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Two nonverbal representation systems, the analog magnitude sys-
tem (AMS) and the object tracking system (OTS), have been pro-
posed to explain how humans and nonhuman animals represent
numerosities. There has long been debate about which of the two
systems is responsible for representing small numerosities (<4).
This review focuses on findings with human infants to inform that
debate. We argue that the empirical data cannot all be explained
by a single system, and in particular, infants’ failures to compare
small and large numerosities – the boundary effect – undermines
the claim that the AMS can account for infants’ numerical abilities
in their entirety. We propose that although the two systems coex-
ist throughout the lifespan, competition between the systems is
primarily a developmental phenomenon. Potential factors that
drive the engagement of each system in infancy, such as stimulus
features and task demands, are discussed, and directions for future
research are suggested.

� 2013 Elsevier Inc. All rights reserved.
Introduction

‘‘What does a fish know about the water in which it swims all its life?’’ (Einstein, 1950, p. 5). What
do we know about the world full of numerical information in which we live all our lives? What is the
nature of our numerical concepts and where do they come from? Four lines of research have contrib-
uted to our understanding of these important issues. Comparative psychology has shown that basic
numerical concepts are not unique to humans but shared across many animal species, and thus an ab-
stract concept of number is not dependent upon language. Comparative studies also point to the
ter Hall,

http://crossmark.crossref.org/dialog/?doi=10.1016/j.dr.2013.11.001&domain=pdf
http://dx.doi.org/10.1016/j.dr.2013.11.001
mailto:vanmarlek@missouri.edu
http://dx.doi.org/10.1016/j.dr.2013.11.001
http://www.sciencedirect.com/science/journal/02732297
http://www.elsevier.com/locate/dr


2 Y. Mou, K. vanMarle / Developmental Review 34 (2014) 1–25
evolutionary roots of human numerical knowledge and how numerical abilities are critical for organ-
isms’ survival (Cantlon, 2012; Dehaene, 1997; Gallistel, 1990; Gallistel & Gelman, 2000; Vallortigara,
Chiandetti, Rugani, Sovrano, & Regolin, 2010). Developmental psychology has demonstrated that even
preverbal human infants possess abstract numerical concepts and show quite sophisticated numerical
abilities. Before age one, infants discriminate, order, and perform arithmetic operations over nonver-
bal numerical representations (Brannon & Roitman, 2003; Carey, 2009; Gallistel & Gelman, 2000; Piaz-
za, 2010), and the basis for these capacities is present even in newborns (Izard, Sann, Spelke, & Streri,
2009). Such research examines the origins of human numerical concepts and investigates how the
concepts change with age, experience and education. Cross-cultural research examines the similarities
and differences in humans’ numerical abilities within different cultures and emphasizes how cultures
may shape and influence these concepts (e.g., Dehaene, 1997). Finally, cognitive neuroscience inves-
tigating both normal and brain-injured individuals reveals the physiological basis of these numerical
concepts and abilities (e.g., Piazza, 2010). Taken together, the findings from these four areas of re-
search suggest that abstract numerical concepts exist across species, across cultures, and throughout
development. Indeed, numerical knowledge is considered one of only a handful of core knowledge do-
mains that may be innate and which plays a fundamental role in the cognition of humans (Carey,
2009; Feigenson, Dehaene, & Spelke, 2004; Spelke, 2000, 2004; Spelke & Kinzler, 2007), and many non-
human species (Rugani, Vallortigara, & Regolin, 2013; Vallortigara et al., 2010).

Debate continues over the format of nonverbal number representations. Nonetheless, converging
evidence from the four research approaches suggests that humans and nonhuman animals share a
mechanism that represents both discrete and continuous quantities (e.g., duration and spatial quan-
tities) as fuzzy mental magnitudes (e.g., Beran, Decker, Schwartz, & Schultz, 2011; Brannon & Merritt,
2011; Brannon & Roitman, 2003; Carey, 2009; Dehaene, 1997; Feigenson et al., 2004; Gallistel & Gel-
man, 2000, 2005; Gibbon, 1977; Meck & Church, 1983; Spelke & Kinzler, 2007). Due to the noisy nat-
ure of the analog magnitude system (AMS), the discrimination of two quantities is determined by their
ratio, in accord with Weber’s law. Despite the wealth of evidence for the AMS, researchers have asked
whether humans and nonhuman animals might use a distinct mechanism to represent small numbers
(64).

The idea that small numbers may be represented differently from large numbers is not new (e.g.,
Jevons, 1871; Taves, 1941; Warren, 1897). More than six decades ago, Kaufman, Lord, Reese, and Volk-
mann (1949) showed that adults were fast and accurate when estimating small sets of items (up to
about 6), but that estimation for larger sets was error prone and slow, with reaction time (RT) increas-
ing linearly with each additional item for large sets, while it remained relatively constant for sets of 1–
6 items. Kaufman et al. concluded that the different slopes for reaction time and accuracy across the
small and large number ranges indicated that adults were using distinct processes and coined the
term ‘‘subitizing’’ to describe the process used for small sets. More recent studies exploring the
two-system hypothesis have proposed that a mechanism of visual attention – the object tracking sys-
tem (OTS) – may account for adults’ fast and accurate performance with small sets (Revkin, Piazza,
Izard, Cohen, & Dehaene, 2008; Trick, 2008; Trick, Audet, & Dales, 2003; Trick, Enns, & Brodeur,
1996; Trick & Pylyshyn, 1994). In contrast to the AMS, the signature property of the OTS is its limited
capacity (cf. Alvarez & Cavanagh, 2004 and Alvarez & Franconeri, 2007). Instead of representing the
overall magnitude of a set (i.e., cardinality), it simultaneously indexes each individual object in an ar-
ray up to its capacity limit of about 3 or 4 items (Feigenson & Carey, 2003, 2005; Feigenson, Carey, &
Hauser, 2002; Pylyshyn & Storm, 1988; Scholl, 2001; vanMarle, 2013). For this system, two sets are
discriminable (via a one-to-one correspondence operation) as long as they are both within the capac-
ity limit, regardless of their ratio (e.g., 3v4 is no more difficult than 1v2).

There continues to be substantial debate about the two-system view (Feigenson et al., 2004; Gal-
listel & Gelman, 2000, 2005; Hyde, 2011; Piazza, 2010; Trick & Pylyshyn, 1994). On one side, research-
ers argue that a single mechanism, the AMS, suffices for processing numbers throughout the number
range, and therefore it is not necessary to posit the engagement of another mechanism (e.g., Beran,
2007; Cordes & Brannon, 2009; Cordes, Gelman, Gallistel, & Whalen, 2001; Gallistel & Gelman,
2000, 2005). Another view is that the two systems are distinct and mutually exclusive, with the
OTS limited to representing small numbers and the AMS limited to representing large numbers
(Feigenson, Carey, & Hauser, 2002; Piazza, 2010; Xu, 2003). Yet a third view, and the stance taken here,
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is that the AMS can and often does represent numbers throughout the number range. However, there
is also a role for the OTS to represent small sets under some circumstances, especially early in
development.

The classic argument between the two extreme views has been complicated by recent findings
from studies of human infants, which have provided empirical support for both views (Cordes & Bran-
non, 2009; Feigenson & Carey, 2003; Feigenson, Carey, & Hauser, 2002; Feigenson et al., 2004; van-
Marle, 2013; vanMarle & Wynn, 2009; Xu, 2003). In this paper, we will first briefly summarize the
evidence for the two systems in human adults and other species, and then review and discuss recent
findings in the infant literature that bear on the debate. Our approach moves beyond the classic either/
or debate, exploring how the two systems may coexist and interact in infants. We emphasize that both
systems can represent small numerosities, but that deployment of the OTS occurs only in limited con-
texts. Our novel contribution, however, is the notion that competition between the two systems may
be primarily a developmental phenomenon.

The analog magnitude system (AMS)

Humans and other animals represent both discrete numerosities and continuous quantities (e.g.,
time and spatial quantities) as analog magnitudes. These representations support judgments of both
ordinal relations (e.g., which of two quantities is larger) and cardinality (e.g., the number of items in a
set), which are both central to the number concept (Brainerd, 1979; Gallistel & Gelman, 2000, 2005).
The representations are themselves continuous, analogous to using a line to represent a quantity, with
its length being proportional to the represented magnitude (Brannon & Roitman, 2003; Carey, 2009;
Gallistel & Gelman, 2000; Meck & Church, 1983). For example, if a line representing the value ‘1’ was 1
cm long, then a line representing the value ‘4’ would be 4 cm long. One prominent model instantiating
this type of system is the accumulator model (Meck & Church, 1983). In this model, a pulse generator
produces pulses at a roughly constant rate, which can be gated into an accumulator when a switch is
closed. In timing mode, the switch is closed at the beginning of a timed interval, allowing pulses to be
collected, and opened at the end of the interval. The resulting fullness of the accumulator is then pro-
portional to the elapsed duration. In counting mode, the gate closes briefly once for each item counted,
such that the accumulator is incremented by roughly the same amount for each item, with the result-
ing fullness then being proportional to the number of items counted.

A critical feature of analog magnitude representations is that they are ‘‘noisy’’, such that they
represent their corresponding objective magnitudes only approximately (Dehaene, 1997; Gallistel &
Gelman, 2000; Gibbon, 1977; Meck & Church, 1983). For example, when nonhuman animals (e.g., rats
or pigeons) and humans estimate numbers or durations, the represented magnitudes are not exactly
equal to the target value, but instead distributed around that target value (e.g., Allan & Gibbon, 1991;
Beran, Taglialatela, Flemming, James, & Washburn, 2006; Cordes et al., 2001; Dale, 2000; Gibbon,
Fairhurst, & Goldberg, 1997; King, McDonald, & Gallistel, 2001; Platt & Johnson, 1971; Rakitin et al.,
1998; Whalen, Gallistel, & Gelman, 1999). Importantly, estimates of larger values are more variable
than estimates of smaller values, with the amount of variability being proportional to the objective
magnitude, a property known as scalar variability (Gallistel & Gelman, 2005; Gallistel, King, &
McDonald, 2004; Gibbon, 1977; cf. Dehaene, 1997).

It is this scalar property that accounts for the fact that the discriminability of two quantities de-
pends on their ratio, rather than their absolute arithmetical difference, a reflection of Weber’s law
(e.g., Beran, 2001, 2010; Beran, Johnson-Pynn, & Ready, 2011; Brannon & Terrace, 1998, 2000, 2002;
Cantlon & Brannon, 2006; Moyer & Landauer, 1967; Parkman, 1971; vanMarle, Aw, McCrink, & Santos,
2006). For example, it is easier to discriminate 5 from 10 (1:2 ratio) than 20 from 25 (4:5 ratio), even
though the absolute difference is the same in both cases (5 units). The amount of overlap for various
magnitudes is a function of the amount of spread in their distributions (Platt & Johnson, 1971; Whalen
et al., 1999). Since larger numbers have wider distributions, there is more overlap between the distri-
butions for 20 and 25 than for 5 and 10, making it more difficult to discriminate the former pair than
the latter.

Despite the noisy nature of analog magnitudes, they are nonetheless useful. Humans and nonhu-
man animals use them not only to make simple discriminations and ordinal judgments, but they
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are also the representational medium of nonverbal arithmetic (Barth, La Mont, Lipton, & Spelke, 2005;
Barth et al., 2006; Beran, 2001, 2004; Cantlon & Brannon, 2007; Flombaum, Junge, & Hauser, 2005;
Santos, Barnes, & Mahajan, 2005). For instance, after seeing two sets of dots presented sequentially
on a computer monitor, rhesus monkeys (Macaca mulatta) and college students were required to make
a choice between a number indicating the numerical sum of the two dot sets and another distracter
number. Their performance suggested that they estimated the sum of large numbers, with their accu-
racy varying as a function of the ratio between the correct sum and the distracter number, consistent
with the use of the AMS. Performance was strikingly similar for monkeys and humans, suggesting that
they completed the task in the same way (Cantlon & Brannon, 2007). And more generally, the high
degree of similarity between the performance of human and nonhuman animals across a range of
tasks suggests that the AMS is evolutionarily ancient and likely shared across many different species
(Gallistel, 1990; Gallistel & Gelman, 2005; Piazza, 2010; Vallortigara et al., 2010).

Another tenet of the AMS is that the representations are amodal – they are not tied to the particular
sensory modality in which the numerical information is presented (e.g., Beran, 2012; Gallistel & Gel-
man, 2005; Jordan, MacLean, & Brannon, 2008). Indeed, the accumulator model was developed in part
to account for rats’ ability to spontaneously transfer learned quantity discriminations across sensory
modalities (Meck & Church, 1983). And like their unimodal number abilities, nonhuman animals and
human adults and children can nonverbally compare sets across different modalities, and even per-
form arithmetic across modalities. Importantly, their intermodal numerical performance in these
tasks is also ratio-dependent (Barth, Kanwisher, & Spelke, 2003; Barth et al., 2005, 2006; Jordan, Bran-
non, Logothetis, & Ghazanfar, 2005; Jordan, Suanda, & Brannon, 2008; Jordan, MacLean, et al. 2008;
Roberts, 1982). These findings suggest that quantity information from different sensory modalities
is converted into the same amodal analog format, making the representations commensurable.

Neurocognitive research has begun to reveal the neural mechanisms underlying the AMS. In cats,
neurons in the posterior associative cortex are sensitive to numerosity (Thompson, Mayers, Robertson,
& Patterson, 1970). Subsequent studies localized numerosity-sensitive neurons in the intraparietal
sulcus (IPS) in humans and nonhuman primates (Nieder & Dehaene, 2009; Nieder & Miller, 2003,
2004; Piazza, 2010), which responds to numerical information regardless of the sensory modality or
symbolic format (Dehaene, Piazza, Pinel, & Cohen, 2003; Piazza, Mechelli, Price, & Butterworth,
2006). In addition, fMRI studies have revealed that responses in the IPS are modulated by the ratio be-
tween two compared numerosities (Castelli, Glaser, & Butterworth, 2006; Piazza, Izard, Pinel, Le Bihan,
& Dehaene, 2004). Notably, although the IPS is foundational for number encoding and representation,
it is also engaged during the processing of several non-numerical dimensions, such as time (i.e., dura-
tion) and space (Walsh, 2003), and the groups of neurons that respond to numerical and non-numer-
ical dimensions overlap in this region (e.g., Dehaene, 2009; Piazza et al., 2004). More neurocognitive
evidence is needed to show if there are sub-regions in the IPS specific to number alone (Cantlon, Platt,
& Brannon, 2009).
The object tracking system (OTS)

A defining characteristic of the AMS is that the representations are noisy, even for the smallest
numerosities (e.g., 1, 2, and 3). Therefore, one’s processing of small numbers should be qualitatively
similar to that of large numbers. However, as noted above, the slopes for reaction time and accuracy
appear to differ across the small and large number range (Kaufman et al., 1949; Plaisier, Tiest, & Kap-
pers, 2010), which is not consistent with the AMS. Recently, the OTS has been proposed to account for
adults’ fast and accurate processing of small visual sets. The current OTS model (sometimes referred to
as ‘‘parallel individuation’’; Carey, 2004) is considered part of infants’ core knowledge of objects
(Cheries, Mitroff, Wynn, & Scholl, 2009; Leslie, Xu, Tremoulet, & Scholl, 1998; Scholl & Leslie, 1999;
Spelke & Kinzler, 2007) and is a reformulation of two previous models, the FINST mechanism
(Pylyshyn, 1989, 1994, 2001; Pylyshyn & Storm, 1988; Trick & Pylyshyn, 1994) and the object file
mechanism (Kahneman & Treisman, 1984; Kahneman, Treisman, & Gibbs, 1992), both of which are
mechanisms of visual attention designed to explain humans’ ability to individuate and track visual
objects and solve the problem of object correspondence.



Table 1
Summary of specific models falling within the more general categories of the AMS and OTS.

System Model Studies Mechanism Signature properties

AMS Accumulator Meck and Church
(1983)

Mental impulses triggered by
quantity information are gated
into an accumulator. The
‘‘fullness’’ of the accumulator is
proportional to the objective
magnitude. Objective magnitudes
are linearly mapped to mental
magnitudes

Approximate; ratio-dependent
(Weber’s law); amodal;
represents both discrete and
continuous quantities; operates
over the whole number range (no
upper limit)

Neural
network

Dehaene and
Changeux (1993)

Enumerated items are coded
assize-independent
representations and summed. The
summation activates a given
numerosity detector which
outputs that given magnitude.
Objective magnitudes are
logarithmically mapped to mental
magnitudes

OTS FINST Pylyshyn and Storm
(1988) and Trick and
Pylyshyn (1994)

Each tracked visual item is
preattentively assigned an index
(FINST or Finger of INSTantiation),
which is continues to ‘‘point’’ to
the item when it moves or even
briefly hidden

Exact; absolute difference
between numerosities determines
discriminability; specific to visual
modality; capacity limited

Object file
system

Kahneman and
Treisman (1984) and
Kahneman,
Treisman, and Gibbs
(1992)

Episodic visual representations
indexed by object location and
may store feature information
about represented objects. Can be
put into one-to-one
correspondence with sets of real
objects

Parallel
individuation

Le Corre and Carey
(2007)

Short-term memory system that
can produce working memory
models of small sets and compare
them to sets stored in long-term
memory on the basis of one-to-
one correspondence

Exact; absolute difference
between numerosities determines
discriminability; may not be
specific to visual modality;
capacity limited
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The OTS consists of a set of indexes that ‘‘point’’ to individual objects, allowing objects to be tracked
through time and space (Kahneman et al., 1992; Pylyshyn, 1989). Importantly, although object fea-
tures (e.g., color, size, shape, kind) can be bound to an index, spatiotemporal information (i.e., an ob-
ject’s location) is prioritized over featural information (Mitroff & Alvarez, 2007; cf. Richard, Luck, &
Hollingworth, 2008). Thus, a moving object whose features change while briefly occluded will be seen
as the same individual when it reappears so long as the spatiotemporal information (i.e., trajectory
and speed) matches that of the object prior to occlusion (Flombaum, Scholl, & Santos, 2009; Kahneman
et al., 1992; Pylyshyn, 1989; Pylyshyn & Storm, 1988; Scholl, 2001).

The OTS differs from the AMS in several respects (see Table 1). As noted earlier, the signature prop-
erty of the OTS is its capacity limit. It can only track as many objects as it has indexes, which appears
to be about four for adults (Pylyshyn & Storm, 1988; Scholl, 2001; Trick & Pylyshyn, 1994), and about
three for infants (Feigenson & Carey, 2003, 2005; Feigenson, Carey, & Hauser, 2002; vanMarle, 2013).
This limit predicts a performance profile in which two sets should be equally discriminable within the
small number range regardless of ratio. This is in stark contrast to the predicted profile for the AMS,
where performance is strictly ratio-dependent, with accuracy decreasing as the ratio approaches 1:1.

Another important aspect of OTS representations is that they are precise. Unlike analog represen-
tations, the OTS assigns an index for each distinct individual in a set, producing a set of episodic rep-
resentations. However, because there are only tokens for individuals, strictly speaking, the OTS is not a
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number system (e.g., Gallistel, 2007; Hyde, 2011). For example, two cars may be encoded as [object,
object], but there is no cardinal representation indicating that the set is comprised of ‘two’ individuals.
Nonetheless, the OTS does implicitly represent the number of objects in a set. When two distinct ob-
jects are presented simultaneously, the OTS assigns two indexes, each pointing to the spatial location
of an object. If the two objects are hidden behind a screen, but only one remains when the screen is
removed, only one of the indexes can be put in one-to-one correspondence and a mismatch between
the represented set [object, object] and the visible set [object] is detected. In this way, the OTS can
identify a change in the number of objects via the correspondence operation (Wynn, 1992; Wynn &
Chiang, 1998).

In another case, if one object (e.g., a duck) is hidden behind a screen from one side and an object
with different features (e.g., a truck) emerges from the other side of the screen, after 12 months of age,
infants predict there should be two distinct objects involved in this event (Xu & Carey, 1996). The OTS
assigns an index for the object initially hidden, but the novel features of the revealed object prevent it
from being placed in one-to-one correspondence and a new index is assigned based on the mismatch.
In this case, because spatiotemporal information is ambiguous (the objects are never seen simulta-
neously) the number of objects expected behind the screen is based on featural, rather than spatio-
temporal information. Using experimental contexts similar to these, studies have shown that both
nonhuman animals (e.g., nonhuman primates and chicks (Gallus gallus) and human infants use both
spatiotemporal and featural information to individuate objects and thus predict how many objects
are hidden behind a screen (Carey & Xu, 2001; Cheries et al., 2009; Fontanari, Rugani, Regolin, & Val-
lortigara, 2011; Mendes, Rakoczy, & Call, 2008; Uller, Carey, Hauser, & Xu, 1997; Xu & Carey, 1996).

In addition to behavioral evidence, neurocognitive research has revealed that the neural substrates
active in object tracking tasks (e.g., the posterior parietal and occipital cortices) differ from those ac-
tive in typical number discrimination tasks that engage the AMS (Piazza, 2010). Recent fMRI studies
reveal that, compared to estimating large numbers, estimating small numbers produced weak activa-
tion at attention-related regions (e.g., the posterior parietal and frontal cortices; Piazza, Giacomini, Le
Bihan, & Dehaene, 2003) and greater activation at regions related to stimulus-driven attention (e.g.,
the right temporo-parietal junction; Ansari, Lyons, van Eimeren, & Xu, 2007), suggesting that process-
ing small numbers is to some extent pre-attentive and stimulus-driven. A recent EEG study also dem-
onstrated that an early negative wave (150 ms) in the parietal cortex was related to the change in the
absolute values of small numbers, whereas a later positive wave (250 ms) was modulated by the ratio
of large numbers (Hyde & Spelke, 2009), suggesting a different time course for the processing of small
and large numbers. This body of neuropsychological evidence therefore suggests separate neural sub-
strates for the two different mechanisms.

One or two systems for number?

The one-system view suggests that the AMS can and does represent both small and large numer-
osities, making the OTS unnecessary. In fact, some researchers who advance the one-system view have
suggested that the primary evidence for subitizing, the different slopes in RT in the numerosity esti-
mation task, is misleading. Specifically, although slight, there is an increase in RT as numerosity in-
creases within the small number range, suggesting that items are not processed strictly in parallel
(Balakrishnan & Ashby, 1992; Gallistel & Gelman, 2005). In addition, when human adults are required
to nonverbally estimate the numbers of dots in an array, and counting is prevented, their RT increases
with each item and variability among the estimates of each number is present even in the small num-
ber range (Cordes, Gallistel, Gelman, & Latham, 2007; Cordes et al., 2001; Whalen et al., 1999). This is
consistent with the AMS model since variability is expected throughout the number range. The reason
for the apparent discontinuity between the small and large numbers in adults may be due to the fact
that the variability, though present, is negligible in the small number range (Gallistel & Gelman, 2005;
Nieder & Miller, 2003). According to Whalen and West (2001) (as cited by Gallistel & Gelman, 2005),
variability for numbers 1–3 is so small that verbal estimates show almost 0% error, with error increas-
ing rapidly for numbers beyond 3.

Nonetheless, despite these objections, both behavioral and neurocognitive research suggests that,
at least in some cases, adults may represent and process small numerosities differently from large
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numerosities. For example, adults can report the numerosity of an array consisting of four dots via
analog magnitudes (Cordes et al., 2001), and they can also name it by recognizing its pattern, an exam-
ple of subtizing (e.g., in a square pattern as shown on the face of a die; Mandler & Shebo, 1982). In
addition, adults can subitize individual objects separated in space, either alone, or in a field of distract-
ers, but when items are difficult to individuate (e.g., concentric circles), the subitizing strategy fails,
leading adults to either estimate or carefully count the items, even for small sets (Trick & Pylyshyn,
1994).

Beyond the perceptual context, tasks vary in terms of the demands they place on working memory
and attention, which may also influence which system adults deploy to process small sets (see Hyde,
2011 for review). For example, in a task testing adults’ ability to detect changes in numerosity, con-
verging behavioral and neural evidence showed that subjects represented the items as individuals
when the set was presented within their focus of spatial attention or when attentional load was
low, consistent with the use of the OTS. In contrast, subjects’ performance was ratio-dependent when
the set was presented outside their focus of attention or when attentional load was high (dual tasks),
consistent with the use of the AMS (Hyde & Wood, 2011). Thus, for small sets, if each item is easily
individuated and processing resources are sufficient, the OTS may be involved, otherwise, the magni-
tude of the set will be represented in the AMS (Hyde, 2011). Together, such findings suggest that
adults may be able to flexibly recruit one or both systems across a variety of situations.

Our view, the developmental hypothesis, argues that although the AMS and OTS may coexist
throughout the lifespan, they interfere with each other only early on in development. The logic of this
proposal lies in the fact that variability in AMS representations is much greater early in development,
with precision increasing markedly from infancy to early childhood, and continuing to increase
throughout childhood into adulthood (Brannon, Suanda, & Libertus, 2007; Halberda & Feigenson,
2008; Lipton & Spelke, 2003; Xu & Spelke, 2000). Thus, in contrast to adults’ AMS representations,
which are remarkably precise in the small number range (Gallistel & Gelman, 2005), infants’ AMS rep-
resentations are remarkably imprecise.1 As a result, infants may not use AMS representations for small
sets until their precision increases enough to provide reliable estimates within the small number range.
Indeed, evidence reviewed below suggests that infants may not use the AMS for small sets when condi-
tions afford representation by the OTS. In the following section, we first describe evidence that infants
possess both systems, and then discuss in detail the variety of situations in which infants seem to use
the OTS instead of the AMS to represent small sets.

Infant quantity representations

Infant studies provide a unique opportunity to examine the origins and development of the two
core mechanisms and how they come to interact in adulthood. Although a great many infant studies
reveal the signature characteristics of the AMS (i.e., approximate and ratio-dependent quantity repre-
sentations), there are several recent findings that are not easily explained by the AMS, showing instead
the signature properties associated with the OTS. Indeed, the strongest evidence for the OTS having a
critical role in numerical processing is found in developmental data, and particularly in young infants
and in paradigms in which they must visually track small sets of moving objects through occlusion.

The AMS in infants
Using a variety of research methods, developmental psychologists have investigated how infants

represent discrete numerosities and continuous quantities. Similarity in the performance of infants,
adults, and nonhuman animals on tasks engaging the AMS strongly suggests both the phylogenetic
and ontogenetic continuity of the underlying processes and mechanisms. We begin by reviewing evi-
dence that infants use the AMS to discriminate, order, and perform simple arithmetic on numerosities,
focusing primarily on recent research that incorporated stringent controls for non-numerical proper-
ties of the stimuli (e.g., surface area, density, rate, etc.).
1 One AMS model assumes that the numerosity of a set of items is computed by dividing the total area of the items by inter-item
distance of items (Barth et al., 2003; Church & Broadbent, 1990). Mathematically, estimates of these variables are less reliable for
small sets than for large (Wood & Spelke, 2005; Xu, 2003).
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Building on earlier studies of numerical discrimination in infants (e.g., Antell & Keating, 1983; Star-
key & Cooper, 1980; Strauss & Curtis, 1981; Van Loosbroek & Smitsman, 1990), the first studies to pro-
vide solid evidence for the AMS in infants were conducted by Xu and her colleagues. Using a visual
habituation paradigm, Xu and Spelke (2000) and Xu, Spelke, and Goddard (2005) demonstrated that
6-month-old infants discriminated 8 from 16 dots and 16 from 32 dots, but not 8 from 12, or 16 from
24. Thus, they discriminated quantities that differed by a 1:2 ratio, but not a 2:3 ratio. Such ratio-
dependent performance shows that like nonhuman animals and human adults, human infants’ large
number discrimination abilities follow Weber’s law. Importantly, infants at this same age show the
same discrimination function – success with 1:2 ratios, and failure with 2:3 ratios – when numerical
information is presented in audition (i.e., sequences of sounds), in both the small (vanMarle & Wynn,
2009) and large number range (Lipton & Spelke, 2003). The fact that the discrimination function is
identical for both small and large numbers of auditory stimuli is telling. Because the OTS is a visual
mechanism, it is not likely to underlie the enumeration of auditory stimuli. The successful discrimina-
tion of small numbers of sounds therefore shows that the AMS can and does represent small values,
even in infancy.

According to the accumulator model (Meck & Church, 1983), numbers are not the only quantities
represented by magnitudes, continuous quantities such as durations also share the same representa-
tional format (Gallistel & Gelman, 2000, 2005; Gibbon, 1977). For example, classic experiments by
Meck and Church (1983) showed several strong similarities in rats’ ability to represent time and num-
ber, including that the discrimination functions for the two dimensions were nearly identical (i.e.,
superimposable). Inspired by this, a study by vanMarle and Wynn (2006) examined whether the same
is true for infants. They found that infants can indeed discriminate durations, and crucially, they
exhibited the same discrimination function as for number – success with 1:2, but not 2:3 ratios – pro-
viding more evidence for a common underlying representational mechanism.

An important discovery, now well established, is the finding that the precision of infants’ analog
representations (for both number and duration) improves substantially over the first year of life,
and continues to improve throughout childhood and into adulthood. For number, infants can discrim-
inate at a ratio of 1:3 at birth (Izard et al., 2009), 1:2 by 5–7 months of age (Brannon et al., 2007; Lib-
ertus & Brannon, 2010; McCrink & Wynn, 2007; vanMarle & Wynn, 2009; Wood & Spelke, 2005;
Wynn, Bloom, & Chiang, 2002; Xu & Spelke, 2000; Xu et al., 2005), 2:3 by 9 months (Brannon et al.,
2007; Libertus & Brannon, 2010; Lipton & Spelke, 2003, 2004; Xu & Arriaga, 2007; Xu & Spelke,
2000), and 3:4 by 3 to 4 years of age (Halberda & Feigenson, 2008) (see Cantrell & Smith, 2013 for re-
view). By adulthood, humans can reliably discriminate numbers with at least a 7:8 ratio (Barth et al.,
2003) and possibly up to a 9:10 or 10:11 ratio (Halberda & Feigenson, 2008). Although not tested for
all the same ages as numerical discrimination, the same pattern appears to hold for duration and for
enumerating non-object entities like actions, with infants succeeding at 1:2 ratios at 6 months and at
2:3 ratios by 9 months of age (Lipton & Spelke, 2003; vanMarle & Wynn, 2006; Wood & Spelke, 2005).
The relative imprecision of the AMS early in development, and especially over the first year of life,
raises the possibility that OTS representations may actually be preferable to AMS representations
when conditions allow. If so, then one would expect the OTS and AMS to be in competition more fre-
quently in younger compared to older individuals, which seems to be the case.

Infants not only use the AMS to discriminate quantities, but also recognize ordinal relations be-
tween quantities. Similar to research with rhesus monkeys (Brannon & Terrace, 1998, 2000), Brannon
(2002) showed that 11-month-old infants habituated to ascending or descending numerical sequences
(e.g., 2–4–8, or 9–6–3) dishabituated to sequences with the reversed order, even when novel numer-
osities were used in the test sequences (Brannon, 2002). Following this study, Suanda, Tompson, and
Brannon (2008) showed that 9-month-olds detected such ordinal changes when number was con-
founded with individual and summed surface area (e.g., the stimuli in a larger set also had larger indi-
vidual and summed surface area). And yet another study found that 7-month-olds successfully
detected reversed numerical order, even with the stimuli’s non-numerical quantity properties such
as surface area were controlled (Picozzi, de Hevia, Girelli, & Macchi-Cassia, 2010). Notably, this last
study differed from Brannon (2002) in two important ways: it involved only large numerosities
(e.g., 6–12–24, or 4–8–16) rather than including both small and large numbers (e.g., 2–4–8), and it
provided featural cues which helped distinguish sequences across trials (e.g., varied object shapes
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within ordinal sequences and changed colors across sequences). Together, these results suggest that
young infants’ understanding of ordinal relationships can be facilitated given supportive conditions.
Cantrell and Smith (2013) recently summarized studies on infants’ numerical representations and
suggested that they are more robust when number is confounded with other continuous quantities
such as contour length, surface area, density and so on (e.g., more items indicates longer accumulative
contour length). This makes sense because these dimensions are often confounded in the natural envi-
ronment. A set of 10 apples is not only twice as numerous as a set of 5 apples, but it also contains
roughly twice as much apple ‘stuff’ (i.e., volume), twice as much redness (i.e., surface area), etc. It
would be peculiar indeed if a core mechanism that evolved to help animals forage (Beran, 2007; Gal-
listel, 1990; Spelke & Kinzler, 2007) did not take advantage of this natural covariance.

In addition to simply detecting ordinal relationships, infants can also use this information to guide
their behavior in ordinal choice tasks. After seeing different numbers of food items dropped into two
opaque cups (e.g., 4 vs. 8 or 5 vs. 10), 10-to 12-month-olds spontaneously crawled towards the cup
with more food items (vanMarle, 2013; vanMarle & Wynn, 2011). Another study explored what dis-
crimination function obtained for infants’ ordinal judgments and found that at this same age, infants
reliably chose the larger of two hidden quantities when they differed by a 2:3 ratio (4 vs. 6), but not a
3:4 ratio (6 vs. 8) (vanMarle, Mou, & Seok, 2013), which maps onto the successful performance of 9-
month-olds at a 2:3 ratio for auditory and visual number discrimination (Lipton & Spelke, 2003; Xu &
Arriaga, 2007; Xu & Spelke, 2000) and duration discrimination (Brannon et al., 2007).

Similar to adults and nonhuman animals, infants can also compute the results of arithmetic oper-
ations (Kobayashi, Hiraki, Mugitani, & Hasegawa, 2004; McCrink & Wynn, 2004). For example, McCr-
ink and Wynn (2004) showed 9-month-old infants animated movies depicting simple addition and
subtraction events. In the addition events, infants first saw a set of five objects come on screen and
subsequently be hidden behind an occluder. Next, another group of five objects came on screen and
moved, one-by-one, behind the occluder (i.e., 5 + 5). Finally, the occluder was removed to reveal either
five objects (unexpected outcome) or ten objects (expected outcome). Infants in the subtraction con-
dition saw events in which 10 objects were initially hidden, and then 5 moved out from behind the
occluder and off screen (i.e., 10 � 5). Finally, the occluder was removed to reveal 5 (expected) or 10
(unexpected) objects. Infants in both conditions looked longer at the unexpected outcome, suggesting
that they detected the incorrect numerical result of addition and subtraction operations. Because the
number of items involved in the events was well beyond the capacity limit of the OTS, these data pro-
vide evidence that the AMS underlies arithmetical abilities in preverbal infants (McCrink & Wynn,
2004).

So far, we have reviewed evidence that infants discriminate quantities, detect ordinal relationships,
make ordinal judgments, and perform arithmetic operations. In all these cases, infants’ performance
varies as a function of the ratio between the comparison quantities, reflecting Weber’s Law, and thus
implicating the AMS. But ratio-dependent performance is not the only hallmark of the AMS. As men-
tioned above, another important characteristic is that the representations are abstract. One way in
which the representations are abstract is that they are not tied to any particular sensory modality.
Although early studies attempting to show that infants can detect numerical correspondence across
modalities produced mixed findings (Moore, Benenson, Reznick, Peterson, & Kagan, 1987; Starkey,
Spelke, & Gelman, 1983, 1990; see also Mix, Levine, & Huttenlocher, 1997), many recent studies using
more ecologically valid stimuli provide clear evidence that infants do detect such correspondences
(e.g., vision, audition, tactile; Feigenson, 2011; Feron, Gentaz, & Streri, 2006; Izard et al., 2009; Jordan
& Brannon, 2006; Kobayashi, Hiraki, & Hasegawa, 2005), and even combine information across modal-
ities. For example, a study by Kobayashi et al. (2004) presented 5-month-old infants with ‘‘addition’’
events in which the objects made a sound upon impacting the stage floor. After seeing one object,
which became occluded, and then hearing one sound, infants expected to see two objects when the
occluder was removed, and looked longer when only one was revealed. Thus, infants in the first half
of their first year of life were able to add one object and one sound and expect two objects to result.

Importantly, the precision of infants’ cross-modal numerical discrimination is ratio-dependent and
as precise as their unimodal discrimination. For example, newborn infants successfully detected
numerical correspondences when the visual and auditory stimuli differed by a 1:3 ratio (6 vs. 18),
but not a 1:2 ratio (4 vs. 8) (Izard et al., 2009). However, by 6-months, infants predicted the number
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of items they should see based on the number of tones they heard when the two comparison numbers
differ by a 1:3 and a 1:2 ratio (4 vs. 12 and 4 vs. 8), but not a 2:3 ratio (4 vs. 6) (Feigenson, 2011). This
discrimination function maps directly onto that found for unimodal performance described above,
where infants require a 1:3 ratio at birth, but can discriminate 1:2 ratios by 6 months of age.

This body of work provides strong evidence that human infants represent quantities as analog
magnitudes and these representations are approximate, ratio-dependent, and abstract, suggesting
that the AMS is used across ages and species to discriminate, order and perform arithmetical compu-
tations. Despite this, there are numerous findings that are not easily explained by the AMS.

The OTS in infants
The results from several recent studies suggest that infants may process small numbers differently

than large numbers in some contexts. Two lines of evidence support this view. First, studies using
manual search tasks clearly show the capacity limit of the OTS (Barner, Thalwitz, Wood, Yang, & Carey,
2007; Feigenson & Carey, 2003, 2005). In one such study, 14-month-old infants saw one or more ob-
jects hidden in an opaque box and then a subset of the objects were taken out (e.g., 3 objects were
hidden but only 2 retrieved), then infants were allowed to search the box. Compared to a baseline con-
dition in which all three objects had been retrieved, infants searched longer when one object remained
in the box, but only when there were no more than three objects hidden in the original set. When four
objects were hidden, and only three retrieved, infants did not search for the remaining object, suggest-
ing they had failed to represent sets larger than three (Feigenson & Carey, 2003). This capacity limit is
also seen in ordinal choice tasks. For example, Feigenson, Carey, and Hauser (2002) gave 10- to 12-
month-olds a choice between two hidden sets of crackers. Infants reliably chose the greater amount
when choosing between 1 vs. 2, and 2 vs. 3 crackers, but were at chance when either set had more
than 3 crackers. Thus, they chose randomly when the comparison was 2 vs. 4, 3 vs. 4, and even 1
vs. 4, even though the ratio was highly discriminable (Feigenson & Carey, 2005; Feigenson, Carey, &
Hauser, 2002).

Second, infants’ discrimination of small visual sets is not ratio-dependent like it is for large sets. As
mentioned above, infants in a habituation procedure successfully discriminated large numbers of dots
(e.g., 4 vs. 8, 8 vs. 16; Xu & Spelke, 2000), but in the same procedure, using the same stimuli and con-
trols, they failed to discriminate two small numbers (e.g., 1 vs. 2, Xu et al., 2005) even though the ratio
(1:2) was identical. Conversely, although 6-month-olds fail to discriminate large numbers differing by
a 2:3 ratio (e.g., 8 vs. 12; 16 vs. 24; Xu & Spelke, 2000; Xu et al., 2005), several studies show them suc-
cessfully discriminating 2 from 3 items (e.g., Feigenson, Carey, & Hauser, 2002; Strauss & Curtis, 1981;
Wynn, 1996). Moreover, this dissociation is seen not only in discriminating numerosities within single
sensory modalities (e.g., vision or audition), but also in matching numerosities across modalities:
While 6-month-olds failed to match large numbers at a 2:3 ratio (4 vs. 6; Feigenson, 2011), 5- to 7-
month-olds in most intermodal studies successfully match small numbers at a 2:3 ratio (2 vs. 3: Feron
et al., 2006; Kobayashi et al., 2005; Starkey et al., 1983, 1990), suggesting that infants are not using the
AMS to enumerate the stimuli in these studies. Another interpretation of these findings has been pro-
posed by Jordan and colleagues whose work suggests that the precision of infants’ and children’s AMS
representations is increased when they are provided redundant information across sensory modalities
(e.g., seeing 3 faces and hearing 3 voices, Jordan & Brannon, 2006; a ball making sounds with every
bounce, Jordan, Suanda, et al., 2008). Although this is a possibility, the fact that the information from
different modalities is not usually temporally synched in these studies casts doubt on this explanation.

Cross-boundary comparisons and the ‘‘boundary effect’’
The best evidence that infants use two different mechanisms is recent work showing they success-

fully discriminate exclusively small (<4) and exclusively large (>4) sets, but fail to discriminate sets
falling on different sides of the boundary (Table 3). In the ordinal choice procedure described above,
10- to 12- month-old infants reliably chose the larger of two hidden amounts when the sets were both
large, 5 vs. 10 (vanMarle & Wynn, 2011) and 4 vs. 8 (vanMarle, 2013), but failed in two cross-boundary
conditions, 2 vs. 4 and 2 vs. 8 (vanMarle, 2013). Together with similar cross-boundary failures in the
studies described above (2 vs. 4 and 3 vs. 6; Feigenson, Carey, & Hauser, 2002), these results suggest
that even at 1 year of age, infants may not be able to compare numbers across the boundary. These



Table 2
Examples of animal studies examining whether various species’ performance in numerical comparison tasks is more consistent
with the AMS or the OTS.

Studies Species Stimuli AMS or
OTS or
both?

Comments

Agrillo, Dadda, and
Bisazza (2007)

Mosquitofish (Gambusia
holbrooki)

Shoals of
mosquitofish

Both Succeeded with large and small
numbers, but Weber fraction differed for
small and large sets

Piffer, Agrillo, and Hyde
(2012)

Guppies (Poecilia
reticulata)

Shoals of
guppies

Both Needed larger ratios to overcome the
boundary effect

Bisazza et al. (2010) Guppies (Poecilia
reticulata)

Shoals of
guppies

OTS newborns succeeded in small number
range, but failed in large number
comparisons until at least 20 days of age

Uller, Jaeger, Guidry,
and Martin (2003)

Salamanders (Plethodon
cinereus)

Discrete
food items

OTS Failed to compare large numbers, and
Weber fraction differed for small and
large sets

Rugani et al. (2008) Chicks (Gallus gallus) Discrete
nonfood
objects

OTS Failed to compare large numbers, and
Weber fraction differed for small and
large sets

Rugani et al. (2013) Chicks (Gallus gallus) Discrete
nonfood
objects

AMS Succeeded in comparing numbers across
the boundary

vanMarle et al. (2006) Capuchin monkeys
(Cebus apella)

Discrete and
continuous
food items

AMS The discriminability was the same for
both discrete and continuous quantities

Beran (2008) Rhesus monkeys (Macaco
mulatto) & capuchin
monkeys (Cebus apella)

2-D dot
arrays on
computer

AMS Ratio-dependent performance
throughout the number range

Beran (2001, 2004) Chimpanzees (Pan
troglodytes)

Discrete
food items

AMS Ratio-dependent performance
throughout the number range

Tomonaga (2008) Chimpanzees (Pan
troglodytes)

2-D dot
arrays on
computer

AMS Ratio-dependent performance
throughout the number range

Ward and Smuts
(2007)

Dogs (Cants
lupusfamiliaris)

Discrete
food items

AMS Ratio-dependent performance
throughout the number range
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failures are especially striking because infants of this same age can discriminate exclusively large sets
differing by a 2:3 ratio (4 vs. 6) in this same paradigm (vanMarle, Mou, & Seok, 2013).

Similar failures have been reported in habituation paradigms where 5-month-olds successfully dis-
criminated large numbers of actions (i.e., a puppet jumping 4 vs. 8 times), but not small numbers (i.e.,
2 vs. 4 jumps), even though the ratio (1:2) was the same in both cases (Wood & Spelke, 2005). In addi-
tion, a recent study testing newborn infants’ intermodal matching with small numbers demonstrated
that newborns discriminated and matched the number of human faces they saw with the number of
voices they heard in a 1 vs. 2 comparison, but not in a 2 vs. 3 or even a 1 vs. 3 comparison, which is a
ratio that we know is discriminable at birth (Coubart, Izard, Spelke, Marie, & Streri, 2013). The authors
interpreted this pattern as evidence that the boundary between small and large numbers for new-
borns is 2 (compared to 3 for older infants), and suggested that newborn infants cannot make
cross-boundary comparisons across modalities. Such failures are not limited to studies using atypical
stimuli (actions, Wood & Spelke, 2005; intermodal stimuli, Coubart et al., 2013); even with commonly
used visual displays, Xu (2003) and Xu et al. (2005) reported that 6-month-old infants failed to dis-
criminate 1 from 2 and 2 from 4 dots.

This boundary effect presumably reflects the capacity limit of infants’ OTS, and failures to compare
small and large numbers strongly suggests that infants are not representing small and large numbers
within a single mechanism. As Anderson and Cordes (2013) have discussed, infants’ ordinal abilities
also provide indirect evidence to support the two-system view. As mentioned above, when both small
and large numbers were involved in ordinal sequences (e.g., 2–4–8), infants younger than 11 months



Table 3
Summary of infant studies testing cross-boundary (i.e., small vs. large) numerical operations. Rows in bold indicate studies in which infants successfully made cross-boundary comparisons.

Studies Age Task type Stimulus attributes Procedure Successfully
cross boundary?

Looking
time/action

Visual/
auditory

2D/3D Moving/
static

Continuous
quantities
controlled?

Identical
objects?

Simultaneous/
sequential

Feigenson and Carey (2003) 14m Action Vis 3D Moving No Yes Sim/Seq No
Feigenson and Carey (2005) 12m Action Vis 3D Moving No Yes Sim/Seq No
Feigenson, Carey, and Hauser (2002) 10/12m Action Vis 3D Moving No Yes Seq No
vanMarle (2013) 10/12m Action Vis 3D Moving No Yes Seq No
Wood and Spelke (2005) 6m LT Vis 3D Moving Yes Yes Seq No
Xu (2003) 6m LT Vis 2D Static Yes Yes Sim No
Xu et al. (2005) 6m LT Vis 2D Static Yes Yes Sim No
Coubart et al. (2013) Newborn LT Intermodal Vis/Aud 2D Static – Sim No
Brannon (2002) 9m LT Vis 2D Static Yes Yes Sim No

Suanda et al. (2008) 9m LT Vis 2D Static No Yes Sim Yes
Starr et al. (2013) 6m LT Vis 2D Static Yes Yes Sim Yes
Cordes and Brannon (2009) 7m LT Vis 2D Static Yes Yes Sim Yes
vanMarle and Wynn (2009) 7m LT Aud – – Yes No Seq Yes
Wynn et al. (2002) 5m LT Vis 2D Moving Yes Yes Sim Yes
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of age failed to detect the reversal of the sequences (Brannon, 2002; Suanda et al., 2008). However,
when only large numbers were involved (e.g., 6–12–24), even much younger infants succeeded
(e.g., 8-month-olds, de Hevia & Spelke, 2010; 7-month-olds, Picozzi et al., 2010).

Such findings provide support for the view that the OTS is routinely used to represent small num-
erosities in infancy (Feigenson & Carey, 2003, 2005; Feigenson, Carey, & Hauser, 2002; vanMarle,
2013; Xu, 2003; Xu et al., 2005). The implication is that the manner in which infants represent and
compare small numbers (as sets of individuals that can be put in one-to-one correspondence) and
the way in which they represent large numbers (as analog magnitudes with cardinal values) are so
different that infants fail to compare small and large numbers, even when the difference is very large
and known to be discriminable (e.g., Feigenson, Carey, & Hauser, 2002; vanMarle, 2013; Xu, 2003).

It is notable that the boundary effect appears most often in tasks in which infants must track sets of
3-dimensional objects as they move and undergo occlusion. These are precisely the conditions in
which the OTS should be engaged (Kahneman et al., 1992; Pylyshyn & Storm, 1988; Scholl, 2001), con-
ditions in which attention is required to keep track of individual objects over time, and in which in-
fants are expected to act on the objects (ordinal choice and manual search paradigms), which may
further accentuate the individuality of each item in the set. In addition, subjects in ordinal choice tasks
receive only a single trial, which may increase the likelihood of finding the set size signature of the OTS
because each infant can only get the trial ‘‘right’’ or ‘‘wrong’’. A multiple trial procedure would provide
a more sensitive measure of proportion correct, which might reveal reliable differences as a function
of comparison ratio, even in the small number range. Although it is challenging to obtain multiple tri-
als per infant in the ordinal choice task due to perseveration (vanMarle, unpublished data), this issue
has been discussed in the animal literature where researchers have noted that multiple trial tasks are
more likely to produce the ratio signature of the AMS, while single trial tasks are more likely to show
the set size signature of the OTS (vanMarle et al., 2006; also see Anderson & Cordes, 2013 for review).

Nonetheless, though sparse, there are instances in which infants succeed in making cross-boundary
comparisons. (See Table 3 for a list of studies testing cross-boundary comparisons organized by type of
stimuli, paradigm, etc., and whether infants succeeded or failed in the comparison.) And, as the reader
will notice, the majority of cross-boundary successes occur in studies using 2-dimensional stimuli pre-
sented as a single array, with looking time as the dependent measure, such that infants are not re-
quired to act on the stimuli. For example, Cordes and Brannon (2009) tested 7-month-olds in a
habituation study in order to explore the effects of ratio on cross-boundary comparisons. Using typical
2-dimensional dot displays controlled for non-numerical variables (e.g., surface area, density), they
showed that infants failed when the ratio was 1:2 (2 vs. 4 and 3 vs. 6), consistent with previous find-
ings with infants of roughly this same age (Xu, 2003; Xu et al., 2005). However, using the same stimuli
and procedure, infants successfully discriminated displays differing by a 1:4 ratio (1 vs. 4 and 2 vs. 8).
Cordes and Brannon suggested two possible explanations. One was that infants represented the small
arrays with the OTS and the large arrays with the AMS, but converted the OTS representations into
AMS representations, allowing successful comparison and discrimination. On this account, the conver-
sion process resulted in AMS representations with additional error, hence the need for a larger ratio.
Alternatively, infants may have used the AMS for both the small and large arrays, but given the relative
imprecision of AMS representations for small numbers, the OTS was preferred until the difference
reached a critical ratio. As the authors suggest, when this critical ratio is met (1:4 in this case), the
AMS representations are precise enough to successfully compete with the OTS, allowing successful
discrimination across the boundary. Ongoing studies in our laboratory are testing which of these
two possibilities may be accurate, but to date, both alternatives remain feasible.

Another, more recent study showing successful cross-boundary discrimination tested 6-month-old
infants in a change detection task. Starr, Libertus, and Brannon (2013) presented infants with two
simultaneous 2-dimensional displays, each displaying an array of dots that blinked on and off at a con-
stant rate. One of the image streams displayed a constant number of elements while the other changed
number with each onset (non-numerical properties were controlled). Under these conditions, infants
successfully discriminated exclusively small (1 vs. 2), exclusively large (4 vs. 8), and cross-boundary
sets (2 vs. 4). Interestingly, infants failed to discriminate exclusively small sets when they differed
by a 2:3 ratio (2 vs. 3), suggesting they were using the AMS even in the small number range. This
is inconsistent with the latter of the two possibilities raised to explain Cordes and Brannon’s (2009)
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findings (the critical-ratio proposal) since the infants were able to make a cross-boundary discrimina-
tion at a 1:2 ratio.

According to Starr et al., the discrepant results are likely attributable to methodological differences.
In particular, they suggest that the change detection task places relatively substantial demands on
working memory, which may prevent the recruitment of the OTS. And in addition, the relative com-
plexity of the stimuli (changing displays rather than static displays, as in Xu, 2003) may have made it
difficult to individuate the items within a set, leading to the engagement of the AMS (see also Hyde &
Spelke, 2011). As noted by Starr et al., this explanation may account for previous findings in which 5-
month-old infants successfully discriminated 2 from 4 moving groups of dots (Wynn et al., 2002).
Although one might expect object motion to engage the OTS, in Wynn, Bloom, & Chiang’s (2002) study,
the stimuli were such that either the number of items within each group (two groups of four items) or
the number of groups (four groups of two items) exceeded the capacity limit of the OTS, which may
also have led infants to use the AMS, resulting in successful cross-boundary discrimination.

Finally, one other study showing successful cross-boundary discrimination is vanMarle and Wynn
(2009), in which 7-month-old infants reliably discriminated 2 from 4 tones in an auditory habituation
task. This is easily explained, however; while the AMS is characteristically amodal, the OTS is a mech-
anism of visual attention and should not be recruited to represent auditory individuals. Still, it is not
the case that auditory information cannot be bound to OTS representations. In a study by Kobayashi
et al. (2005), infants were initially familiarized to animated displays in which objects dropped one at a
time onto a surface, making a sound with each impact. At test, the entire motion sequence was oc-
cluded, but infants still heard the impact sounds (either 2 or 3 sounds). Finally, the occluder was re-
moved to reveal either two or three objects. Six-month-old infants in this study discriminated
consistent and inconsistent outcomes, looking longer when hearing two impacts but three objects
were revealed, or when hearing three impacts but only two objects were revealed. The fact that infants
of this age are limited to discriminating items at a 1:2 ratio with the AMS suggests they were instead
using the OTS. If so, infants apparently were able to create object indexes on the basis of the auditory
information, leading to the expectation of a particular number of objects behind the screen.

Jordan, Clark, and Mitroff (2010) described a similar finding in adults using the ‘‘object reviewing’’
paradigm (Kahneman & Treisman, 1984; Kahneman et al., 1992). In their study, subjects were faster to
respond when they heard auditory stimuli that conceptually matched and shared a spatial location
with the original object, suggesting that object indexes initially assigned on the basis of visual infor-
mation can later be accessed via corresponding auditory information (Jordan et al., 2010). Although
findings such as these may seem inconsistent with the view of the OTS as a strictly visual mechanism,
some have argued that object tracking representations (‘object files’) may be just one component of a
more general category of ‘event files’, which bind information across domains (visual, motor, auditory,
etc.), linking information about perceptual events and relevant actions (Hommel, 1998, 2004; see also
Kubovy & Van Valkenburg, 2001 and Shinn-Cunningham, 2008). Indeed, a study exploring congeni-
tally blind individuals’ ability to subitize tactile stimuli showed faster and more accurate performance
naming the number of fingers touched when 1–3 fingers had been touched than when 4–9 fingers
were touched, suggesting vision is not necessary for the development of subitization (Ferrand, Riggs,
& Castronovo, 2010).

The two-system view gains further support from a recent ERP study by Hyde and Spelke (2011)
showing that distinct brain regions were involved when 6- to 7.5-month-olds detected a numerical
change in small sets and large sets. The peak value of firing in the parietal region was modulated
by the ratio between two large, but not small numbers, while the peak value in the occipital-temporal
region was related to the absolute difference between two small, but not large numbers (but see Izard,
Dehaene-Lambertz, & Dehaene, 2008). This result is consistent with findings in adults (Hyde & Spelke,
2009), and again, supports the existence of two distinct representational systems.

Moving beyond the either/or debate

In the introduction, we outlined various manifestations of the two-system hypothesis. One possi-
bility, that the OTS and AMS are limited to representing small and large numbers, respectively, clearly
cannot be true. Although the OTS, by definition, is indeed limited to representing small sets, there is
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ample evidence that the AMS represents numbers throughout the number range in human adults
(Cantlon & Brannon, 2006; Cordes et al., 2001; Whalen et al., 1999) and infants (Cordes & Brannon,
2009; Starr et al., 2013; vanMarle & Wynn, 2009; Wynn et al., 2002), as well as nonhuman animals
(e.g., Beran, 2001, 2004, 2008; Beran et al., 2011; Cantlon & Brannon, 2006; Jones & Brannon, 2012;
Tomonaga, 2008; vanMarle et al., 2006).

A second possibility is that the OTS and the AMS both represent small sets and compete throughout
the lifespan and across species. In support of this view, there are numerous studies showing the AMS is
ubiquitous throughout the animal kingdom, and throughout development in humans (for reviews, see
Beran, 2008; Brannon, 2006; and Gallistel, 1990). However, although there are many studies suggest-
ing that the OTS plays some role in adults’ small number representations (e.g., Dehaene & Cohen,
1994; Ferrand et al., 2010; Kaufman et al., 1949; Mandler & Shebo, 1982; Revkin et al., 2008; Riggs
et al., 2006; Trick & Pylyshyn, 1993, 1994; see Trick, 2008 for review), these studies use a limited
set of paradigms and dependent measures, and critically, none to our knowledge have shown the
boundary effect as seen in infants, suggesting that in adults, the systems coexist in ways that are flex-
ible, rather than antagonistic.

As noted earlier, Kaufman et al.’s (1949) findings suggesting that small numbers are processed dif-
ferently than large numbers have been called into question (Balakrishnan & Ashby, 1992; Gallistel &
Gelman, 2005). And more recent studies by Whalen et al. (1999) and Cordes et al. (2001) show con-
tinuity throughout the number range. The best evidence that the OTS plays a role in enumerating
small sets in adults come from work by Trick and colleagues (Trick, 2008; Trick et al., 1996; Trick &
Pylyshyn, 1994; Trick et al., 2003). Trick and Pylyshyn (1994), for example, showed that adults’ ability
to subitize items was compromised when the items were difficult to individuate (i.e., static displays
with concentric circles). The authors interpreted this as evidence that spatial attention is necessary
for subitization and that the ability relies on a preattentive indexing mechanism (FINSTs) similar to
the OTS. Another study showed that RT slopes were different for subitizing (1–4) and counting ranges
(6–9), for both static and moving stimuli, and with heterogeneity of the items speeding enumeration
in the counting range, but not the subitizing range (Trick, 2008). It is important to note, however, that
not only was the range of values extremely limited in these studies (usually 1–9), but also that sub-
jects were told to emphasize accuracy. Because subjects had an unlimited amount of time to respond,
they likely counted (subvocally or otherwise) for the larger numbers, rather than estimating them.
Thus, these studies did not actually compare subitizing and estimation (which relies on the AMS),
and so did not actually compare small and large number estimation.

Many other adult studies suffer from these and similar limitations. For example, subjects are often
presented with only a limited range of numbers (usually fewer than 20, cf. Revkin et al., 2008), and in
most cases are asked to verbally name the sets. Asking subjects to name Arabic numerals sets such
studies well apart from infant studies, all of which use nonsymbolic stimuli and response measures.
Notably, the adult studies that have used nonverbal responses (e.g., Cordes et al., 2001; Whalen
et al., 1999), and are thus more comparable to studies with infants, showed no discontinuity between
small and large numbers.

In line with the scant data showing a role for the OTS in adults’ enumeration, there is very little
evidence showing that nonhuman animals use the OTS to enumerate small sets. As with infants,
the most compelling evidence comes from studies showing a failure to compare small and large sets.
Such a finding was reported by Hauser, Carey, and Hauser (2000). In an ordinal choice procedure, rhe-
sus monkeys were given a choice between two hidden quantities of food items (just like infants in Fei-
genson, Carey, & Hauser, 2002 and vanMarle, 2013). They reliably chose the larger amount when
comparing 1 vs. 0, 1 vs. 2, 2 vs. 3, 3 vs. 4, but not 4 vs. 5 or 5 vs. 6, or even 4 vs. 6, 4 vs. 8, or 3 vs.
8, despite the favorable ratios. The authors claimed that the pattern reflected the set size signature
of the OTS (a limit of 4 items), arguing that monkeys failed whenever the number of items in either
set exceeded four. And true enough, the monkeys showed striking failures at favorable ratios (4 vs.
6, 4 vs. 8, and 3 vs. 8), despite success with small numbers (2 vs. 3). Clearly, this pattern is more con-
sistent with the OTS than the AMS. However, the monkeys did show successful performance in a 3 vs.
5 comparison, a cross-boundary condition, and at least one recent attempt to replicate the findings in a
prosimian primate species have shown clear evidence of the AMS using the same single trial, ordinal
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choice procedure. In Jones and Brannon (2012), lemurs succeeded at a 1:3 ratio, but not a 1:2 ratio,
with exclusively small sets, exclusively large sets, and cross-boundary sets.

Beyond the findings with nonhuman primates, other nonhuman species (honeybees: Gross et al.,
2009; horses: Uller & Lewis, 2009; salamanders: Uller, Jaeger, Guidry, & Martin, 2003) have shown
performance consistent with the OTS. However, Uller and colleagues (Uller & Lewis, 2009; Uller
et al., 2003) used the same single trial ordinal choice task as Hauser et al. (2000). Because this task
involves a single trial, and requires subjects to track moving objects through occlusion, it presents ani-
mals with what are arguably ideal conditions for engaging the OTS, leaving it an open question
whether these animals might use the AMS to represent small sets in other contexts.

In contrast to the limited support for the OTS, there is substantial evidence that a variety of non-
human species routinely use the AMS to represent small sets as well as large sets. Studies with rhesus
macaques (Macaca mulatta), capuchin monkeys (Cebus apella), and chimpanzees (Pan troglodytes) re-
veal the ratio signature for both small and large number comparisons (Beran, 2001, 2004, 2008; Beran
et al., 2011; Tomonaga, 2008; vanMarle et al., 2006), and studies with fish (Poecilia reticulata) (Piffer,
Agrillo, & Hyde, 2012) and chicks (Rugani, Cavazzana, Vallortigara, & Regolin, 2013) show success with
cross-boundary comparisons. Beyond making simple numerical comparisons, rhesus monkeys’ and pi-
geons’ ability to order numerosities also suggests the use of a single representational system. After
learning to order small numbers, training spontaneously transfers to novel large numbers, and their
performance in both ranges varies as a function of ratio (Cantlon & Brannon, 2006; Scarf, Hayne, &
Colombo, 2011). Across several studies, animals’ performance in learning a particular ordinal position
in a series does not differ for ordinal positions in the small and large number range (e.g., the third vs.
the sixth location) (rats, Davis & Bradford, 1986; Suzuki & Kobayashi, 2000; Clarks nutcrackers,
Rugani, Kelly, Szelest, Regolin, & Vallortigara, 2010; chicks, Rugani, Regolin, & Vallortigara, 2007,
2011; bees, Dacke & Srinivasan, 2008). And chicks are able to perform arithmetic involving both
small and large sets (Rugani, Fontanari, Simoni, Regolin, & Vallortigara, 2009) (see Table 2 for a
non-exhaustive list of animal studies providing evidence for one or both of the mechanisms). Thus,
overall, the evidence that the OTS and AMS compete throughout the lifespan and across species in
such a way as to make small and large numbers incomparable, as seen in infants, is quite weak.

Instead, we take the position that although the OTS and AMS are both functional across species and
across the lifespan, the two systems interfere with each other predominantly in early development.
The boundary effect is a reflection of this competition. More than just being inconsistent with the
use of the AMS, the boundary effect represents a pattern of performance that is fundamentally mal-
adaptive. Failure to choose the greater of two quantities of food in real life situations would clearly
confer a disadvantage on infants. And according to the empirical data, this maladaptive behavior is
surprisingly long-lived, lasting up to at least a year of age (and perhaps as much as 2 years, vanMarle,
Seok, & Mou, 2013). Such failures to discriminate small and large sets, even when the difference be-
tween sets is very favorable (e.g., 2v8), to our knowledge, has not been documented in adults.

The fact AMS representations are remarkably imprecise early in life (Halberda & Feigenson, 2008)
suggests a possible explanation for this mysterious pattern of performance. Because the OTS provides
precise representations for small sets (up to 2 for newborns, 3 for infants aged 10- to 12-months, and 4
for adults), it may be preferable to use the OTS until the AMS is able to represent small sets with rea-
sonable precision. In support of this notion is the fact that not only do we see evidence of the OTS un-
der conditions that would be considered ideal (i.e., when infants must track 3-D visual objects that
undergo occlusion, Feigenson & Carey, 2003, 2005; Feigenson, Carey, & Hauser, 2002; vanMarle,
2013), but it also appears under conditions which seemingly should engage the AMS (e.g., looking time
tasks, tasks with static arrays of 2-dimensional elements; Cordes & Brannon, 2009; Kobayashi et al.,
2005; Starkey & Cooper, 1980; Starkey et al., 1983, 1990; Strauss & Curtis, 1981; Wood & Spelke,
2005; Wynn, 1996; Xu, 2003). This suggests that the gain in precision within the small number range
is more important (from an evolutionary standpoint) than being able to compare small and large sets
in the first year or two of life. This could perhaps reflect a greater likelihood of being faced with small
rather than large sets, though whether this is true of infants’ actual experience in natural environ-
ments (particularly those inhabited by our distant ancestors) is an empirical question.

The developmental hypothesis also gains support from the animal literature. Despite the dearth of
evidence for the OTS in the many studies exploring nonhuman animals’ enumeration abilities, few
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of these studies have tested newborn or even juvenile animals. At least two that have do indeed show
competition between the OTS and AMS, as found in work with human infants. For example, Bisazza,
Piffer, Serena, and Agrillo (2010) took advantage of guppies’ tendency to want to be near the larger of
two shoals of fish. By manipulating the number of fish in two available shoals, Bisazza et al. found that
newborn guppies were limited to discriminating between small numbers, reliably choosing to be near
the larger shoal when comparing 1 vs. 2, 2 vs. 3, and 3 vs. 4, but failing (spending equal time with both
shoals) when comparing 4 vs. 5 and 5 vs. 6, as well as two large number comparisons with larger ratios
(4 vs. 8 and 4 vs. 12). Further experiments showed that the ability to discriminate large numbers did
not emerge until the fish were juveniles, and the exact age at which it emerged was a function of expe-
rience seeing groups of fish. Specifically, the guppies became able to make a large number comparison
(4 vs. 8) at 20 days of age if raised in groups, but not until 40 days of age if raised in pairs. Another
study tested chicks’ ability to discriminate numerosities and found that they could successfully differ-
entiate 1 vs. 2 and 2 vs. 3, but not 3 vs. 4, 4 vs. 5, or 4 vs. 6 (Rugani, Regolin, & Vallortigara, 2008).
Taken together, these data are consistent with the idea that the young of at least two nonhuman ani-
mal species may show the boundary effect as seen in human infants.

Of course, our view does not imply that young infants will always use the OTS for small sets and the
AMS for large sets. Clearly, the data suggest that the engagement of either mechanism depends on sev-
eral factors, including the nature of the stimuli and the task demands (e.g., action or looking time).
Other factors that seem to impact the AMS and OTS differently are the heterogeneity of the stimuli
and whether the stimuli are controlled for non-numerical properties. In general, controlling for con-
tinuous extent (e.g., equating test displays for surface area, contour length, density, etc.) appears to
undermines processing by the OTS, but leaves the AMS unaffected (Xu & Spelke, 2000; cf. Cantrell
& Smith, 2013). For example, in looking time studies, infants sometimes fail to discriminate 1 vs. 2
items when continuous extent is controlled (Feigenson, Carey, & Spelke, 2002; Xu et al., 2005). And,
when continuous extent is pitted against number in small sets, infants may respond to changes in con-
tinuous extent, and not number (Clearfield & Mix, 1999, 2001; Feigenson, Carey, & Spelke, 2002; Mix,
Huttenlocher, & Levine, 2002; but see Cordes & Brannon, 2008, 2009).

To complicate matters further, Feigenson and colleagues showed that the homogeneity or
heterogeneity of the items in a set interacts with effects of controlling for continuous extent.
Specifically, 7-month-old infants’ failed to discriminate 1 from 2 identical objects when continuous
extent was controlled, but succeeded in the same discrimination when the objects had different
features (Feigenson & Carey, 2005; Feigenson, Carey, & Spelke, 2002). Feigenson and colleagues argued
that when faced with small sets of identical objects, the OTS computes continuous extent and
not number, but computes number and not extent when faced with objects whose features vary
(Feigenson, 2005). The reason behind this tendency is that for heterogeneous sets, the contrasting ob-
ject features may facilitate the creation and/or maintenance of representations for each distinct object
in the set. For homogeneous sets, even though distinct object indexes are initially assigned to each ob-
ject, infants may simply extract the common featural properties, and discard the individual tokens,
leading to a failure to discriminate small homogeneous sets (Feigenson, 2005).

One context in which extracting common features and discarding the number of individuals may
be advantageous is when selecting between two quantities of food, such as in the ordinal choice task.
Both infants (Feigenson & Carey, 2005; Feigenson, Carey, & Hauser, 2002) and chimpanzees (Beran,
Evans, & Harris, 2008) will select the container with the most food, even if it has the smaller number
of items (e.g., 1 huge cracker vs. 2 tiny crackers). This strategy makes sense when the stimuli are food
items, as it is clearly more adaptive to maximize the total amount of food one obtains, not the number
of food items (Beran et al., 2008; Feigenson et al., 2004). Interestingly, in a search task with non-food
items, infants ignored continuous extent, and responded instead on the basis of number (Feigenson &
Carey, 2003). Thus, even in infants the OTS is able to guide responses based on what information (con-
tinuous extent or number) is most relevant to the task.

One final puzzle that is germane to both the AMS and OTS is whether and how they represent
empty sets (i.e., ‘0’). Historically, the concept of ‘zero’ did not appear until quite late in the develop-
ment of mathematics, and was only reluctantly accepted as a number on par with the positive integers
(Brainerd, 1979; Dantzig, 1930; Seife, 2000). One of the first cultures to use zero was the Babylonians
(�1500 BCE), but it was only used as a placeholder marking the absence of a value in symbolic
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notation (e.g., 2013 has no value in the ‘‘hundreds’’ column). It was not until later that the Greeks be-
gan using zero, putting it to the same use, and several more centuries before mathematicians in India
elevated it to a true number to be used in mathematical operations (Bialystok & Codd, 2000; Menn-
inger, 1992; Merritt & Brannon, 2013). Ontongentically, the concept of zero follows a similarly pro-
tracted development relative to the positive integers. According to Wellman and Miller (1986),
when young children first learn to recognize the symbol for zero, ‘0’, they do not understand what
it means. After some time, they come to understand that it means ‘‘none’’ or ‘‘nothing’’, but without
understanding that it is a number with a value that can be ordered on a number line. Finally, by about
age 6 they come to understand it as a number like the other integers, and can correctly report that it is
smaller than ‘1’.

Why is zero so difficult? One reason may be that neither the OTS nor the AMS can represent empty
sets (Gallistel & Gelman, 1992; Wynn, 1995a, 1995b; Wynn & Chiang, 1998). From a purely logical
standpoint, it does not make sense to routinely represent empty sets. For example, when you walk into
your house, you may (implicitly or explicitly) notice that there are four people in the living room, or
about 100 toys scattered about your son’s bedroom. However, you would not likely notice that there
were zero bears in the kitchen, or zero Ferris wheels in your backyard. Indeed, it is impossible to rep-
resent all the empty sets you encounter because there are infinitely many of them.

The proposal that neither the OTS nor the AMS represents empty sets stems from evidence that in-
fants have difficulty computing the outcome of simple addition/subtraction operations when the cor-
rect result is zero. Following the classic study by Wynn (1992), Wynn and Chiang (1998) used the
same addition and subtraction paradigm to test 8-month-olds’ responses to 1 � 1 = 1 (magic appear-
ance) and 0 + 1 = 1 (expected appearance) events, and found that infants looked equally at the two
outcomes. This finding is peculiar given that even younger infants (5 months) succeeded with subtrac-
tions such as 2 � 1 = 2 or 1 (Koechlin, Dehaene, & Mehler, 1997; Wynn, 1992). To explain infants’ fail-
ure, Wynn and Chiang (1998) suggested that neither mechanism is capable of producing a
representation for zero. For the AMS, an empty accumulator simply indicates that nothing has been
counted yet. If nothing has been counted, then no representation is output and the mismatch between
the resulting number and the expected number cannot be detected. The same basic reasoning was ap-
plied to the OTS. Infants faced with a 1 � 1 = 1 situation initially assign an index for the original object,
but then unassign it following the subtraction, leaving no active indexes. Thus, when the result (1 ob-
ject) is revealed, there is no representation to be put into one-to-one correspondence with the visible
set, and thus no mismatch is detected. Interestingly, older infants succeed in a 0 vs. 4 comparison in
the ordinal choice task (Feigenson & Carey, 2005), which is inconsistent with this view. However, in-
fants may simply ignore the empty bucket, leaving open the question of whether they are actually rep-
resenting zero in that case.

Despite the difficulties infants have in representing zero, children and adults show evidence of rep-
resenting zero along the same continuum as the positive integers. From 4 years of age, children are
able to order zero correctly in relation to the positive integers in a nonsymbolic task and their perfor-
mance shows the distance effect, suggesting that they have started to integrate zero in the numerical
continuum (Merritt & Brannon, 2013). In addition, animal studies show that rhesus monkeys can
match empty sets in a match-to-sample task, and also touch two dot arrays (set sizes 1–12) in ascend-
ing or descending order even when a (previously untrained) zero set is introduced (Merritt, Rugani, &
Brannon, 2009), suggesting that they can recognize the cardinal and ordinal properties of zero. How-
ever, even extensively trained animals still have difficulties in flexibly applying the symbolic number
zero, suggesting that they treat zero differently from other numbers (Biro & Matsuzawa, 2001; Pepper-
berg, 2006). Clearly further work is needed before we understand this important aspect of numerical
knowledge.
Conclusions

The two core systems, analog magnitudes and object tracking, have different signature character-
istics. The evidence reviewed here suggests that the systems coexist across ages and in many nonhu-
man animal species. However, although they are both present, they seem to compete for representing
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small sets primarily early in development, as evidenced by the boundary effect seen in infants, but not
adults.

We are just beginning to explore how and when each system is engaged, but there is a great deal
that we still do not understand with respect to how the systems may (or may not) interact. In this re-
view, we emphasized the coexistence of the two systems in human infants and that their deployment
seems to depend largely on experimental context. However, it is still unclear whether the two systems
are typically activated simultaneously, with one trumping the other in a given context, or whether just
one becomes engaged at a time. In addition, the boundary effect may reflect a developmentally signif-
icant limitation in which the representations are initially incommensurable (vanMarle, Seok, & Mou,
2013), causing infants to either see the forest or the trees, but not both (Spelke, 2011). To date, we
know little about when and how infants finally overcome this limitation and begin to successfully
compare sets across the boundary. Some researchers believe that language plays a critical role in inte-
grating the two systems, though how exactly this might unfold is unknown (Spelke, 2011).

An ongoing study in our lab is testing older infants’ ability to compare small and large numbers to
determine at what age infants begin to compare small and large sets. The results suggest that the abil-
ity does not develop until after 18 months of age, and possibly as late as 24 month of age (vanMarle,
2013). Once this is determined, it will become important to explore how infants breach this important
limitation. There are at least two possibilities that should be examined. One is that the two systems
may become able to ‘‘talk’’ to each other. That is, infants may become able to compare OTS represen-
tations to AMS representations. This seems unlikely given that OTS representations do not specify the
cardinality of a set, and AMS representations, by definition, are continuous and lack information about
the enumerated individuals, making one-to-one correspondence impossible. A more plausible alterna-
tive is that both systems may be activated in the task, in both younger and older infants (and beyond
infancy), but that OTS representations ‘‘trump’’ the AMS representations early in development. Thus,
with maturation, the AMS representations may become ‘‘stronger’’, due to increasing fidelity of the
representations, allowing both small and large quantities to be represented and compared within a
single system.

Understanding the roles that the two systems play in infants’ numerical reasoning may also help us
determine which system provides the underlying representations onto which children map their ver-
bal number labels when they learn to count. Current research suggests that both mechanisms may
play a role, though the issue remains hotly debated (Benoit, Lehalle, & Jouen, 2004; Carey, 2004; Gal-
listel & Gelman, 1992; Gelman & Cordes, 2001; Gilmore, McCarthy, & Spelke, 2007; Le Corre & Carey,
2007). As it stands, neither system alone can provide a compelling account of the phenomena. Instead,
given that the two systems coexist in infants and young children, it is entirely possible that they both
contribute to the mapping of verbal number words onto their underlying mental representations. The
role of language in the development of the number concept is therefore an important area for future
research (Spelke & Tsivkin, 2001).

Besides behavioral studies on infants’ numerical representations, very few studies to date have ex-
plored the neural mechanisms underlying the two systems in human infants (but see Hyde & Spelke,
2011; Izard et al., 2008). Due to practical and technical limitations, we know very little about matu-
ration of the underlying neural systems and how increasing experience may improve infants’ numer-
ical abilities. Advances in technology will no doubt open up many avenues for exploring how the
neural circuitry underlying quantity representation changes with age and how these changes relate
to the developmental changes seen in behavioral tasks. Imaging studies can also shed light on whether
the brain areas involved in quantity representation are the same across development and across spe-
cies, as suggested by the behavioral evidence. Such knowledge will greatly improve our understanding
of the origins and the development of these two systems.

Having more than one representational system functioning in a cognitive domain is not unique to
the core domain of numerical cognition. Recently, Spelke (2011) proposed that nonhuman animals
and human children may reason within the core domain of spatial cognition by using two distinct sys-
tems, one responding to distance and direction information in 3D contexts, and the other responding
to distance and angle in 2D contexts. More generally, the well-known overlapping waves model of
cognitive development emphasizes the coexistence and competition of multiple representations or
strategies that children can use to process information and solve problems (Siegler, 1996). Studying
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infants provides unique opportunities to observe the initial states and interactions of the two systems
and how they change over time. Future research will continue to shed light on these issues, providing
a better understanding of the foundations of numerical cognition.
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