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Abstract

Evidence suggests that humans and non-human animals have access to two
distinct numerical representation systems: a precise “object-file” system used to visually
track small quantities (<4) and an approximate, ratio-dependent analog magnitude system
used to represent all natural numbers. Although many studies to date indicate that infants
can discriminate exclusively small sets (e.g., 1 vs. 2, 2 vs. 3) or exclusively large sets (4
vs. 8, 8 vs. 16), a robust phenomenon exists whereby they fail to compare sets crossing
this small-large boundary (2 vs. 4, 3 vs. 6) despite a seemingly favorable ratio of
difference between the two set sizes. Despite these robust failures in infancy (up to 14
months), studies suggest that 3-year old children no longer encounter difficulties
comparing small from large sets, yet little work has explored the development of this
phenomenon between 14 months and 3 years of age. The present study investigates (1)
when in development infants naturally overcome this inability to compare small vs. large
sets, as well as (2) what factors may facilitate this ability: namely, perceptual variability
and/or numerical language. Results from three cross-sectional studies indicate that infants
begin to discriminate between small and large sets as early as 17 months of age.
Furthermore, infants seemed to benefit from perceptual variability of the items in the set

when making these discriminations. Moreover, although preliminary evidence suggests



that a child’s ability to verbally count may correlate with success on these discriminations,
simply exposure to numerical language (in the form of adult modeling of labeling the
cardinality and counting the set) does not affect performance.
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Numerical Discrimination; Perceptual Variability



Table of Contents

Introduction . . ....... ... . 1

Experiment 1 ....... ... ... .. .. . 16
Experiment2 ...... ... ... . 29
Cross-Experiment Analysis .. ....................... 33
Experiment3 ...... ... ... .. .. .. 35
Cross-Experiment Analysis .. ....................... 40
General Discussion . . ..., 43
References......... ... 53
Tables .. ... 66

Figures . .. ..o 69



ii

Acknowledgements

I would like to thank my dissertation committee members: my advisor, Sara
Cordes, my secondary advisor, Ellen Winner, as well as Hiram Brownell and Elida Laski
for their help and continued support on this doctoral dissertation, as well as their
invaluable feedback on this dissertation. I would also like to thank my friends and family,
who have provided unconditional support during my time at Boston College and during
this dissertation process. Specifically, I would like to thank the members of the Infant and
Child Cognition Lab, especially Lizzy Bayoff, Danielle Brazel, Lauren Glenn, Alison
Goldstein, Emily Kleinlein, Emily Kubota, Emma Lazaroff, Nick Leal, Rosemary
O’Connor, Aarati Raghuvanshi, and Beth Sandham. Additionally, I would like to extend
my gratitude to the Boston Children’s Museum and the Living Laboratory at the Museum
of Science, Boston, as well as to all of the families who participated in these studies. This

work was supported by an NSF CAREER award (#1056726) to Sara Cordes.



The Small-Large Divide:

The Development of Infant Abilities to Discriminate Small from Large Sets

Converging evidence suggests that humans, throughout the lifespan, and non-
human animals have access to two distinct systems for representing number: an exact
object-file system (OF) that can precisely track small sets of items (<4) and an
approximate number system (ANS) primarily responsible for representing large sets (>3;
for reviews, see Cordes & Brannon, 2008; Feigenson, Dehaene, & Spelke, 2004). This
dissertation first reviews evidence indicating that these two distinct systems operate from
early in development, prior to and independent of linguistic abilities, and examines
evidence demonstrating the incompatibility of these two systems in the context of
comparing small and large sets in infancy. Finally, the present studies address the open
question of (1) when, over the course of development, do we overcome these
discrimination difficulties posed by representation incompatibilities, and (2) what
circumstances facilitate the ability to overcome this observed failure to compare certain
sets?
Background

Recent research suggests that our primitive abilities for tracking numerical
information may serve as a preverbal foundation for formal mathematics across
development. For example, data suggest that individual differences in the sensitivity of
our preverbal numerical representation abilities may contribute to children’s initial
learning of formal mathematical symbols and their meaning, and may even contribute to
variation in mathematical outcomes in adults (e.g., Bonny & Lourenco, 2013; Geary,

2011; Geary, Hoard, Nugent, & Bailey, 2013; Halberda & Feigenson, 2008; Libertus,



Odic, & Halberda, 2012). Although the relative importance of preverbal and verbal
numerical processing is debated (e.g., De Smedt, Noel, Gilmore, & Ansari, 2013),
importantly, this relationship appears to be causal, at least in some domains of formal
mathematics, such that arithmetic processing has been shown to improve following
training in approximate numerical tasks (Hyde, Khanum, & Spelke, 2014; Park &
Brannon, 2013). In fact, the relationship between the ANS and symbolic mathematics is
evident even prior to formal mathematics experience or education, with preverbal
numerical abilities in infancy and early childhood predicting formal math achievement
several years later (Libertus, Feigenson, & Halberda, 2011, 2013; Starr, Libertus, &
Brannon, 2013). Given that math achievement upon entering school is strongly predictive
of math achievement throughout later schooling (see Duncan et al., 2007; Geary, 2013), it
is critical that we understand the origins of these numerical abilities.
Numerical Abilities in Infancy

Data from human infants, children, and adults, and non-human animals support
the existence of two distinct systems for tracking set sizes. The first is a noisy analog
magnitude system used to represent all natural numbers in an approximate manner
(approximate number system or “ANS;” Barth, La Mont, Lipton, Dehaene, Kanwisher, &
Spelke, 2006; Brannon & Terrace, 1998; Cantlon & Brannon, 2006; Cordes & Gelman,
2005; Cordes, Gelman, Gallistel, & Whalen, 2001; Dehaene, 1997; Gallistel & Gelman,
2000; Meck & Church, 1983; Whalen, Gallistel, & Gelman, 1999; Xu & Spelke, 2000;
see Posid & Cordes, 2014, for a review). The signature characteristic of the ANS is its
adherence to Weber’s Law, such that the ease of which two sets are discriminated

depends upon their ratio, not their absolute difference (e.g., discriminating 6 from 8 items,



a 3:4 ratio, should result in slower and less accurate processing compared to
discriminating 6 from 12 items, a 1:2 ratio; Barth et al., 2006; Halberda & Feigenson,
2008). The precision of the ANS increases with age, such that newborns require a 3-fold
change in number to discriminate between sets (e.g., 4 vs. 12), 6-month-olds require a 2-
fold change (e.g., 8 vs. 16), and 9-10-month-olds notice a 1.5-fold change (e.g., 8 vs. 12;
Brannon, Abbot, & Lutz, 2004; Cordes & Brannon, 2008a; Izard, Sann, Spelke, & Streri,
2009; Lipton & Spelke, 2003, 2004; Wood & Spelke, 2005; Xu, 2003; Xu & Arriaga,
2007; Xu & Spelke, 2000; Xu, Spelke, & Goddard, 2005).

The second system implicated in numerical processing is termed the parallel
individuation system or object-file system. This exact, one-to-one representation system
can be used to track a small number of items in the visual modality (<4; Carey & Xu,
2001; Dehaene, 1997; Feigenson, Carey, & Hauser, 2002; Feigenson et al., 2004; Hyde &
Wood, 2011; Leslie, Xu, Tremoulet, & Scholl, 1998; Simon, 1997). Unlike the analog
magnitude system, the object file system has an absolute set size limit, such that evience
suggests that human infants can hold exactly three or fewer items in visual working
memory when making numerical discriminations, and human adults able to track up to 4
or 5 items before working memory becomes overly taxed (Alvarez & Cavanaugh, 2004;
Alvarez & Franconeri, 2007; Awh, Vogel, & Oh, 2006; Carey & Xu, 2001; Feigenson,
2008; Feigenson & Yamaguchi, 2009; Feigenson et al., 2004; Hyde & Wood, 2011;
Jordan & Brannon, 2006; Klahr, 1973; Luck & Vogel, 1997; Luria & Vogel, 2011;
Piazza, Giacomini, Bihan, & Dehaene, 2003; Scholl & Pylyshyn, 1999; Trick &
Pylyshyn, 1994; Uller, Carey, Huntley-Fenner, & Klatt, 1999; Vogel, Woodman, & Luck,

2001; Zosh & Feigenson, 2012; Xu, 2003; Zosh, Halberda, & Feigenson, 2011).
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Critically, the object file system seems to be a function of the visual attention system and

thus is employed only when tracking visual objects, and not sounds (Luck & Vogel,
1997; vanMarle & Wynn, 2009; see Mou & vanMarle, 2013).

Importantly, although the object file system is a one-to-one tracking system,
which does not inherently represent set size (and thus is non-numerical in nature, unlike
the ANS), the system has been implicated in numerical tasks across the lifespan. For
example, data indicate that adults employ the object file system during enumeration, such
that they generally enumerate small sets (4 or fewer) effortlessly, accurately, and quickly
(termed “subitizing”) whereas enumeration of larger sets (>4 items) involves effortful,
slower, and error-prone processing (verbal counting; Balakrishnan & Ashby, 1982;
Piazza, Mechelli, Butterworth, & Price, 2002; Trick, Enns, & Brodeur, 1996; Trick &
Pylyshyn, 1993, 1994). Similarly, a numerical advantage for small sets (attributed to the
object file system) has been found when human infants are presented with numerical
discrimination tasks, in which greater numerical discrimination precision has been
demonstrated for comparisons involving exclusively small sets of items (3 or fewer). For
example, evidence suggests 6-month-olds successfully discriminate 2 from 3 items,
despite being unable to discriminate a 2:3 ratio when comparing larger sets (presumably
via the ANS system; e.g., 4 vs. 6, 8 vs. 12, 16 vs. 24; Antell & Keating, 1983; Bijeljac-
Babic, Bertoncini, & Mehler, 1993; Cordes & Brannon, 2009b; Jordan, Suanda, &
Brannon, 2008; Kobayashi, Hiraki, & Hasegawa, 2005; Lipton & Spelke, 2003, 2004;
Wood & Spelke, 2005; Xu, 2003; Xu & Arriaga, 2007; Xu & Spelke, 2000; Xu, Spelke,

& Goddard, 2005; see Cordes & Brannon, 2008b, for a review).



Consistent with behavioral data, neuroscientific evidence also points to clear
differences in how humans process small and large sets. Differences in the location and
timing of brain activation have been demonstrated as a function of set size, such that
adults process small, non-symbolic sets (arrays of 1-3 dots, but not symbolic number) in
the area of the brain associated with visual attention (right temporo-parietal junction;
Ansari et al., 2007; Hyde & Spelke, 2012). Similarly, ERP studies reveal that adults and
infants who view small sets evoke earlier brain activity (with the magnitude of the
activity depending on the absolute set size of the set), whereas viewing large sets results
in later brain activation (with the magnitude of the activity depending on the relative
magnitude of the set; Hyde & Spelke, 2009, 2011). Thus, both behavioral and
neuroscientific data indicate that small and large sets are processed in a very different
manner across the lifespan.

Arguably, the strongest evidence to date of the existence of these two systems
comes from work with infants, where discrimination of small sets from large sets yields
robust failures, despite a seemingly favorable ratio (e.g., Cordes & Brannon, 2009a;
Feigenson & Carey, 2003, 2005; Feigenson et al., 2002; Lipton & Spelke, 2004;
vanMarle, 2013; Wood & Spelke, 2005; Xu, 2003; see also Mou & vanMarle, 2013). For
example, 6-month-old infants can reliably discriminate a 1:2 change in ratio for large sets
(e.g.,4 vs. 8, 16 vs. 32; Xu & Spelke, 2000); however, when presented with a comparable
1:2 ratio for sets spanning small and large sets (e.g., 2 vs. 4 or 3 vs. 6), infants repeatedly
fail on these discriminations (Cordes & Brannon, 2009a; Lipton & Spelke, 2004; Wood
& Spelke, 2005; Xu, 2003). Similarly, paradigms requiring a behavioral response from

infants (such as searching for toys placed within a box or crawling to a container with a



greater number of food items) reveal successful discrimination of sets containing
exclusively small (1 vs. 2, 2 vs. 3) or exclusively large sets (4 vs. 8), but failures when
sets cross the small-large divide (1 vs. 4, 2 vs. 4 or 3 vs. 6; Feigenson & Carey, 2003,
2005; Feigenson & Halberda, 2004; Feigenson et al., 2002; vanMarle, 2013). For
example, when shown crackers being placed into two different containers, 10-12-month
olds reliably crawl to the container containing the larger of two sets of crackers when one
container contains 1 cracker and the other contains 2, or similarly for 2 and 3 crackers.
But when one of the containers contains a small number of crackers and the other
container holds a large number of crackers (2 vs. 4, 1 vs. 4, 3 vs. 6), infants choose
between the containers at random (Feigenson et al., 2002). Similarly, studies employing a
manual search task paradigm (MST) ask children to reach inside a box to retrieve items
hidden by the experimenter. On key trials, the experimenter surreptitiously removes some
of the items from the back of the box, and then the duration of the infant’s searching
inside the box for the hidden items is recorded. In these tasks, infants search significantly
longer (compared to when the box should be empty) when a small number of items is
hidden in the box and some of the items are retrieved (e.g., when 3 items are initially
placed in the box and 1 item is removed), but do not search longer when a large number
of items are initially placed inside the box and a small number of items are removed (4
items in and 2 removed; Feigenson & Carey, 2003, 2005; Van de Walle, Carey, & Prevor,
2000).

Despite these robust failures to compare small and large sets, there has been little
research examining when in development infants overcome this small-large

incompatibility. Although infants robustly fail to discriminate small from large sets up
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until 14 months of age, there are few studies exploring this phenomenon in infants during

toddlerhood. Some evidence suggests that infants continue to demonstrate this failure as
late as 22 months (Barner, Thalwitz, Wood, Yang, & Carey, 2007), however once
children reach 3 years of age, these discriminations do not appear to pose any difficulties
(Cantlon, Safford, & Brannon, 2010). Given the robustness of these failures in early
infancy, it is remarkable that by 3 years of age, young children appear to show no signs
of difficulty in discriminating small from large sets. Why might this be? In particular,
when, during the course of development, do children overcome these discrimination
difficulties, and what factors may contribute to their ability to succeed?
Increasing ANS Precision with Age

Evidence suggests that the ANS can be used to represent values across the
numerical continuum (Cordes et al., 2001) presumably making it a much more stable and
reliable means for representing number across the continuum. Yet, robust small-large
discrimination failures instead suggest that infants have a greater reliance upon object
files for representing small sets. One account that has been provided for this over-reliance
upon object files early in human development posits that relative representational
precision may be the key. Specifically, object files are thought to be exact, one-to-one
representations of items in the world — they are therefore reliable and precise. In contrast,
ANS representations are subject to scalar noise (i.e., noise in the representation that
scales in proportion to the value being represented) and as such are somewhat unreliable,
particularly early in development (e.g., Cordes & Brannon, 2009; Posid & Cordes, 2014,
for a review). Evidence suggests that the ANS undergoes dramatic changes in precision

over the first 2 years of life, such that newborns start-out only discriminating a 3-fold



change in number, whereas by the time children reach 3 years of age, they have been
shown to discriminate as fine a ratio as 1.3-fold (Izard, Sann, Spelke, & Streri, 2009;
Halberda & Feigenson, 2008). It has been posited that the demonstrated reliance on
object file representations early in development may be accounted for an early
imprecision in ANS representations (making this system unreliable). If so, then increases
in precision in the ANS with age (attributed to either maturity and/or experience; see
Hyde et al., 2014; Park & Brannon, 2013) may correspond to an increasing reliance upon
this system, particularly for representing small sets.

Numerical Language: A third, integrated representation system?

In addition to increases in representational precision, another observable cognitive
change between infancy and early childhood is the acquisition of language, and in this
case, the acquisition of numerical language seems particularly relevant. Several lines of
research suggest that sometime in the second two years of life (ages 1-3), children begin
to count and, more importantly, learn the cardinal meanings associated with those words
(e.g., Condry & Spelke, 2008; Gallistel & Gelman, 1992; Wynn, 1990, 1992). Thus, it is
quite possible that this newly acquired ability to talk about set sizes using a common
integrated system — numerical language (i.e., number words) — may provide the first
means for children to fluidly represent small and large sets.

The idea that numerical concepts may hinge upon linguistic abilities is not a new
one (e.g., Carey, 2001). Researchers have posited that language provides a third and
precise means of representing number across all set sizes. Dehaene and colleagues have
proposed a neuro-functional model (termed the “Triple Code Model;” Dehaene, 1992;

Dehaene & Cohen, 1995) of linguistic and semantic numerical integration, which



assumes that there are essentially three categories of mental representations in which
number can be manipulated in the human brain: (1) a visual identification process that
allows Arabic numerals to be mapped rapidly, (2) a visual or auditory process which
allows numerosities to be extracted directly along a mental number line (subitizing and
estimation), and (3) a verbal code that is linked to input and output routines for parsing
this multi-modal numerical information (Dehaene, 1992; Dehaene & Cohen, 1995). This
language faculty gives humans the ability to develop number notations especially tailored
to their calculation and communication needs. This account suggests that a non-verbal,
magnitude-related network and a verbally mediated fact-retrieval network operate in a
closely integrated fashion (Dehaene, 1992; Dehaene & Cohen, 1995; Klein et al., 2014.
Thus, numerical information, including both semantic information and rote arithmetic
facts, are posited to be verbally-mediated (Dehaene, 1992; Dehaene & Cohen, 1995).
Some data point to the efficacy of the Triple Code Model and further suggest the
role of verbal language as a third and integrated system for representing quantity across a
small and large number range. Patients who suffered damage to their left ventral occipito-
temporal area (a region involved in high-level visual identification) were unable to read
words while they also demonstrated calculation errors that stemmed from a
miscalculation of the digits shown. For example, when visually reading a problem such
as 243, they may verbally answer “seven” (tapping into their approximate number sense);
however, when they hear the problem read aloud (targeting their exact verbal
representation of arithmetic facts), they instead provide the correct answer (i.e., 5).
Because the memory retrieval of rote arithmetic facts is assumed to depend on the verbal

format, this reading deficit entailed a calculation deficit as well (Dehaene, 1998). Work
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with bilinguals also demonstrates the importance of language in certain types of

numerical representations. Specifically, Russian and English bilingual college students
retrieved numerical information about exact numbers more effectively in the language of
their training (i.e., trained in English, tested in Russian, or vice-versa). In contrast,
participants retrieved numerical information about approximate numbers — as they did
with non-numerical facts — with equal efficiency in their two languages (Spelke &
Tsivkin, 2001). Thus, language appears to play a role in learning about exact numbers in
a variety of contexts.

The idea of a linguistically-mediated representation of number does not only hold
in adult or clinical populations. Support for a language-dependent account of numerical
concepts early in development comes from work by Barner et al. (2007) who found
support for a bootstrapping account of numerical discrimination. Their study, the only
one to investigate small-large discriminations in children between the ages of 14-36
months, found infants continued to search for items in the MST task when 4 items were
initially placed inside the box and 1 item was retrieved (4 versus 1 comparison) around
22-24 months of age -- an age which was found to coincide with the initial onset of the
production of plural nouns in spoken language in a second population of children. The
authors theorized that children’s developing singular-plural morphology aided children’s
abilities to discriminate 1 item (singular) from 4 items (plural)'. Importantly, however,
infants of this age continued to fail to discriminate 2 from 4 items in their MST task

(plural from plural; Barner et al., 2007; Li, Ogura, Barner, Yang, & Carey, 2009). Thus,

LIt should be noted that a between-subject design was employed, such that plural
noun usage was not assessed in the children who succeeded in their MST 4 vs 1,
leaving open the question whether a direct relationship between the two exists.
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although preliminary evidence supports a language-dependent account of 1 vs. 4

discriminations, it is an open question whether linguistic abilities may also play a role in
small-large discriminations involving sets larger than 1 item (2 vs. 4).
Perceptual Variability:

Real world experiences may also play a role in infant abilities to succeed in
discriminating small from large sets. In particular, sets in the real-world are rarely
homogeneous (i.e., all the same shape, color, size), making the use of exclusively
homogeneous dot arrays or sets of toys in laboratory research less consistent with
numerical experiences in children’s environments. As such, greater experience (and
success) discriminating heterogeneous sets in the world may support and further enhance
infant abilities to determine when to rely upon object files versus ANS.

Previous research finds that perceptual variability aids verbal counting in adults,
facilitating the distinction (accuracy and speed of processing) between counted and to-be-
counted items (Frick, 1987; Trick, 2008). Similar findings have been demonstrated in
young children (3-10 years), such that children are better at counting perceptually rich
displays (particularly when they have low knowledge of the objects; Peterson & McNeil,
2012) and are better at rapidly discriminating sets based on number when they are
perceptually variable (made up of all different shapes and colors; Posid, Huguenel, &
Cordes, in preparation®). Moreover, heterogeneity has been shown to facilitate

discrimination in infancy as well (Feigenson, 2005; Tremoulet, Leslie, & Hall, 2001;

2 Notably, the opposite pattern has been found when children engage in exact
numerical matching or cardinality tasks, such that performance is better on
homogeneous trials compared to heterogeneous (Mix, 1999, 2008; Posid & Cordes,
2014).
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Wilcox, 1990). For example, seven-month olds are more likely to discriminate small sets

and large sets based upon number when presented with perceptually variable items
(Cordes & Posid, in progress; Feigenson, 2005). Data from these studies spanning a
developmental range suggest that, at least in some instances, perceptual variability may
aid infants’, children’s, and adults’ abilities to attend to numerical attributes of an array,
helping to highlight the salience of the individual items to be enumerated.

Taken together, evidence suggests that perceptual variability may aid numerical
discriminations across the lifespan. But why? One possibility is that distinguishing
characteristics of each item may make it easier to track individual objects in a display,
thereby reducing the demands of working memory, and potentially increasing the
capacity of the number of items that may be tracked in working memory (via object files;
e.g., Zosh & Feigenson, 2015). Specifically, work across the lifespan indicates that
infants can hold approximately three items in working memory, with adult working
memory ability tapering out at three or four items (e.g., Kaldy & Leslie, 2005; Ross-
Sheehy, Oakes, & Luck, 2003). In fact, adults’ estimates of arrays containing a certain
number of items (specifically in the case of this number exceeding typical working
memory storage capacity, >4) decreases as array size increases (Luck & Vogel, 1997). In
contrast, evidence to date suggests that infants fail to remember any of the items
presented to them when their working memory capacity is exceeded; however, these
previous studies have exclusively relied on homogenous sets to make-up their stimuli
(e.g., Barner et al., 2007; Feigenson et al., 2002; Feigenson et al., 2004; Feigenson &
Carey, 2003, 2005). What if infants could distinguish between these elements and

individuate the specific elements? Research with adults has employed arrays containing
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perceptually variable items when testing working memory, thus testing purely

homogeneous arrays with infants does not yet speak to how this adult ability to hold
items in working memory may develop and mature across the lifespan (except see
Feigenson, 2005). Therefore, perceptual variability may aid infants’ memory for items to
be stored in working memory., Thus, in contrast to numerical language — which may
facilitate small/large discriminations via providing a third, integrated representation
system — experiences with perceptually variable arrays may help to increase the capacity
of the object file system in infancy (and presumably later in development), similarly
resulting in successful discriminations of small from large. In the proposed studies, I test
this hypothesis.
The Present Study

The present study examines when it is, over the course of early human
development, that young children overcome the numerical discrimination difficulties
posed by the interaction of the object file system and the analog magnitude system, and
whether numerical language or perceptual variability may impact these abilities. Almost
no research to date has examined the development of this understanding in toddler-hood
(between 15-35 months of age; but see Barner et al., 2007). Although infants have
demonstrated robust small/large discrimination failures up until 14 months (e.g.,
Feigenson & Carey, 2003, 2005; Feigenson et al., 2002; Xu, 2003), evidence suggests
that they overcome these difficulties by at least 3 years of age (Cantlon et al., 2010). Yet,
it is unclear when in development this occurs and what the mechanism is behind these
changes in numerical abilities. In a series of experiments, we employ a manual search

task (MST) paradigm to explore infant abilities to compare across exclusively small sets
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(2 vs. 3) and across sets that span the small-large divide (2 vs. 4). Unlike any previous

study to date, we look across a wide developmental age range (14-36 months) to map out
the developmental trajectory of these numerical discrimination failures.

Additionally, we explored two distinct factors that may facilitate these
discriminations in young children. The first of these factors is numerical language. In one
of three conditions (see Methods below), items to be hidden were explicitly counted for
the child, and the set cardinality was labeled, prior to being placed inside the box. It was
hypothesized that the exposure to numerical language just prior to the task may prompt
children to track items hidden within the box using a linguistically-dependent system,
number words. Additionally, children’s counting proficiency was assessed after the
discrimination task to determine whether, similar to as has been posited for plural
morphology, successful search patterns for small/large discriminations may be dependent
upon a child’s ability to produce numerical language.

In a third condition, we will also investigate the contribution of perceptual
variability. Recent research suggests that, under certain circumstances, perceptual
variability aids exact numerical judgments, such as counting items (adults: Frick, 1987),
increasing speed of enumeration (adults: Trick, 2008), improving discrimination abilities
(children: Posid et al., in preparation), and facilitating discrimination during infancy
(Feigenson, 2005). Results from these studies suggest that perceptual variability may aid
in infants’, children’s, and adults’ ability to discriminate between sets because
heterogeneity highlights the salience of the individual items to be enumerated, lightening
the cognitive load imposed on working memory (Feigenson, 2005; Posid et al., in

preparation). In the present study, we explore whether a heterogeneous array will increase
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success on a manual search task by improving infants’ individuation of objects by infants,

thus potentially expanding their working memory in this specific context.

If, on the other hand, we find no impact on small-large discrimination abilities
following exposure to numerical language and/or perceptually variable sets, this may
alternatively support claims that increasing representational precision, with development,
may prompt eventual successful discriminations. Specifically, equal performance
between either of these experimental conditions and the baseline, or “standard”, condition
(see Methods below) would imply that the increasing precision of the ANS predicts this
transition in natural development and that neither numerical language (or, at least,
exposure to numerical language) nor perceptual variability provides enough reliable and
precise information to overcome this initial bias to represent numerical sets via two
distinct systems.

Thus, the present set of studies explore three non-mutually exclusive predictions:
(1) Sometime over the course of 14-36 months, infants begin to successfully compare
small and large sets. Based on one previous study reporting failure on a small-large
discrimination at 22-24 months of age and another study reporting success at 36 months
of age, it is anticipated that this natural change in development may occur sometime
during the third year of life (24-36 months).

(2) Numerical language may provide a third, integrated system on which infants can rely
when discriminating across sets. This could be due to several mechanisms; however, in

the present study we explore two of these. First, we examine whether providing exposure
to numerical language (specifically, verbal counting and cardinality) may facilitate infant

abilities to discriminate small vs. large sets by priming infants with a third, reliable
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system to think about the number of items within a set. Second, we examine whether

infant abilities to produce the count words may significantly predict success when
comparing sets.
(3) Perceptual variable sets may facilitate small-large discriminations as they may make it
easier for infants to track items in the set, thereby decreasing demands on working
memory, and momentarily expanding the limits of their visual working memory. If so,
infants may rely on the object file system exclusively to represent individual items within
a set at a given time (e.g., 4 items instead of 3 or fewer items), thereby taxing visual
working memory to a lesser degree than a strictly homogenous set of items.
Experiment 1
Methods

Participants

One hundred and sixty nine infants between 18- and 36-months participated in
this study. Participants were divided into three age groups: 18- to 23-month-olds (N=43;
M=21.2 mos, SD=1.51 mos; 21 females), 24- to 29-month-olds (N=57 M=26.5 mos,
SD=1.66 mos; 29 females), and 30- to 36-month-olds (N=70; M=33.1 mos, SD=2.0 mos,
41 females). Infants were randomly assigned to one of three conditions: “Standard”
(N=58), “Heterogeneity” (N=63), and “Language” (N=49). See Table 1 for a breakdown
of the number of participants per age in each Condition. Additionally, children were
randomly assigned to one of two counterbalanced orders: 2v4 first (N=84) or 2v3 (N=86)

first (counterbalanced within each age group and condition). An additional 14 subjects
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completed half of the test trials (one of the two comparisons)’. Lastly, 53 additional

participants were excluded from the study due to parental interference (N=10), failure to
complete a sufficient number of test trials (at least one comparison, N=32), equipment
error (video camera did not record; N=3), experimenter error (N=4), fussiness (N=2), or
never searching over the course of the experiment (N=2). Children were recruited via
phone or email for a single visit to the Infant and Child Cognition Lab or from the Boston
Children’s Museum and Living Laboratory at the Museum of Science, Boston.
Stimuli

Stimuli and procedure were adapted from Feigenson & Carey’s (2003, 2005)
manual search task paradigm. Infants watched the researcher hide small rubber ducks in
a black cardboard box measuring 31.5 x 25 x 12.5 cm. The box was painted black with a
14 x 7.5 cm opening on both the front and back sides of the box. Both openings were
covered with the same blue spandex material to prevent subjects from seeing the contents
of the box (and to prevent subjects from seeing light enter the back of the box). For the
Standard and Language conditions, yellow 2-inch rubber ducks homogeneous in
appearance were used as stimuli. For the Heterogeneous condition, 2-inch rubber ducks
of the same size were used as stimuli; however, each duck looked like a different animal
(e.g., white cow, pink pig, brown monkey, grey elephant), making the stimuli
heterogeneous in appearance.
Procedure

Standard Condition:

3 These participants were excluded from all primary analyses, but were included in
secondary analyses (see Results below) examining infants’ performance on the first
test comparison only.
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Infants sat at a table facing the box with the experimenter on the opposite side. A

video camera recorded the trials for coding purposes. The experimenter showed the
participant that he or she could reach into the box and encouraged the subject to do so
(“Look! I can reach into my box! Can you reach into my box?”’). During familiarization,
the experimenter first showed the infant one rubber duck and said, “Look what I have!”
and then placed it inside the box. The researcher pushed the box towards the infant and
asked, “What’s in the box?” The infant reached inside the box and retrieved the hidden
duck. The familiarization trial was repeated a second time to ensure the infant
understood the rules of the game. Each child participated in two comparisons (3 in the
box, 2 taken out (2v3) and 4 in the box, 2 taken out (2v4)) and the order in which each
infant saw the comparisons was counterbalanced. In all conditions, each comparison (2v3
and 2v4) as well as baseline search trials (2 in the box, 2 taken out (2v2)) were repeated
twice. Half of the children were run in the order: 2v3, 2v3, 2v2, 2v2, 2v4, 2v4 while the
other half were run in the reverse order: 2v4, 2v4, 2v2, 2v2, 2v3, 2v3. The 2 vs. 2
condition was run to determine baseline search times (as per Feigenson & Carey, 2003,
2005); in other words, this baseline measure was indicative of each individual child’s
propensity to search in the box (e.g., some children may just like to search inside the box
more than others).
2 vs. 3 Comparison

For the 2v3 comparison, the experimenter sequentially placed three ducks on top
of the box and said, “Look at my toys!” To control for longer exposure to the full set of
stimuli in the Language condition (see below), the experimenter pointed to each duck one

time in sequential order (as per Feigenson & Carey, 2003, 2005). The toys were then
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placed sequentially inside the box through the opening facing the infant. Unaware to the

participant, the experimenter secretly removed one duck from the back of the box. The
experimenter then pushed the box towards the infant and said, “What’s in the box?” The
infant retrieved two ducks from the box and was allowed to handle them for a few
seconds before the experimenter asked for them back, placing them on top of the box in
view of the infant. After the infant had released the first two ducks, a 10-second
measurement period (“Expected Full” trial) was given in which the infant was allowed to
search inside the box while the experimenter watched the time. After the 10-second
measurement period, the experimenter said, “Can I try?” and reached into the box,
retrieving the “missing” duck. Then, a second 10-second measurement period (3v3
“Expected Empty” trial) occurred in which the infant was allowed to search in the box
while the experimenter watched the time.
2 vs. 4 Comparison

The 2v4 comparison mirrored the procedure used in the 2v3 comparison, with the
following differences: The experimenter placed four ducks on top of the box before
initially hiding them within the box. After hiding four ducks in the box, the experimenter
secretly removed two of the ducks from the back opening of the box. After the child
removed the first two ducks from inside of the box and the 10-second “Expected Full”
measurement period occurred, the experimenter “found” the two remaining ducks. This
was again followed by a 10-second measurement period (4v4 “Expected Empty”).
2 vs. 2 Baseline Search

To determine baseline search times, the experimenter sequentially placed two

ducks on top of the box and said, “Look at my toys!” The toys were then placed
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sequentially inside the box through the opening facing the infant. The experimenter then

pushed the box towards the infant and said, “What’s in the box?” The infant retrieved
both ducks from the box and was allowed to handle them for a few seconds before the
experimenter asked for them back, placing them on top of the box in view of the infant.
After the infant had released the two ducks, a 10-second measurement period (“Expected
Empty” trial) was given in which the infant was allowed to search inside the box while
the experimenter watched the time.

Language Condition:

The stimuli and procedure of the Language condition was identical to that of the
Standard condition with the following difference: After the items to-be-hidden were first
placed on top of the box, the experimenter tapped each item individually while counting
and labeling the set (e.g., “Look at my toys! [ have 1, 2, 3, 4! That’s 4!”). The
experimenter then proceeded to place the items in the box and the procedure continued as
in the standard condition.

Heterogeneity Condition:

The procedure of the Heterogeneity condition was identical in all regards to that
of the Standard condition with one exception: Instead of a homogeneous array of toys to-
be-hidden (i.e., all yellow ducks), the items were heterogeneous in appearance (i.e.,
different color animals); however, the size and dimensions of the toys were identical to
the yellow ducks used in the Standard and Language conditions (see Figure 1).

Data Coding and Analysis
1. All data coding was performed offline using Preferential Looking Coder

(Version 1.0; Libertus, 2008) in 100 ms frames. Inter-coder reliability was calculated for
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each subject on a trial-by-trial basis (as reliability = (# of frame agreements — # of frame

disagreements) / total time). Two independent researchers -- blind to the Experimental
Condition -- coded each video (thus, each participant’s video was coded twice by two
different experimenters). Inter-rater reliability for all trials across subjects was 87.0%.
Any disagreements were settled by a third (independent) coder for any participant where
agreement was less than 80%. ).

2. As per Feigenson & Carey (2003, 2005), data analysis was done using mean
search times, in which an individual difference score was calculated for each participant
(one per comparison).

Expected Full Trials: For the 2v4 comparison, an “Expected Full” score was
created by taking the average search time (out of 10 seconds) on both “Four Full” trials;
that is, after four ducks were placed in the box, the infant retrieved two of them, and was
then given 10 seconds to search for any remaining items. Because each comparison was
done twice, this created two individual “Four Full” trials that were averaged to create an
“Expected Full” score. Identical data preparation was performed for the 2v3 comparison.

Expected Empty Trials: Similarly, after the experimenter retrieved the final two
ducks from the box, infants were again given a 10-second search period (“Four Empty”
trials). These two measurement periods were averaged to create an “Expected Empty”
score. The 2v2 baseline search time was conducted in order to measure infants’
individual propensities to search in the box (presumably some infants are more inclined
to search than others). This resulted in two “Two Empty” measurement scores, one which
was conducted directly adjacent to the 2v4 comparsion and one which was conducted

directly adjacent to the 2v3 comparison. Per Feigenson and Carey (2003, 2005), in order
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to account for this individual propensity to search in general during the task, the

associated “Two Empty” trial was averaged with the infant’s “Expected Empty” score for
that comparison, thus creating an “Expected Empty” score for each comparison that
accounted for baseline searching. For example, an infant’s search time from both “Four
Empty” Trial would be averaged with an infant’s search time for the adjacent “Two
Empty” trial. The same was done for the 2v3 comparison and it’s associated 2v?2 trial.

Difference Scores: Finally, a difference score was calculated for each comparison
by subtracting the “Expected Empty” score from each infant’s “Expected Full” score (for
each comparison). Therefore, each participant had two Difference Scores, one for the 2v3
comparison and one for the 2v4 comparison, which were entered in subsequent analyses
as our dependent variable. Difference scores that are positive and significantly greater
than zero indicate success on that numerical comparison.

Results

Per Feigenson and Carey (2003, 2005), the effects of Trial Type (Expected Full vs.
Expected Empty) and Numerical Comparison (2v3 and 2v4) on infants’ numerical
discriminations were examined by computing difference scores between Expected Full
and Expected Empty trials across the two comparisons. These difference scores were
subjected to a Comparison (2: 2v3, 2v4) X Age Group (3: 18-23 months, 24-29 months,
30-36 months) X Condition (3: Standard, Heterogeneity, Language) X Order (2v3 first,
2v4 first) mixed measures ANOVA. Results revealed a main effect of Age Group (F(2,

152)=10.9, p<.001, 17,2, =.126; Figures 2 and 3); however, there was no main effect of
Condition (F(2, 152)=2.2, p>.1, n;, =.028 nor Comparison (F(1, 152)=1.31, p>.2, 1712,

=.009), indicative of general and robust success across all age groups and conditions.
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There was a significant Comparison X Order interaction (F(1, 152)=12.4, p=.001, rhz,

=.075). There were no other main effects or interactions (all p ’s>.1).

The main effect of Age Group indicated that children searched significantly
longer on Expected Full trials (compared to Expected Empty trials) with age (M3.23
mos=1.7; M2429 mos=2.918; M30.36 mos=3.53s; all p’s<.01; Figure 4). Although there was no
significant main effect of condition, one interesting trend was longer searching in the
Heterogeneous condition relative to the Standard condition (Standard vs. Heterogeneity:
1(122)=2.26, p=.026, Cohen’s d=.406), with the Language condition falling in between
the tWo (Mheterogencity=3-43S; Mianguage=2.468; Mitandara= 2.50s; Heterogeneity vs. Language:
p=.106; Standard vs. Language: p>.8. Lastly, the Comparison X Order interaction
indicated that participants performed better in the first comparison they were presented
(2v4 first: Myy4=3.42s, M>3=2.16s; 2v3 first: M»,4=2.33s, M>,3=2.97s). No other
significant main effects or interactions were obtained”.

Despite these differences, children searched significantly longer in the Expected
Full trials compared to the Expected Empty trials across all Age Groups X Comparisons
X Conditions, with the exception of one (Language: 18-23 months, #10)=1.21, p>.2,
Cohen’s d=.77). All other difference scores were found to be significantly greater than 0
(positive scores indicate success; Tables 2 and 3, Figure 5). Additionally, age (in days)
was significantly correlated with an increased difference score for both comparisons
(2v3: r=.254, p=.001; 2v4: =214, p=.005). Thus, these results confirm that even

children in the youngest age groups successfully discriminated sets of 2 vs. 4, even in the

4To ensure that experience with the task did not influence searching behavior,
similar analyses were performed on the first comparison presented to the
participant. An identical pattern of results was obtained.
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Standard Condition. Together, these preliminary analyses indicate that infants younger

than 3 years of age can successfully discriminate between a comparison spanning the
small-large divide in a manual search paradigm, with this spontaneous ability apparent as
early as 18-23 months of age.

Counting Behavior:

A chi-square analysis of children who verbally counted the items (“Counters”:
coded as “1” if they demonstrated successful counting of 2 and/or 4 items), compared to
those who did not count the items (“Non-Counters”: coded as “0”), revealed that a similar
number of children counted items following each of the three conditions (Standard: Non-
Counters: 62.5% vs. Counters: 37.5%; Heterogeneity: Non-Counters: 62.7% vs.
Counters: 37.3%; Language: Non-Counters: 62.5% vs. Counters: 37.5%; X*(2,
N=187)=.001, p>.9, Cramer’s V=.002; see Table 4). However, not surprisingly, the
proportion of Counters increased as a function of age (18-23 months: Non-Counters:
76.6% vs. Counters: 23.4%:; 24-29 months: Non-Counters: 71.2% vs. Counters: 28.8%;
30-36 months: Non-Counters: 45.9% vs. Counters: 54.1%; X2(2, N=187)=14.8, p<.001,
Cramer’s V=281, see Table 5).

Although modeling counting behavior to infants in our task (Language condition)
did not appear to improve discrimination abilities, we also explored whether a child’s
ability to verbally count items in the set (assessed after the discrimination task) may have
predicted performance in our task. Linear regression analyses were conducted entering
Counting Behavior, Age (Group), Language Condition, and Heterogeneity Condition as
predictors of difference scores in the two comparison conditions. In the 2v3 Comparison,

although the final model was an overall significant fit (R’=.100, p=.001), only Age Group
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emerged as a significant predictor (Age: Standardized Beta = .308, p<.001; Counting

Behavior: Standardized Beta = -.047, p>.5, Language Condition: Standardized Beta
=.022, p>.7, Heterogeneity Condition: Standardized Beta = .105, p>.3). In the 2v4
Comparison, the final model was also an overall significant fit (R’=.075, p=.008). Age
(group) was again a significant predictor of success (Standardized Beta = .187,
t(174)=2.47, p=.015) but additionally, Counting Behavior was also a marginally
significant predictor (Standardized Beta = ..129, t(174)=1.71, p=.089). Neither
Heterogeneity nor Language Conditions predicted success on the 2v4 Comparison
(Heterogeneity: Standardized Beta = .09, p>.2,; Language: Standardized Beta = -.023,
p>.7). A secondary linear regression analysis of entering Age, Counting Behavior, and an
Age X Counting Behavior interaction term as predictors indicate that the interaction term
was not a predictor of difference scores on 2v4 (Standardized Beta = .266, p>.2); thus,
Age and Counting Behavior were not simply intertwined, but seemed to contribute
unique variance to searching behavior. Together, these analyses suggest that children
learn to compare sets with maturation. Although their ability count the number of items
in the set may also be a helpful component in their developing ability to compare small
and large sets along the same continuum, it is not necessary for this ability.
Discussion

The main finding from this experiment was that children succeeded in comparing
both small sets (2 vs. 3) and sets spanning the small-large divide (2 vs. 4). Although
previous work indicates that infants can compare small sets or large sets (e.g., 1 vs. 2 or 5
vs. 10; see Posid & Cordes, 2014, for a review) with ease (Xu, 2003; Xu & Spelke, 2000),

a phenomenon exists whereby infants fail to compare small and large sets (e.g., 2 vs. 4 or
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3 vs. 6; Cordes & Brannon, 2009; Feigenson, Carey, & Hauser, 2002; Xu, 2003; Xu &

Spelke, 2000). This failure is posited to stem from infants’ use of two incompatible
systems for representing number (Cordes & Brannon, 2009; Feigenson et al., 2002).

Barner and colleagues found that 22-24 month old infants, who may have begun
to produce their own plural nouns, succeed at a 1 vs. 4 comparison (spanning the small-
large divide), yet continue to fail to compare plural sets (i.e., where both sets contain
more than 1 item; 2 vs. 4) across the range (Barner et al., 2007). However, notably, that is
the only study to explore small/large discriminations in children between the ages of 14-
36 mos. Thus, the earliest documented evidence of success successful discrimination
appears in 3-year olds (Cantlon et al., 2010), suggesting this is a very late-developing
ability. Findings of the current study, however, provide the first evidence to suggest that
infants younger than 36 months may be able to compare sets spanning the small/large
boundary.

Our results revealed that infants searched more with age (longer relative searching
on Expected Full trials relative to Expected Empty across development, as indicated by
higher and more positive difference scores). It appears that older infants, more confident
in their numerical representations, were more inclined to believe that objects remained in
the box and thus continued to search longer for them compared to younger infants. Thus,
consistent with a developmental trend from a documented early failure at 14 months of
age to discriminate small from large sets (Feigenson & Carey, 2003, 2005) to a late
success at 3 years of age (Cantlon et al., 2007), our data reveal increased searching with

age consistent with increases in confidence in numerical abilities across toddlerhood.
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Secondary analyses reveal that, unsurprisingly, infants were able to engage in

verbal counting with age. Of interest, however, was the fact that these infants who
engaged in verbal counting were the ones more likely to succeed in discriminating 2 vs. 4,
even when controlling for age, but this pattern did not emerge for the 2 vs. 3 condition,
consistent with two distinct patterns across the comparison types. That is, as has been
previously posited for exclusively small set comparison (e.g., Feigenson & Carey, 2003),
infants may have primarily relied upon object file representations, and thus an ability to
use numerical language may not have been an important contributor to success. In
contrast, in the 2 vs. 4 comparison, being able to talk about number in a meaningful way
may have provided infants a third, precise means for tracking both large and small sets
together.

Lastly, we also examined the impact of numerical language and heterogeneity on
infants’ ability to compare small and large sets across conditions. Due to our high level of
success in this age range, the present study does not truly determine whether the use of
numerical language or item heterogeneity aided performance on the task relative to the
Standard condition. Analyses suggests that infants in the heterogeneous condition did
out-perform those in the Standard condition, suggesting that the inclusion of perceptually
variable items may have improved infant abilities to track items placed within the box.
However, given the pattern of success in both the small-small and small-large
comparisons in the standard condition, it is unclear whether perceptual variability
actually increased the number of available object files used for tracking, or instead
provided one more cue to increase infant confidence in their abilities in the task cannot be

determined.



28
In additional experiments, we explored the impact of these variables in younger

infants (14-17 month olds), where it was expected that infants would show the
documented pattern of successful discrimination for exclusively small sets (2 vs. 3) and
failure for those crossing the small/large boundary (2 vs. 4). To begin, in Experiment 2
we tested 14-17 month old infants in the Standard condition to ensure that the
documented pattern is observed.

Additionally, we identified one minor methodological difference between our
manual search task and that used by Feigenson and Carey (2003, 2005) that may have
contributed to the overall pattern of success in Experiment 1. In Experiment 1, items
retrieved from the were placed on top of the box, in plain view of the infant, possibly
allowing the child to compare the number of items on top of the box with a mental
representation of the number of items that were originally placed inside the box. In
contrast, Feigenson and Carey (2003, 2005) did not leave retrieved items in visual sight
of the child, but had children deposit the toy into a receptacle that was out of view. It is
possible that the visual working memory of infants who participated in Feigenson and
Carey’s manual search paradigm was taxed more than that of infants in our version of the
task, who could visually track the items that had already been retrieved. If this was the
case, perhaps the youngest children to demonstrate success in our first Experiment (18-23
month olds) would fail to compare small and large sets if they could not visually track the
items hidden and retrieved during the task. Thus, in Experiment 2, in addition to testing
14-17 month olds, we also tested infants throughout the age range again (18-36 months)
following the specific parameters used in Feigenson and Carey (2003, 2005), such that

retrieved items were immediately deposited in an opaque container so that infants could
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not visually track the numerical pairs to be enumerated. In this way, Experiment 2

assessed the developmental trajectory of the natural emergence of small-large
discriminations in toddlerhood.
Experiment 2

Participants

Sixty-four infants between 14- and 36-months-old participated in this study. The
participants were divided into four age groups (consistent with Experiment 1): 14- to 17-
month-olds (N=14; M=15.4 mos, SD=1.02 mos, 6 female), 18- to 23-month-olds (N=12;
M=20.8 mos, SD=1.71 mos, 7 female), 24- to 29-month-olds (N=16; M=25.9 mos,
SD=1.78 mos, 11 female), and 30- to 36-month-olds (N=22; M=33.1 mos, SD=2.14 mos,
13 female). Again, to control for the order in which infants saw each numerical
comparison (per Feigenson & Carey, 2003, 2005), children were randomly assigned to
one of two counterbalanced orders: 2 vs. 4 first (N=36) or 2 vs. 3 (N=28) first.
Additionally, 26 subjects completed half of the test trials (one of the two comparisons)’.
These participants were excluded from all primary analyses, but were included in
secondary analyses (see Results below) examining infants’ performance on the first test
comparison only. Twenty-one additional participants were excluded from the study due
to parental interference (N=2), not completing a sufficient number of test trials (N=6),
fussiness (N=4), equipment error (video camera did not record; N=2), experimenter error

(N=5), and for never searching during the experiment (N=2). Children were recruited via

5> These participants were excluded from all primary analyses, but were included in
secondary analyses (see Results below) examining infants’ performance on the first
test comparison only.
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phone or email for a single visit to the Infant and Child Cognition Lab or from the Boston

Children’s Museum and Living Laboratory at the Museum of Science, Boston.
Stimuli, Procedure, and Data Coding

The stimuli and procedure were identical to that of the Standard Condition in
Experiment 1 with the following difference: After the hidden items were retrieved from
the box (either by the child or the experimenter), they were immediately placed in an
opaque bucket per Feigenson and Carey (2003, 2005). This container was tall and wide
enough to conceal the toys that had been retrieved from the box.

As in Experiments 1, per Feigenson and Carey (2003, 2005), difference scores
were calculated for each numerical comparison based on an average of each participant’s
search time in the Expected Full trials and the Expected Empty trials (collapsed across
search time for the Four Empty trials and the associated Two Empty baseline trial, e.g.).
Again, a significant positive difference score is indicative of success on that numerical
comparison.

Two independent researchers -- blind to the Experimental Condition -- coded each
video (thus, each participant’s video was coded twice by two different experimenters).
Inter-rater reliability for all trials across subjects was 96.3%. Any disagreements were
settled by a third (independent) coder for any participant where agreement was less than
80%.

Results

As in Experiment 1, we examined the impact of Numerical Comparison (2v3 and

2v4) on infants’ numerical discriminations by computing difference scores between

Expected Full and Expected Empty trials across the two comparisons. These difference
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scores were subjected to a Comparison (2: 2v3, 2v4) X Age Group (4: 14-17 months, 18-

23 months, 24-29 months, 30-36 months) X Order (2v3 first, 2v4 first) mixed measures
ANOVA. Results revealed a main effect of Age Group (F(3, 56)=6.12, p=.001, n;
=.303), such that difference scores increased positively with age (14-17 mos: M=-.483s,
18-23 mos: M=1.62s, 24-26 mos: M=2.91s, 30-36 mos: M=2.89s). Although infants in
the youngest age range differed significantly from all other age groups (p<.05 for all),
older children (18-36 mos) did not differ significantly from each other (all p’s>.1). There
was no main effect of Comparison (p>.7, n5; =.006), nor did Comparison interact with
age (p>.5, n, =.04), indicating that infants across the board did not differ in their
performance on the 2v3 and 2v4 trials (all p’s>.1; see Figure 7).

Post-hoc analyses of difference scores for each Age Group X Comparison were
calculated (versus 0). For the 14-17 month olds, their difference scores did not
significantly differ from zero (2v3: M=-.78s, t(13)=1.45, p=.172, Cohen’s d=.80; 2v4:

=-.601s, t(13)=.784, p>.4, Cohen’s d=.43). In contrast, difference scores for nearly all
older age groups across comparisons were positive, indicating they searched significantly
longer in Expected Full trials compared to Expected Empty trials: 18-23 mos: 2v3:
M=1.08s, t(11)=1.76, p=.106, Cohen’s d=1.06°, approaching; 2v4: M=2.6s, t(11)=5.45,
Cohen’s d=3.29, p<.001; 24-29 mos: 2v3: M=3.03s, #(15)=3.33, p=.005, Cohen’s d=1.72,
2v4: M=2.71s, t(15)=4.09, p=.001, Cohen’s d=2.11; 30-36 mos: 2v3: M=3.2s, #(21)=4.71,

p<.001, Cohen’s d=2.06; 2v4: M=2.85s, t(21)=3.59, p=.002, Cohen’s d=1.57).

6 Although this p-value is currently not significant at the alpha=.05 level, we believe
that this is due to a small sample size, as it generally follows the same trend as the
2v4 comparison, as well as both comparisons across the older age range. More data
are needed to further probe this potentially spurious result.
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Additionally there was a three-way significant interaction between Comparison,

Age Group, and Order (F(3, 56)=2.99, p=.039, n; =.128). Generally speaking, this
interaction revealed that, unsurprisingly, infants generally searched longer (indicated by
higher positive difference scores) on the comparison with which they were first
presented’.

Thus, these results confirm that, although infants in the 14-17 month age range
fail at both comparisons, again, children between 18 and 36 months of age successfully
discriminated sets of 2 from 4, even in this Standard Control Condition (replicating the
methods used in Feigenson & Carey, 2003, 2005). Together with findings from
Experiment 1, these preliminary analyses indicate that infants younger than 3 years of age
can successfully discriminate between a comparison spanning the small-large divide in a
manual search paradigm, with this spontaneous ability apparent as early as 18-23 months
of age.

Counting Behavior:

We also analyzed children’s ability to verbally count items at the end of the
manual search task. A chi-square analysis of children who verbally counted the items
(“Counters”: coded as “1” if they demonstrated successful counting of 2 and/or 4 items"),

compared to those who did not count the items (“Non-Counters”: coded as “0), children

7 When the first comparison was singularly analyzed as a dependent variable in a
Repeated Measures ANOVA, with Comparison and Age entered as between- and
within-subject variables, the same trend was observed. Therefore, these analyses
are not provided, as they confirm the results presented above in the omnibus
ANOVA.

8 Note, preliminary analyses indicate that entering Counting Behavior as 0 or 1
yielded the same results as entering Counting Behavior as 0, 2 and 4. Thus, we
collapsed “Counting” into those participants who could count either 2 and/or 4
items.
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were more likely to count the items with age (X*(3, N=76)=25.5, p<.001, Cramer’s

V=.395; see Table 6).

To explore whether counting abilities may have played a role in performance in
the MST task, linear regression analyses were again conducted entering Counting
Behavior and Age (Group) as predictors of difference scores in the two comparison
conditions. Overall, both models significantly predicted search times (R%,,4=.168,
p=.004; R*,,5=.190, p=.001), with Age being the only significant predictor in both
comparison types (2v3 comparison: Age Standardized Beta = .492, t(74)=4.06, p<.001;
Counting Behavior: Standardized Beta = -.170, p>.1, 2v4 comparison: Age: Standardized
Beta = .363, t(61)=2.68, p=.01; Counting Behavior: Standardized Beta = .08, p>.5).
Together, these analyses suggest that children learn to compare sets with maturation, in
contrast to Experiment 1, where their ability to count (marginally) predicted success on
the 2v4 comparison. Thus, although children’s ability to count clearly increases with age,
at least in this version of the MST paradigm, it does not appear to aid their ability to
compare sets.

Cross-Experiment Analyses:

Findings from both Experiments 1 and 2 indicate that 18-23 month olds can
successfully discriminate small-small (2 vs. 3) and small-large (2 vs. 4) sets, regardless of
whether the items retrieved from the box were visible to the infant or not. This is the first
evidence to date to demonstrate that infants younger than 3 years of age can successfully
cross this small-large divide when making spontaneous numerical comparisons. To

assess the impact of our different methods (whether items were visible or not), we ran a
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cross-experiment analysis (Experiments 1 (Standard Condition only) vs. Experiment 2 to

examine whether infants’ searching differed across the two paradigms.

We first ran a Mixed Measures ANOVA using difference scores on Comparison
(2: 2 vs. 3,2 vs. 4), Age Group (3: 18-23 months (N=29), 24-29 months (N=32), 30-36
months (N=41)), and Experiment (2). Again, there was a main effect of Age Group (F(2,
96)=16.5, p<.001, n; =.256), indicating that infants searched more with age. Importantly,
there was no main effect of Experiment (F(1, 96)=.2.75, p>.1, n;; =.028), nor any
interactions involving this variable (p’s>.1), suggesting that whether or not the items
were visible after being retrieved from the box did not impact search times. Additionally,
there was no main effect of Comparison (#(1, 96)=1.1, p>.2, n; =.011), nor any other
interactions (p ’s>.1).

Discussion

Data from Experiment 2 replicate findings from Experiment 1, indicating that
infants as young as 18-23 months of age can discriminate both small-small (as previously
documented; e.g., Feigenson & Carey, 2003, 2005; Feigenson et al., 2002; Xu, 2003; Xu
& Spelke, 2001) and small-large sets. This is the first study (except see Barner et al.,
2007) to track infants’ developing understanding of small and large sets using the same
task across this wide age range, revealing an early failure (in 14-17 months; as in
Feigenson & Carey, 2003, 2005) to later success (by 18-24 months). These data indicate
that infants as young as 18-months of age can compare small vs. large sets, and that they
can do so when they have visual access to the small set (Experiment 1) and without visual

access to the set (Experiment 2).
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Thus, results of Experiments 1 and 2 provide an answer to the first research

question by revealing that an ability to discriminate small from large sets emerges
sometime by the age of 18-24 months. However, robust successes by infants in
Experiment 1three conditions prohibited our ability to address whether numerical
language and/or perceptual variability may facilitate small-large discriminations in
infancy.

The results of Experiments 1 and 2 also indicate no main effect of Experiment,
such that infants exposed to visual cues (Experiment 1) did not benefit, compared to
those who did not (Experiment 2). Thus, as infants’ performance did not differ based on
the visual information received in Experiment 1, in order to directly compare
performance between Experiments 3 and 1, the procedure used in Experiment 1 was used

in Experiment 3 as well.

Experiment 3

Experiment 3 (14-17 months) was conducted to (a) replicate our finding that
infants younger than 18 months fail to discriminate small from large sets (in our standard
condition),and (b) assess the impact of numerical language and perceptual variability on
these discriminations in infants in this age group.

Methods

Participants

Forty six infants between 14- and 17-months participated in this study (M=15.6

mos, SD=1.22 mos, 26 female). Infants were run in one of three conditions, per
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Experiment 1°: “Standard” (N=20), “Heterogeneity” (N=13), and “Language” (N=13).

Additionally, infants were randomly assigned to one of two counterbalanced orders: 2v4
first (N=26) or 2v3 first (N=20; counterbalanced within each condition). An additional 18
subjects completed half of the test trials (one of the two comparisons; Standard: N=7,
Heterogeneity: N=3, Language: N=8; Secondary analysis participants: Standard: N=27,
Heterogeneity: N=16, Language: N=19). These participants were excluded from primary
analyses, but were included in secondary analyses (see Results below) examining infants’
performance on the first test comparison only. Lastly, 17 additional participants were
excluded from the study due to failure to complete a sufficient number of test trials (at
least one comparison, N=3), equipment error (video camera did not record; N=4),
experimenter error (N=3), fussiness (N=3), or never searching over the course of the
experiment (N=4). Children were recruited via phone or email for a single visit to the
Infant and Child Cognition Lab or from the Boston Children’s Museum and Living
Laboratory at the Museum of Science, Boston.
Stimuli, Procedure, and Data Coding

Because cross-experiment analyses following Experiment 2 (Standard Control,
Feigenson & Carey, 2003, 2005) confirmed that infants’ performance did not differ based
on the visual information received in Experiment 1, Experiment 3 was run using the same

procedure as Experiment 1, allowing a direct comparison between performance on

9 Cross-experiment analyses following Experiment 2 (Standard Control, Feigenson &
Carey, 2003, 2005) confirm that infants’ performance did not differ based on the
visual information received in Experiment 1; thus, in order to directly compare
performance between Experiments 3 and 1, the procedure used in Experiment 1
was used in the present Experiment.
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Experiments 3 and 1. Thus, all procedures were identical to that of Experiment 1 with

the exception that participants were between the ages of 14-17 months in Experiment 3.

After the MST task, infants were asked to count 2 and 4 items, as in Experiments
1 and 2; however, none of the infants in this age range did so; thus, this variable was not
entered into any of the analyses in this experiment.

Reliability was calculated for each subject on a trial-by-trial basis as in
Experiments 1 and 2 using the Preferential Looking Coder (Libertus, 2008). Two
independent researchers -- blind to the Experimental Condition -- coded each video (thus,
each participant’s video was coded twice by two different experimenters). Inter-rater
reliability for all trials across subjects was 91.9%. Any disagreements were settled by a
third (independent) party coder for any participant where agreement was less than 80%.

Results

Difference scores were subjected to a Comparison (2: 2v3, 2v4) X Order (2v3
first, 2v4 first) X Condition (3: Standard, Heterogeneity, Language) mixed measures
ANOVA. Results revealed a marginal main effect of Comparison (F(1, 40)=3.02, p=.09,

15 =.07), such that infants were more accurate in their searching for the 2v4 comparison
(M=1.48s) than the 2v3 comparison (M=.491s). However, this was qualified by a
significant Comparison X Order X Condition interaction (F(1, 40)=3.6, p=.037, n,z,
=.152).

To examine this interaction further, a preliminary post-hoc analysis of difference
scores for each age group X comparison were calculated (versus 0; Figure 8). For the
Standard condition, infants’ difference scores did not significantly differ from zero in the

2v3 comparison (M=-.095s, t(19)=-.263, p>.7, Cohen’s d=.12) or the 2v4 comparison
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(M=.875s, t(19)=1.47, p>.1, Cohen’s d=.40). In the Heterogeneity condition, infants

demonstrated marginal success in the 2 vs. 3 Comparison, but were successful when
comparing 2v4 (M,;=1.77s, ((12)=1.91, p=.081, Cohen’s d=1.1; M>,,~1.31s, t(12)=2.64,
p=.022, Cohen’s d=1.52). In the Language condition, infants failed to compare either 2v3
or 2v4 (M>,3=.617s, (12)=.858, p>.4, Cohen’s d=.50; M>,,~1.34, t(12)=1.48, p>.1,
Cohen’s d=.85). However, our initial ANOVA suggested that Order was also important
for infants’ ability to discriminate sets successfully. Unsurprisingly, infants generally
searched less on the second comparison that they saw, compared to the first comparison
(as seen in previous manual search paradigms; e.g., Feigenson & Carey, 2003, 2005;
Zosh & Feigenson, 2015; e.g., infants demonstrated the most success on the first
comparison that they viewed). A secondary analysis including those infants who were
initially excluded for failing to complete both test comparisons was run using the same
statistics reported above. Results confirm these initial trends: Standard (2v3: M=.153s,
1(24)=.467, p>.6, Cohen’s d=.19; 2v4: M=1.07s, t(22)=1.89, p=.072, approaching,
Cohen’s d=.81); Heterogeneity (2v3: M=1.32s, t(14)=1.5, p>.1, Cohen’s d=.80; 2v4:
M=1.44s, 1(15)=3.29, p=.005, Cohen’s d=1.7), Language (2v3: M=.97s, t(15)=1.5, p=.143,
Cohen’s d=.77; 2v4: M=.876s, t(17)=1.23, p>.2, Cohen’s d=.60).

We also assessed whether infants in this Experiment improved at this task with
age. To examine this, we ran a correlational analysis between age (in days) and each
difference score. Age (in days) was not significantly correlated with the 2v3 comparison
(=.081, p>.5), but it was correlated with the 2v4 comparison (+=.326, p=.013). This held
for the Standard condition alone (r=-.018, p>.9; r=.385, p=.069); however, there were no

significant correlations for either the Heterogeneity or Language conditions (all p’s>.2).
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This was confirmed by running a linear regression on the difference score for each

comparison, with Age (months), Heterogeneity Condition, and Language Condition as
predictors. The 2v3 Model was not a significant fit (R°=.043, p>.5), with none of our
predictors emerging as significant (Age: Standardized Beta=.02, p>.8; Heterogeneity:
Standardized Beta=.204, p>.1; Language: Standardized Beta=.147, p>.3). However, the
2v4 Model was a marginally significant fit for the data (R’=.120, p=.077). Age emerged
as a significant predictor (Standardized Beta = ..347, t(53)=2.61, p=..012); however,
neither Heterogeneity (Standardized Beta = -.030, p>.8) nor Language were significant
predictors (Standardized Beta = -.056, p>.6). See Table 7 and Figure 8 for difference
scores vs. 0 for Comparison X Age (months).
Discussion

Experiment 3 asked two non-mutually exclusive questions: (a) whether infants
younger than 18 months can discriminate small vs. large sets (i.e., success in the Standard
condition), and (b) if additional factors may facilitate this understanding in infants
younger than 18 months (i.e., success in either the Heterogeneity or Language conditions).
Results indicate that infants younger than 18 months were able to compare small vs. large
sets, but only when items were perceptually variable. Perceptual variability seemed to aid
infants’ ability to compare sets, with significant success in the 2v4 comparison. However,
exposure to numerical language (counting by the experimenter in the Language
condition) did not seem to impact discrimination abilities, and infants in this age range
did not verbally count the number of items (i.e., two or four items).

In order to explore these remaining questions further, a cross-experiment analysis

was conducted in order to analyze the contribution of Age Group (14-36 months) and
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Condition (Standard, Heterogeneity, and Language) across development (Experiments 1,

2, and 3).
Cross-Experiment Analysis:

Cross-Experiment Analysis 1: Standard Condition (14-17 months): Experiments 2 and 3

In order to confirm when it is over the course of natural infant development that
they can compare small and large sets, a Repeated Measures ANOVA was conducted
examining the following variables: Comparison (2: 2v3, 2v4) X Age in Months (4: 14, 15,
16, 17 months) X Experiment (2: Experiment 2: Standard Control (N=27), Experiment 3:
Standard Non-Control (N=26)). Results revealed no main effect of Experiment (p>.9, n;‘;
<.001). Although there was a main effect of Comparison (F(1, 33)=10.9, p=.002,
15=.248) and a main effect of Age Group (F(3, 33)=8.02, p<.001, n;=.422), this was
qualified by a significant Comparison X Age Group interaction (F(1, 33)=5.7, p=.003, nj
=.342; Figure 9). Follow-up analyses that this was driven by significant differences in
searching behavior across the two comparisons in the oldest age group (14 mos: M>,;=-
.269s, M>,4=.985s; t(11)=1.64, p=.130, Cohen’s d=.99; 15 months: M,,;=.075s, M>,.4=-
.875s; t(13)=1.84, p=.089, Cohen’s d=1.02; 16 months: M,,;=1.04s, M>,4=3.8s; #(3)=2.21,
p=114, Cohen’s d=2.6; 17 months: M>,;=-.924s, M>,4=3.03s; #10)=3.22, p=.009,
Cohen’s d=2.04). Moreover, the two oldest age groups successfully discriminated small
from large sets, yet all four age groups failed to discriminate exclusively small sets (14
months: 2v3 vs. 0: #(11)=.660, p>.5, Cohen’s d=.40; 2v4 vs. 0: #(11)=1.66, p=.125,
Cohen’s d=1.0; 15 months: 2v3 #17)=1.32, p=.206, Cohen’s d=.64; 2v4 vs. 0: t(13)=2.25,

p=.042, Cohen’s d=1.3; 16 months: 2v3 vs. 0: #(5)=1.33, p=.241, Cohen’s d=1.2; 2v4 vs.
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0: 1(3)=4.54, p=.02, Cohen’s d=5.2; 17 months: 2v3 vs. 0: #(12)=.359, p>.7, Cohen’s

d=.21; 2v4 vs. 0: 1((14)=3.46, p=.004, Cohen’s d=1.8).

Thus, the present cross-experiment analysis suggests that although infants in
Experiment 1 and 2 demonstrated robust success in the Standard condition as young as 18
months of age, initial success comparing small and large sets can be seen in 16- and 17-
month old infants, whether or not visual cues are present (i.e., no main effect of
Experiment). Thus, our data provide strong evidence to suggest that infants may be able
to successfully compare small and large sets successfully before 18 months of age.

Cross Experiment Analysis 2: Effects of Condition and Counting Behavior across
Development: Experiments I and 3

To confirm and explore interim conclusions from Experiments 1 and 3, an
omnibus Mixed Measures ANOVA was conducted to examine Comparison (2: 2v3, 2v4)
X Age Group (4: 14-17mos (N=46), 18-23 mos (N=43), 24-29 mos (N=57), 30-36 mos
(N=70)) X Condition (3: Standard (N=78), Heterogeneity (N=76), Language(N=62)).
Analyses revealed no main effect of Comparison (p>.1, n;, =.01), such that infants in this
version of the manual search task did not search longer in the 2v4 comparison (M=2.45s)
than the 2v3 comparison (M=2.1s). Both of these means differed significantly from zero,
indicating success on both of these comparisons, generally (2v3: #(215)=12.2, p<.001,
Cohen’s d=1.7; 2v4: t(215)=13.7, p<.001, Cohen’s d=1.9).

There was a main effect of Age Group (£(3,204)=19.7, p<.001, n; =.225), with
searching for each age group significantly differing from each other age group (M4
17mos=-9708, M 1823mos=1.688, M24.20m0s=2.928, M30_36mos=3.52s; all p’s<.1). See Figures 10

and 11 for correlations between age (in days) with each set of difference scores (2v3:
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=377, p<.001; 2v4: =344, p<.001). Finally, there was a main effect of Condition (F(2,

204)=3.88, p=.022, n;, =.037), such that infants searched longest in the Heterogeneity
condition (M=2.77s), followed by the Language condition (M=2.12s) and Standard
condition (M=1.93s). Searching in the Heterogeneity condition differed significantly
from the Standard condition (p=.008); however, Heterogeneity and Language only
differed marginally (p=.054). Standard and Language did not differ from each other
(p>.5). Furthermore, Condition did not interact with Comparison (p>.6, n°,=.004).

A secondary omnibus Mixed Measures ANOV A was run with the inclusion of
Counting Behavior as a between-subjects variable. With the inclusion of Counting
Behavior, there was no longer a main effect of Condition (p>.1, n;=.023). However,
there was still a main effect of Age Group (F(3, 194)=9.79, p<.001, n5=.132). Of note, in
our omnibus ANOVA, there was no main effect of Counting Behavior (p>.6, n,=.001).
Additionally, none of the variables of interest (Condition, Comparison, Counting
Behavior, or Age) produced any significant interactions (p ’s>.4). Thus, to examine the
relative impact of these variables, they were subjected to a linear regression. The 2v3
Model was a significant fit for the data (R’=.173, p<.001), with Age (Group) significantly
predicting difference scores (Standardized Beta = 408, #(229)=6.2, p<.001) and
Heterogeneity marginally predicting search times (Standardized Beta = .125, #(229)=1.84,
p=.067; Counting Behavior: Standardized Beta = -.045, p>.5; Language: Standardized
Beta = .052, p>.4). The 2v4 Model was also a significant fit for the data (R’=.141,
p<.001), with Age (Group) singularly predicting difference scores (Standardized Beta
=.300, #(231)=4.44, p<.001; Heterogeneity: Standardized Beta = .082, p>.2; Language:

Standardized Beta = -.027, p>.6; Counting Behavior: Standardized Beta = .105, p>.1).
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See Table 8 for a breakdown of Age Group by Comparison (difference scores vs. 0) for

the Standard Condition, which indicates that infants successfully discriminated small
from large sets as early as 14-17 months of age, although this was not the case for small
vs. small sets until 18-23 months of age. .
General Discussion

These studies addressed two research questions: (a) when it is over the course of
natural development that infants overcome the documented inability to compare small vs.
large sets, and (b) what factors may facilitate this understanding. These questions yielded
several specific predictions: (1) Infants will overcome this inability to compare small and
large sets over the course of natural development between 18 and 36 months of age;
namely, at approximately two years of age, when numerical language also appears (e.g.,
Wynn, 1990, 1992). (2) Numerical language may provide a third, integrated system on
which infants can rely when discriminating across sets. Numerical language could impact
discrimination in two distinct ways: via receptive language, in which case simply
exposure to numerical language (and, specifically, verbal counting and cardinality),may
facilitate these discriminations, and/or via expressive abilities, such that infant abilities to
produce count words may predict discrimination abilities. (3) Perceptual variability may
provide infants with the ability to represent items individually within a set, thus
momentarily expanding the limits of their visual working memory. In this vein, infants
could rely on the object file system exclusively to represent individual items within a set
at a given time (e.g., 4 items instead of 3 or fewer items), thereby taxing visual working

memory to a lesser degree than a strictly homogenous set of items.
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The main finding from these experiments indicates that children older than 18

months succeeded in comparing both small sets (2 vs. 3, as previously documented:
Feigenson & Carey, 2003, 2005; Xu, 2003; Xu & Spelke, 2000) and small vs. large sets
(2 vs. 4). This is the first study to show this ability, spanning a developmental age range
and using the same experimental paradigm. Previous work indicates that infants fail to
compare small and large sets (Cordes & Brannon, 2009; Feigenson et al., 2002; Xu,
2003; Xu & Spelke, 2000) and the dominant theory suggests that this failure is due to
infants’ use of two incompatible systems for representing number (Cordes & Brannon,
2009; Feigenson et al., 2002): an object file system used to precisely represent visual sets
in working memory and a noisy, approximate analog magnitude system used to represent
all natural numbers (see Posid & Cordes, 2014, for a review). The earliest documented
evidence of successful discrimination across this small-large divide appears at 3-years-
old (Cantlon et al., 2010); however, findings from the current experiments provide the
first evidence to suggest that infants younger than 36 months can compare sets spanning
the small-large boundary. In fact, data from Experiments 1 and 2 indicate that this ability
can be seen as young as 18-23 months of age, with this young age group successfully
discriminating 2v3 and 2v4 in both standard conditions (Experiment 1 and Experiment 2:
Standard Control). In support of this conclusion is the finding that infants searched more
with age (longer relative searching on Expected Full trials relative to similar searching
seen across Expected Empty trials across development, as indicated by higher and more
positive difference scores) in Experiments 1 and 2 (Standard conditions). Thus, it appears
that older infants, more confident in their numerical representations, were more inclined

to believe that objects remained in the box and thus continued to search longer for them
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compared to younger infants. In fact, this main effect of Age (Group) and it’s prevalence

throughout each Experiment in the present study as a significant predictor of difference
scores in both of our comparisons, indicates that infants continue to gain confidence in
their numerical representations with maturation and experience. Specifically, if the
present data indicated that 18-23 month olds could successfully compare small and large
sets, but did not reveal Age effects in the remaining older age groups, this would be
indicative of an “all or nothing” understanding, where infants either understood and
represented the number of items which they were asked to enumerate, or did not. In
contrast, infants continued to search longer with age on Expected Full trials in particular
— but not Expected Empty trials — revealing that this representation of the number of
items in the hidden becomes, presumably, more concrete with development. Thus,
demonstrating a novel developmental trend, the present findings first extend the relevant
literature and bridge the gap between documented early failure to compare small-large
sets at 14 months of age (Feigenson & Carey, 2003, 2005) to a late success at 3 years of
age (Cantlon et al., 2007).

Due to the unexpected and robust success of infants in the youngest age range of
Experiment 1, Experiments 2 and 3 tested infants from 14-17 months of age, since
Feigenson and Carey (2003, 2005) indicate a failure to compare small-large sets at 14-
months. Initial results indicated that this age group, generally, failed to compare small vs.
large sets; however, a closer examination of data collapsed across Experiments 2 and 3
for this youngest age range reveals that 16-17 month old infants have begun to succeed at

this difficult discrimination. Thus, although some clear individual variability exists,
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results indicate that infants between 16-17 months old may begin to cross this small-large

divide, with robust success evident in the 18-23 month old sample.

Why might 18-24 month old infants succeeded in our 2v4 condition when Barner
et al (2007) reported a failure in this comparison as late as 22-24 months of age? One
potential explanation in support of this theory is that slight methodological differences
between the present task and previous versions may have contributed to these differences
(e.g., Barner et al., 2007). Although the task was modeled after previous studies, one
minor difference between the current study and that of previous studies is that after
presenting the items to the infant on top of the box, previous studies have used a single
motion to place all items in the box simultaneously Barner et al., 2007). In contrast, items
were placed individually into the box in the current task, thus perhaps providing
additional confounding information regarding the numerosity of the set. Thus, perhaps
this sequential placing of items on and into the box allowed infants to encode the
information as separate entities rather than a set or single group of items.

Relatedly, another question that stems from the results of the present study is why
14-17 month old infants show some success in our task, but fail to compare small-large
sets in manual search paradigms used previously (Barner et al., 2007; Feigenson & Carey,
2003, 2005). One possibility is that infants could use visual cues in our version of the
manual search task, whereas retrieved items were hidden from sight in the Standard
Control version of the task. However, this does not seem to be the case, as there was no
main effect of Experiment, nor any interactions with Experiment, following participation
in our Standard Control experiment. In this case, although redundant visual cues were not

important for infants over 18 months of age, these cues may have provided redundant
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perceptual information for which 14-17 month olds benefited (as seen in the Experiment

X Comparison interaction in the cross-experiment analysis of the standard conditions
following Experiment 3).

Results across all three of our present Experiments lend themselves to the theory
that the ANS increases in precision with development. Specifically, our results indicate
that even infants in our youngest age range (14-17 months) successfully compared small
and large sets (2v4); however, of interest, they failed to compare small and small sets
(2v3). Why might this be the case? Evidence suggests that perhaps they were able to
represent the items in the sets to-be-enumerated via the ANS. The consistent finding that
Age Group predicts difference scores across experiments suggests that true success on
this task comes with the natural and increasing precision of the ANS. Support for this
notion comes in two forms. First, much evidence indicates that the ANS becomes more
precise over natural development, such that 6-month-olds can discriminate a 1:2 ratio, 9-
month-olds can discriminate a 2:3 ratio, and so on, with adults discriminating a 7:8 ratio
accurately (Halberda & Feigenson, 2008; Lipton & Spelke, 2004). The largest gains in
this increasing precision can be seen in these infant years. Thus, although infants early in
development demonstrate an incompatibility when representing sets that span the small-
large divide, this ANS precision increases rapidly during this time frame, and is also
subject to individual variability across the lifespan (e.g., Halberda & Feigenson, 2008). It
stands to reason, then, that perhaps infants in our task successfully compared small and
large sets exclusively through reliance on the ANS, as adults and children can do with
ease (for a review: Posid & Cordes, 2014). This theory gains further support by the fact

that 14-17 month olds continue to fail in their ability to compare sets of 2 and 3 items in
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our version of the manual search task. Presumably, if they were either (a) relying

exclusively on the object file system or (b) attempting to represent smaller numbers via
the object file system and larger numbers via the ANS, they would have demonstrated the
opposite pattern of results that we find; that is, they should succeed at a 2v3 comparison
earlier in development than 2v4. However, we find the opposite pattern: success at 2v4
earlier than 2v3. Although seemingly irreconcilable with previous reports (e.g., with
Feigenson & Carey, 2003, 2005), this pattern of findings instead provides novel insight
into the developmental trajectory of infants’ ability to track sets with age. Specifically,
although early literature from infant numerical tasks suggests that they fail to compare
sets when invoking two incompatible systems, the present study suggests that the nature
of the task (e.g., the context) prompts the use of this single system (ANS) even earlier in
development than previously thought. The specific mechanism by which this type of task
may engage the ANS (and not object files) is unclear; however, one reason for this
proclivity of infants to use the ANS may stem from the non-visual nature of this task.
Although infants see a certain quantity of items hidden in the box, the Standard Control
experiment indicates that infants need not rely on these visual cues (no main effect of
Experiment, nor any interactions). Thus, the present study gains support from a select
number of studies in which infants make difficult small-small or small-large
discriminations in the non-visual domain (i.e., sounds; vanMarle & Wynn, 2009).
Importantly, in these non-visual tasks, infants also demonstrate a ratio-dependence, such
that they can compare sounds of a 1:2 ratio, but not a 2:3 ratio. Therefore, in line with
these findings, our data suggest that, in contrast to other small-large discrimination

failures with visual sets, ratio-dependent numerical discriminations involving non-visual



49
sets strongly suggest that infants, like older children, adults, and non-human animals have

access to ANS representations all the way down the number line (see Posid & Cordes,
2014).

Second, several recent lines of research suggest that training the ANS can lead to
increased ANS precision, even in adulthood where a plateau in discrimination ability is
observed (DeWind & Brannon). Specifically, DeWind & Brannon addressed the
malleability of the ANS by providing trial-by-trial feedback to adults making numerical
discriminations, with participants showing rapid improvements (measured by a greater
precision in their ANS) following this feedback. In fact although this was initially
observed for accuracy (which later plateud), reaction time for numerical discriminations
continued to decrease over time (DeWind & Brannon, 2012). In line with results from the
present study, the authors suggest that children who have not yet reached asymptotic
performance in ANS acuity might benefit more from this type of training, compared to
adults who should have a pretty precise ANS already. Although more work is needed to
explore this theory, it provides a possible explanation for the current pattern of findings,
thus highlighting one potential mechanism for success on this small-large discrimination
in toddlerhood.

To address our secondary research question, we asked what factors could
facilitate infants’ understanding of small vs. large sets across this same age range, namely,
numerical language and perceptual variability. Of note, neither of these conditions
produced worse performance, compared to the Standard condition for either numerical
comparison across any observed age range. Therefore, our discussion will focus on the

potential benefits of these variables of interest.
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We first investigated the impact of numerical language via two mechanisms:

production and exposure. Work from Barner and colleagues (Barner et al., 2007; Li et al.,
2009) suggest that infants who successfully compare small vs. large sets (1 vs. 4) may be
those infants who are at the same developmental stage as those who have started to
produce quantity-related words in their own vocabulary. Although the acquisition of the
singular/plural distinction may account for success in 1 vs 4 comparisons, this is clearly
not the whole story. Thus, we examined whether or not infants could count a set of items
(2 and 4) and whether this ability impacted their understanding of small vs. large sets.
Results from Experiment 1 indicate that those infants who could produce count words
were slightly more advanced than those who could not; however, this finding did not hold
in any other analyses from Experiments 2 and 3, nor in our Cross-Experiment analyses.
This could be due to the fact that 18-36 month olds were successful regardless of number
word production or because 14-17 month olds rarely (if ever) engaged in overt counting
of sets in our task. Thus, we cannot speculate about whether younger infants, who might
potentially benefit from this ability, would show improved performance in our test
comparison. Therefore, these preliminary findings do not support an account of
linguistically-mediated small-large discriminations, but instead suggest that infants
succeed at these difficult discriminations with development, such that numerical language
does not play a specific or necessary role in this ability.

Our secondary variable of interest was perceptual variability. Recent research
suggests that, under certain circumstances, perceptual variability aids exact numerical
judgments, such as counting items (adults: Frick, 1987), increasing speed of enumeration

(adults: Trick, 2008), improving discrimination abilities (children: Posid et al., in
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preparation), and facilitating discrimination during infancy (Feigenson, 2005). Results

from these studies suggest that perceptual variability may aid in infants’, children’s, and
adults’ ability to discriminate between sets because heterogeneity highlights the salience
of the individual items to be enumerated (Feigenson, 2005; Posid et al., in preparation).
In the present study, we explored whether a heterogeneous array would increase success
in a manual search task by improving infants’ individuation of objects, thus potentially
expanding their visual working memory to hold four distinct items in working memory.
Data from our experiments indicated that heterogeneity increased infants’ confidence, as
evident by higher search times in the Heterogeneity condition, compared to the Standard
condition, in Experiment 1 and (marginally) in Experiment 3. Although infants
successfully discriminated both exclusively small and small-large sets in Experiment 1,
the increased search time for the Heterogeneity condition suggests that infants searched
longer on Expected Full trials compared to Expected Empty trials specifically in this
condition. Support for this theory also emerges when examining the 14-17 month olds’
success in Experiment 3. Specifically, although infants were nearing successful
comparisons across this small-large boundary in the youngest age group, the only robust
discrimination was in the Heterogeneity condition. This pattern indicates that, although
perceptual variability was not necessary for success, it promoted infants’ remembering of
the items hidden in the box. Support for this theory comes from recent work by Zosh and
Feigenson (2015), who found that arrays that contrast in perceptual features increased the
storage capacity of visual working memory in infants, as seen in adulthood. Results from
Experiment 3 support this claim, such that 14-17 month olds in the Heterogeneity

condition (Experiment 3) also successfully compare sets of two and four items. In line
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with conclusions from Zosh and Feigenson (2015), this suggests that perceptual

variability in the make up of sets to-be-enumerated increases the storage capacity of
visual working memory, such that these young infants can rely on object files to compare
sets successfully.

In conclusion, the present study addressed the open questions of (1) when, over
the course of development, do we overcome the observed inability to compare small vs.
large sets posed by representation incompatibilities, and (2) what circumstances or factors
facilitate this ability. Results from three cross-sectional studies indicate that infants begin
to discriminate between small and large sets as early as 16-17 months old, with robust
ability to overcome this failure by 18 months of age. Furthermore, infants seemed to
benefit from perceptual variability in the form of item individuation in their ability to
make this discrimination. In contrast, neither exposure to numerical language (in the form
of adult modeling of cardinality and counting) nor the ability to produce numerical
language (i.e., counting behavior) led to greater confidence or proficiency when
comparing sets. Future research should continue to examine the proposed potential
mechanisms for overcoming small-large discrimination failures, including infants’
reliance on exclusively object files or exclusively analog magnitudes. Some research to
date has examined circumstances under which each of these can be implicated, but more
work is needed, as well as a more thorough investigation of the longitudinal or broader
effects of implicating one of these systems over the other across the lifespan when

making numerical judgments.
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Table 1.

Age Group Standard Condition Heterogeneity Condition Language

Condition

18-23 mos N=14 N=18 N=11

24-29 mos N=20 N=19 N=18

30-36 mos N=24 N=26 N=20

Experiment 1: The number of children per Condition by Age Group.

Table 2.

Age Group Standard Heterogeneity Language

18-23 months M=1.11s M=2.22s M=1.47s
1(14)=2.85, p=.013  #17)=3.86, p=.001  #(10)=2.85, p=.017
Cohen’s d=1.45 Cohen’s d=1.87 Cohen’s d=1.8

24-29 months M=1.99s M=2.96s M=2.7Ts

30-36 months

#(20)=3.28, p=.004
Cohen’s d=1.47

M=3.58s
1(23)=5.91, p<.001
Cohen’s d=2.46

1(19)=4.38, p<.001
Cohen’s d=2.01

M=3.67s
1(26)=7.52, p<.001
Cohen’s d=3.25

1(17)=5.4, p<.001
Cohen’s d=2.62

M=3.23s
1(19)=5.36, p<.001
Cohen’s d=2.46

Experiment 1: Difference scores (2v3 Comparison) vs. 0.

Table 3.

Age Group Standard Heterogeneity Language

18-23 months M=1.5s M=331s M=.796s
t(14)=1.94, p=.073  #17)=6.3, p<.001 #(10)=1.21, p>.2
Cohen’s d=1.0 Cohen’s d=3.06 Cohen’s d=.77

24-29 months M=3.17s M=2.97s M=3.64s
#20)=5.37, p<.001  #19)=5.65, p<.001  #17)=6.75, p<.001
Cohen’s d=2.4 Cohen’s d=2.59 Cohen’s d=3.27

30-36 months M=3.62s M=3.9s M=3.09s

#(23)=5.36, p<.001

#(26)=8.29, p<.001

#(19)=4.24, p<.001



Cohen’s d=2.23

Cohen’s d=3.25

Cohen’s d=1.9
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Experiment 1: Difference scores (2v4 Comparison) vs. 0.

Table 4.

Condition Non-Counters Counters
Standard 62.5% 37.5%
Heterogeneity 62.7% 37.3%
Language 62.5% 37.5%
Experiment 1: Counters X Condition.

Table 5.

Age Group Non-Counters Counters
18-23 months 76.6% 23.4%
24-29 months 71.2% 28.8%
30-36 months 45.9% 54.1%
Experiment 1: Counters X Age Group.

Table 6.

Age Group Non-Counters Counters
14-17 months 88.9% 11.1%
18-23 months 94.7% 5.3%
24-29 months 66.7% 33.3%
30-36 months 33.3% 66.7%

Experiment 2: Standard Control. Counters X Age Group.

Table 7.
Age Group 2v4
14 months M=.843s M=.267s



15 months

16 months

17 months

1(10)=1.52, p>.1
Cohen’s d=.96

M=.233s
1(12)=.968, p>.3
Cohen’s d=1.47

M=.263s
1(9)=.982, p>.3
Cohen’s d=.65

M=1.06s
1(19)=1.3, p>.2
Cohen’s d=.60

68
1(11)=.538, p>.6
Cohen’s d=.33

=-.06s
t(11)=-.102, p>.9
Cohen’s d=.062

M=1.11s
1(10)=1.14, p>.2
Cohen’s d=.72

M=2.24s
1(20)=3.97, p=.001
Cohen’s d=1.78

Experiment 3: Difference Scores for each Comparison X Age (months)

Table 8.

Age Group 2v3 2v4

14-17 months M=.153s M=1.07s
1(24)=.467, p>.6 1(22)=1.89, p=.072
Cohen’s d=.2 Cohen’s d=.81

18-23 months M=1.11s M=1.5s
1(14)=2.85, p=.013 1(14)=1.94, p=.073
Cohen’s d=.59 Cohen’s d=1.04

24-29 months M=1.84s M=3.12s
1(20)=1.84, p=.006 1(21)=5.82, p<.001
Cohen’s d=.82 Cohen’s d=.72

30-36 months M=3.66s M=3.62s
1(24)=6.24, p<.001 #(23)=5.36, p<.001
Cohen’s d=2.5 Cohen’s d=2.24

Cross-Experiment Analysis: Difference Scores for each Comparison X Age (months) in
the Standard Condition.
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Conditions

Standard Condition Language Condition Heterogeneous Condition
(Replicating Feigenson & Carey, 2003)  “Look at my toys. 1, 2, 3, 4. See, 4!"

Figure 1.
Experiment 1: There were three conditions in which infants participated: Standard,

Language, and Heterogeneity.
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Figure 2.

Experiment 1. Age Group X Comparison (compared to average difference score vs. 0)
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Figure 3.
Experiment 1. Average search time was positively correlated with age (in days),

indicating that infants generally searched more across development.
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Figure 4.

Experiment 1: Graphed by Trial Type (Expected Empty vs. Expected Full), children
searched more with age; however, this was due to increased searching in Expected Full
Trials, with comparable and low performance on Expected Empty trials over

development.
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Figure 5.

Experiment 1: Age Group X Comparison X Condition
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Figure 6.
Experiment 1: Histogram (Means Plot) for the 2v4 Comparison. Infants generally

searched more with age, leading to greater success they developed.

75



76

5_
4 -
[«P]
5 3 -
[P]
e H2v3
[-P]
22 -
g L2v4
b=
a

11-!7%% 18-23 mos 24-29 mos 30-36 mos
-1 -

Figure 7.

Experiment 2: Standard Control. Difference score analyses confirm that, although 14-17
month olds fail to compare small and large sets, 18-36 month olds robustly make this

distinction.
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Figure 8.

Experiment 3: Age (in months) X Comparison (difference scores vs. 0)
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Figure 9.

Cross-Experiment Analysis: Experiments 1 and 3 (Standard Condition only; difference

scores vs. 0)
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