quantities was the same as in Experiment 1 (1:2),
but the number of objects was increased to 7 and 14 objects of each type (Table
1). This allowed the total number of objects in the 3-Type Condition to increase from
45 in Experiment 1 to 63 in the present experiment. The 16 subjects assigned to the 4-
Type Condition saw toy pigs, candies, batteries, and poker chips. Again, the ratio
between the presented quantities was 1:2, but the number of objects was reduced
to 4 and 8 objects of each type. This allowed the total number of objects in the 4-
Type Condition to decrease from 60 in Experiment 1 to 48 in the present experiment.

Critically, in Experiment 1 the 4-Type Condition contained more total objects
(60) than the 3-Type Condition (45), but in the present experiment the 3-Type Con-
dition contained more total objects (63) than the 4-Type Condition (48). If perfor-
mance is determined by presentation length or complexity, subjects should now do
worse in the 3-Type Condition. If instead performance is determined by the number
of object types presented, subjects should again do worse in the 4-Type Condition.

4.2. Results

As predicted, subjects in the 3-Type Condition were above chance in choosing
which bucket held more objects for the first object type queried, 13/16, p < .05,
two-tailed sign test. In contrast, subjects in the 4-Type Condition were at chance,
9/16, p = .804, two-tailed sign test (Fig. 3a). In addition, subjects’ numerical esti-
mates were reliably higher for the greater quantity presented than for the smaller
quantity in the 3-Type Condition, but not in the 4-Type Condition (Fig. 3b). This
replicates the results of Experiments 1 and 2, despite the fact that here the 3-Type
Condition involved more total objects, a longer total presentation duration, and
greater presentation complexity. This is confirming evidence that success in this task
depends on the number of object types, not on the total number of objects presented.
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Fig. 3. (a) Proportion of correct responses indicating which bucket contained more objects for the first
object type queried in Experiment 3. The solid line indicates chance performance. (b) Subjects’ numerical
estimates for the arrays in Experiment 3, shown by condition. Bars indicate standard error. Subjects in the

3-Type condition saw 7 vs. 14 objects and subjects in the 4-Type condition saw 4 vs. 8 objects.

5. General discussion

The present research confirms that adults can use their non-verbal approximation
system to represent the numerosities of several sets at a time. Furthermore, they can
do so for up to 3 sets, but no more. This sequence of studies thus replicates the limit
on multiple enumeration observed by Halberda et al. (2006), and also addresses sev-
eral important questions regarding the nature of this ability.
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First, subjects were able to enumerate multiple sets of items even when those sets
appeared sequentially rather than simultaneously. More impressively, the individual
objects comprising the sets were seen in temporally-intermixed order such that sub-
jects never knew when the final object for any given set had been presented. This
means that all of the sets had to be actively maintained and incremented throughout
the entirety of the presentation. This new finding that multiple enumerations can be
performed over sequences that unfold over time suggests that animals can use their
system of numerical approximation to track a wide variety of entities, including
those that are temporally interspersed. These results can also help to identify the
locus of the 3-item limit on multiple enumeration observed in the present experi-
ments and in those of Halberda et al. (2006). In the current task only one item
was ever visible at a time, such that attention was not deployed to multiple sets at
once. That subjects still showed a 3-set capacity limit, despite the fact that attention
was not taxed, suggests that the number of enumerations that could be performed
was constrained by limits on working memory, rather than by limits on attention.

Second, this series of experiments shows that the ability to perform multiple enu-
merations does not rely on training or practice. Adults spontaneously enumerated
up to 3 interspersed sequences in a single-trial task that they never heard described
as numerical in nature. Indeed, many subjects expressed surprise and even dismay
upon being asked how many objects had been presented, saying that they had no
idea that they would be queried about the number of items they had seen. Despite
this low degree of confidence, subjects were in fact quite accurate at judging the
numerosity of up to 3 sets at a time even though they had not explicitly attempted
to do so.

Finally, the present experiments show that adults can represent numerosities
across multiple locations. Adults were able to compare the numerosity of up to 3 sets
of objects hidden in each of two buckets, just as infants were able to track up to 3
individual crackers hidden in two buckets (Feigenson & Carey, 2003; Feigenson
et al., 2002). For both adults and infants, the 3-item limit appears to constrain the
number of sets of objects or the number of individual objects that can be represented
at each hiding location rather than in the scene as a whole. This convergence
strengthens the parallels between tasks tapping the abilities of infants and those of
adults, as well as the parallels between capacity for remembering individual objects
and capacity for remembering sets of objects. The commonalities between represent-
ing individual objects and representing sets demonstrate the remarkable flexibility of
working memory, which appears to be equally adept at storing either level of repre-
sentation. Both individual objects and sets of objects can be stored and compared in
memory, both are subject to a 3-item capacity limit, and both are locally limited (by
the number of items per location, rather than by the number of items in the entire
scene). For working memory, a set functions as an individual just as an object does.

This last result has important implications for the two mental systems posited to
underlie non-verbal number representation. Early debate centered on whether the
approximate number system or a separate, item-based system for representing dis-
tinct individuals in working memory (often called the object-file or object tracking
system, Scholl, 2001; Simon, 1997; Uller, Huntley-Fenner, Carey, & Klatt, 1999)
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was more likely responsible for adults’ and infants’ performance. More recent views
offered that both systems are in place, and may operate under different conditions
(Feigenson et al., 2004; Xu, 2003). The present work adds to this dialogue by sug-
gesting an integration of the two systems. In order for the approximate number sys-
tem to output a numerical representation, the referent set must first be attended and
held in working memory before numerical information can be extracted. Limits on
the number of items that can be stored in memory constrain the number of sets that
can be stored, and hence the number of approximate enumerations that can be per-
formed. Thus, it appears that both a system for representing distinct individuals in
memory (an object-tracking system, or a slot-limited working memory) and a system
for approximating numerosity are needed in order to recognize the number of items
comprising a set. Up to about 3 sets may be held in memory, therefore up to 3 sets
can be enumerated at once.

This integrated approach offers a new view on quantity representation. Rather
than asking whether the object-file/working memory system or the approximate
number system is activated in a given task, it appears that the approximate number
system depends on memory for its input. Thus, the present experiments demonstrate
how studying both the capacities and the limitations of numerical performance can
lead to a better understanding of the ways in which several representational systems
integrate to produce a unified representation of number.
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Appendix A

Order of object types in each experimental condition of Experiments 1-3

Experiment Condition Bucket A Bucket B
1 1-Type p.p.p,p;p P.P,P,P.p,P,P;P,p,P
2-Type ¢,p.C,p,P.C,C,p,C,C,C,P,C.C,C P.C.p,p,C.P,P,C.P,C,P,C.P.P,P
3-Type ¢,b,p,b,c,c,p,b,c,b,c,p,c,b,p,b,c,c,b,b,c,p,b,c,b ¢,p,p,b,p.c.p,c.c,p,b,p,c,p,p,b,c,p,b,p
4-Type p.c,b,c,t.b,c,b,t,p,c,b,c.p,c,b,t,c.p,b,t,c,b,b,t,c,b,p,c,b  tp,c,p,b,t,p,b.t.c.p,ct,p,t,p,b,p,t,p,t,b,ct,
p,b,t.p,c,t
5-Type t,c.t,p,0,p,t,c,0,b,0,t,p,c,0,b,p,t,0,p,c,0,t,.p,b,t,c, p.b.c,0,b,t.c,b,c,p,0,b.t,c.b,c,0,b,p,c,b,t,p,
p,0,t,p,0,b,t,p,0,t,p,0,b ¢,b,c,t,b,0,c,p,0,b,c.t
2 1-Type p.p.p.p,p.p p.P.p.P.p,p,p.p.P
2-Type P,C,C,P,C,P,C,P,C,C,C,C,DP,C,P C,P,P>C,P,D,C,P->P-C,P>C, P, P,C
3-Type b,c,p.¢,b,c,p,b,c,b,c.p,c,b,p,b,c,p,c,b,b,c,p,b p.c,b,p,p.c.p,b,p.c,b,b,p,c.p.c,p,b,p,c,b
4-Type t,c,b,p,b,c,c,p,t,b,c,b,t,.c,p,c,p,b,t,t.b,c,p,c,b,b,c,p,t,b ct,p,b,p.t,t,c,b,p,t,p,c.t,b,t,p,b,c.c.p,t,b,t.p,
p.t,b,c.p
5-Type t,c,b,0,0,p,b,c,c,t,p,0,b,c,b,0,t,c,0,p,c,b,p,t,t,0,b,0, c,t,p,0,0,b,p,t,t,¢,b,p,t,p,0,¢,t,0,b,t,p,b,c.c,
¢,p,¢,b,b,b,0,0,p,t,b p,o,t.b,t.p,p,t,0,b,c.p
3 3-Type ¢,c,p,b,p,c.c,b,c.p,c.p,c,b,c.b,p,c.c.p,c.b,c,p,c,b,c,b ¢,p,b,b,p,c.p,b,p,b,p,c,c.b,p,b,b,p,p,b,p,c,b,
p.b,b,p,c,b,p,b,p,c,p,b
4-Type ott,p,b,ct,c,b,p,t,c,p,c.t,b,t.cp,c,t.c,b,t P,b,c,b,p,t,p,c,b,b,t,p,c,b,p,t,b,p,b,p,t,p,b,c

Abbreviations: (p: toy pig), (c: candy), (b: battery), (t: poker chip), (o: cottonball).
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