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Abstract

Decades of research has revealed that humans can concurrently represent small
quantities of three-dimensional objects as those objects move through space or into
occlusion. For infants (but not older children or adults), this ability apparently comes
with a significant limitation: when the number of occluded objects exceeds three,
infants experience what has been characterized as a “catastrophic” set size limit, fail-
ing to represent even the approximate quantity of the hidden array. Infants’ apparent
catastrophic representational failures suggest a significant information processing lim-
itation in the first years of life, and the evidence has been used as support for prominent
theories of the development of object and numerical cognition. However, the evidence
for catastrophic failure consists of individual small-n experiments that use null hypoth-
esis significance testing to obtain null results (i.e., p > 0.05). Whether catastrophic
representational failures are robust or reliable across studies, methods, and labs is not
known. Here we report a systematic review and Bayesian meta-analysis to examine the
strength of the evidence in favor of catastrophic representational failures in infancy.
Our analysis of 22 experiments across 12 reports, with a combined total of n = 367
infants aged 10-20 months, revealed strong support for the evidence for catastrophic
set size limits. A complementary analysis found moderate support for infants’ success
when representing fewer than four objects. We discuss the implications of our findings
for theories of object and numerical cognitive development.
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Research Highlights

* Previous work has suggested that infants are unable to concurrently represent four
or more objects—a “catastrophic” set size limit.

* We reviewed this work and conducted a Bayesian meta-analysis to examine the
robustness of this limit across individual small-n experiments.

* We found strong support for the evidence for catastrophic set size limits, and

moderate support for infants’ success when representing fewer than four objects.
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1 | INTRODUCTION

A fundamental question in cognitive science concerns the origins of
our ability to represent objects that are no longer in view. Early in
development, the ability to maintain persisting representations in the
mind of nonvisible objects allows infants to navigate, learn about, and,
eventually, to talk about the three-dimensional world in which they
are embedded. These object representations may also provide the con-
ceptual foundations for abstract symbolic systems of knowledge, such
as knowledge about numbers (Carey, 2009; Carey & Barner, 2019;
Feigenson et al., 2004).

Piaget established that infants can represent objects based on sen-
sory data before they have the language abilities to talk about objects
(Piaget, 1954). Investigations after Piaget have revealed that infants
have robust and sophisticated object representations even in the
absence of concurrent sensory input (Baillargeon et al., 1985; Bower,
1967; Feigenson & Carey, 2003, 2005; Kaldy & Leslie, 2003, 2005;
Kibbe, 2015; Kibbe & Leslie, 2011, 2016, 2019; Spelke et al., 1992),
suggesting that infants can form representations of objects in their
minds even without direct access to sensory data. For example, 5-
month-old infants who observe an object that is occluded by a swinging
drawbridge expect the object to stop the movement of the drawbridge
(Baillargeon et al., 1985). Infants not only represent an object’s con-
tinued existence when it is no longer in view (Baillargeon et al., 1985;
Baillargeon, 1987; Kibbe & Leslie, 2011), but also can use objects’ feat-
ural or categorical identities to individuate objects (Bonatti et al., 2002;
Wilcox, 1999; Xu & Carey, 1996), can store such identifying proper-
ties in their representations of hidden objects (Kaldy & Leslie, 2005;
Kibbe & Leslie, 2019; Wilcox, 1999), and can use their representations
of occluded objects to drive a range of behaviors and inferences, such
as planning their own actions on objects (Shinskey & Munakata, 2005),
understanding others’ actions on objects (Applin & Kibbe, 2019), and
choosing when to learn about objects (Stahl & Feigenson, 2015).

Over the last several decades, the limitations on infants’ capacity to
concurrently represent multiple objects have been a major focus of
research, since such limitations can provide important insights into the
earliest structures of the mind and the capacities from which the adult
mind emerges. This work has revealed what has come to be regarded
as a signature limit on infants’ capacity to represent sets of occluded
objects. When infants are tasked with tracking one, two, or three
objects in a single location, infants appear able to do so quite robustly
(Feigenson & Carey, 2003, 2005; Feigenson et al., 2002; van de Walle
et al., 2000; Wynn, 1992). By contrast, when infants are tasked with
tracking more than three objects in a single location, infants appear to
be unable to keep track of even a subset of the objects that they were
tasked with representing (Barner et al., 2007; Feigenson et al., 2002;
Zosh & Feigenson, 2015; see also Kibbe & Stahl, 2023), a phenomenon
which is often referred to as a “catastrophic” set size limit, or a catas-
trophic failure to remember multiple objects that are hidden from view
(e.g., Feigenson & Carey, 2005; Zosh & Feigenson, 2009).

“Catastrophic” set size limits have been observed across multiple
methods, and the existence of such failures plays a prominent role

in a variety of formal theories of the development of number knowl-
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edge (Carey, 2009; Carey & Barner, 2019; Feigenson et al., 2004; Hyde,
2011; Mou, 2014), object cognition (e.g., Feigenson & Carey, 2003,
2005; Leslie et al., 1998), and working memory (Cowan, 2016; Kibbe,
2015; Zosh & Feigenson, 2009). However, it is difficult to gauge how
robust or consistent these “catastrophic” set size limits are, given the
extant literature. Catastrophic set size limits in infant experiments are
evidenced by null results obtained with very small numbers of infants
(typically fewer than 20 infants per experiment) analyzed using null
hypothesis significance testing (i.e., a p-value greater than 0.05 is taken
as evidence of a “failure”, while a p-value less than 0.05 is taken as
evidence of a success), and such null results are notoriously difficult
to interpret, particularly with small numbers of participants (Button
et al., 2013; Gigerenzer et al., 2004; Nickerson, 2000). Thus, despite
its potential theoretical significance, the reliability of “catastrophic”
set size limits—and whether these failures are indeed robust across
studies, methods, and labs—is not known.

We examined the robustness of catastrophic set size limit effects
in infancy using a preregistered systematic review and Bayesian meta-
analysis. We had two primary goals. Our first goal was to gather all of
the evidence from the infant literature for catastrophic set size lim-
its, and summarize that evidence and its role in theory-building. To
do so, we conducted a systematic review of the literature that has
examined limitations on infants’ capacity to concurrently represent
multiple objects in their minds, which we summarize below, and then
briefly discuss the role that these results have played in the formulation
of prominent theories of number knowledge acquisition and mem-
ory development. Our second goal was to estimate the robustness of
catastrophic set size limit effects in infancy. To do so, we conducted
a Bayesian meta-analysis on the effect sizes observed in studies that
found a signature of catastrophic set size limits in infancy. We con-
clude with a discussion of the implications of our findings for theories
that rely on the robustness of catastrophic set size limits on object

representations in infancy.

2 | REVIEW OF THE EMPIRICAL EVIDENCE

Feigenson et al. (2002) were the first to observe the phenomenon of
catastrophic set size limits in infants. They used a “foraging”-style task
that previously had been used to examine representational capacities
in nonhuman primates (Hauser et al., 2000). In their task (illustrated
in Figure 1), 10- and 12-month-old infants observed an experimenter
distributing crackers into two opaque containers, which were placed
at equal distances from the infant. They varied the total number of
crackers hidden across experiments, but one container always con-
tained more crackers than the other container. Once the crackers were
distributed, infants were allowed to crawl toward one of the contain-
ers and retrieve the crackers inside. They found that when infants
were given a choice between containers with one versus two crack-
ers or two versus three crackers, infants crawled to the container with
the greater number of crackers at rates significantly above chance,
suggesting that infants could represent and distinguish one, two, or

three hidden objects from each other. However, when any of the
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3. Infant is allowed to search
in the box

3. Infant is allowed to crawl to a container

FIGURE 1

Illustrations of the foraging task and the manual search task. Here, we show examples of one possible trial for each study type. In

the lab, parameters such as order and manner of object presentation, relative positions of the objects, and timing of object hiding/retrieval are

carefully controlled and/or counterbalanced.

containers held more than three objects (e.g., two vs. four crackers,
three vs. four crackers) infants crawled to the containers at roughly
equal rates. Feigenson and Carey (2005) later found that this was true
even when infants were tasked with tracking only one cracker in one
location and four in the other—a distinction that should have been triv-
ially easy for infants if they were able to track the approximate quantity
of crackers (Cordes & Brannon, 2008). However, when one of the con-

tainers held four crackers and the other held none, infants successfully

crawled to the container with four at rates above chance (Feigenson &
Carey, 2005).

Together, these results were interpreted as infants experiencing a
“catastrophic failure” in their ability to concurrently represent four
or more objects—infants failed to store a subset of the objects, or
an approximate estimate of the quantity of objects, but may retain
that there was “something” left without knowing what or how much.

Similar results were obtained by vanMarle (2013) with similar-aged
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infants. Similar results also have been obtained in rhesus macaques
(Hauser et al.,2000), horses (Uller & Lewis, 2009), red-backed salaman-
ders (Uller et al., 2003), and bees (Gross et al., 2009), suggesting that
this signature limitation on object representational capacities may be
phylogenetically ancient.

Catastrophic set size limits also have been observed in other tasks.
Feigenson and Carey (2003, 2005) adapted the manual search task
first used by Van de Walle et al. (2000). This method is illustrated in
Figure 1. In their task, infants watched as an experimenter hid sets of
one or more objects inside of an opaque box. Infants were allowed to
reach into an opening at the front of the box and, without seeing what
was inside the box, remove either all of the hidden objects (“expected
empty” trials), or only a subset of the hidden objects (“more remain-
ing” trials). To examine whether infants could keep track of how many
objects were hidden, how many were removed, and therefore how
many remained, they measured how long infants continued to search
in the box following the removal of the objects. Feigenson and Carey
(2003) found that infants searched longer in the box on “more remain-
ing” trials compared to “expected empty” trials when sets of one, two,
or three objects were hidden inside the box. However, infants searched
roughly equally in the two trial types when four objects were hidden
and two were retrieved compared to trials in which two objects were
hidden and all were retrieved. Similar results were obtained by Barner
et al. (2007), Feigenson and Carey (2005), Stahl and Feigenson (2014,
2018), Wang and Feigenson (2019, 2023), Stahl et al. (2023), and Zosh
and Feigenson (2012).

Several studies also have found signatures of catastrophic set
size limits in infants using passive-viewing tasks. Xu (2003) found
that 6-month-old infants failed to discriminate two from four objects
in a habituation/dishabituation study, but successfully discriminated
larger sets of objects with the same ratio difference (four from eight
objects) suggesting evidence for a divide between the way quantities
smaller than four and larger than four are represented in infancy (see
also Mack, 2006). Kibbe and Feigenson (2016) showed 13-month-old
infants a set of four heterogeneous objects that was hidden behind
an occluder, and the occluder was then removed to reveal either
four objects or only three objects. Infants looked equally at these
two outcomes, suggesting they failed to represent the quantity of the
objects behind the occluder (see also Wang, 2023, for similar results
using an online violation-of-expectation with 14- to 18-month-old
infants). Similar results also were obtained with rhesus macaques in a
violation-of-expectation looking time task (Hauser & Carey, 2003).

Catastrophic set size limits are harder to come by in humans beyond
the infant years. Unlike infants, older children and adults who are
tasked with attentionally tracking multiple objects show evidence of
being able to track a subset of the objects when their attentional
capacities are exceeded (Blankenship et al., 2020; Scholl & Pylyshyn,
1999; Trick et al., 2005; but see Feigenson, 2008, for evidence of a
catastrophic limit on the number of sets of objects that adults can
simultaneously track). And older children and adults who are tasked
with storing representations of objects for brief intervals in work-
ing memory show evidence of remembering a subset of items when

their working memory capacities are exceeded (Bays & Husain, 2008;
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Cheng & Kibbe, 2022, 2024; Luck & Vogel, 1997). These results sug-
gest that signatures of catastrophic set size limits may be confined to
infancy, and these severe limitations on human representational capac-
ities ease with development. However, it is important to note that
the methods used to assess representational capacities in infants tend
to provide coarser evidence than the methods used to assess these
capacities in older children and adults, since infant studies necessitate
nonverbal methods and fewer trials.

2.1 | The significance of catastrophic set size limits
for theories of development

The evidence for catastrophic set size limits in infancy has figured
prominently in several leading theories of the structure of object
representations, the development of numerical abilities, and the devel-
opment of memory.

For example, one of the prominent theories of how humans repre-
sent object arrays and numerical quantities is the “two systems” theory
(Feigenson et al., 2004; Hyde, 2011; Pylyshyn, 1994; Trick & Pylyshyn,
1994), which suggests that humans recruit categorically different rep-
resentations when keeping track of a small number of objects versus
a large array of objects. Behavioral signatures that support this theory
include infants’ apparent catastrophic failures when tracking a set of
four or more individual objects, and adults’ noise-free or precise perfor-
mance when estimating the number of small arrays with four or fewer
objects but noisy or ratio-dependent performance when estimating
large arrays with more objects (Trick & Pylyshyn, 1994). The “two sys-
tems” theory has been challenged by the “unifying theory” (Gallistel,
2020; Gallistel & Gelman, 2000), which uses evidence that adults’ per-
formance on the small-quantity estimation task can become noisy and
ratio-dependent with reduced exposure time to argue that the same
representations are recruited to represent quantity regardless of set
size (Cheyette & Piantadosi, 2020). The “unifying theory,” therefore,

’u

does not predict infants’ “catastrophic” failure when tasked with rep-
resenting four or more objects, since under the unifying theory infants
should maintain at least an approximate sense of the quantity of hidden
objects. Understanding the robustness of infants’ representational fail-
ures hence provides animportant test-case for potentially adjudicating
between these views.

Beyond representations of sets of objects, prominent theories
of children’s number word acquisition also rely on the “two sys-
tems” theory of numerical representation. These theories suggest
that the stage-like developmental progression in children’s number
word understanding reflects the catastrophic set size limitation on
infants’ object representations (Carey, 2009; Carey & Barner, 2019;
Le Corre & Carey, 2007; vanMarle, 2015). According to this view, chil-
dren’s capacity to track one, two, or three objects in parallel allows

» o«

them to form set-based representations of “oneness,” “twoness,” and

“threeness.” Typically, over an extended period between 2 and 4 years

of age, children gradually learn to map the corresponding number

» o« »

words (i.e., “one,” “two,” “three”) to these set-based representations in

a stage-like fashion—first understanding “one” but nothing more, and
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then gradually acquiring “two” over the next few months, and then
gradually acquiring “three” in a similar way (Wynn, 1990, 1992). How-
ever, this piecemeal acquisition process stops sometime after children
acquire “three.” Instead of continuing to map each larger numerosity
to their corresponding number word, children seem to make a “concep-
tual leap” and induce that the counting sequence can be used to gener-
ate precise and large numerical quantities. This qualitative shift in the
number word acquisition process is attributed to the limited capacity
children have to keep track of four or more objects in parallel—children
may be running out of the capacity to form set-based representations
of four or more objects, which motivates them to adopt one-to-one cor-
respondence and the counting sequence to help keep track of larger
quantities in a precise way (Carey, 2009; Carey & Barner, 2019). In con-
trast to this “object-based” theory of number word acquisition, others
have proposed that children form noisy representations of numerosi-
ties throughout the number word acquisition process, without ever
being constrained by an object tracking capacity limit (e.g., Gelman &
Gallistel, 1978; Gallistel & Gelman, 2000; Wagner & Johnson, 2011).
Quantifying the strength of the evidence for infants’ representational
capacity limits can provide important clarity to this debate.

Theories of the development of object representational capacities
in working memory also must account for infants’ catastrophic set size
limits, since such catastrophic failures do not appear to be a feature
of object working memory for older children or adults. If catastrophic
set size limit effects are robust in infancy, it would suggest that the
way infants represent objects in working memory is qualitatively dif-
ferent from the way older children and adults do, and would therefore
reflect a structural limitation over working memory in infancy that is
subsequently overcome with development or with the acquisition of
more efficient working memory strategies. However, if catastrophic
set size limit effects are not robust, the existence of these failures in
infant experiments could suggest that infants’ working memory may
store more graded representations of objects (Munakata, 2001) or may
have a finite amount of visual working memory resource to devote
to representations of objects (Bays & Husain, 2008), and when these
resources are spread too thin, the result is a set of unreliable repre-
sentations of hidden objects, rather than the complete obliteration of
these representations. That is, infants’ apparent failures when more
than four objects are hidden could reflect representational “fading” or
representational noise rather than catastrophic representational fail-
ure. If this is the case, we should observe insufficient evidence for
catastrophic failures, because infants’ representational noise should
lead to inconsistent performance across studies, instead of consistent

failures across studies.

2.2 | How strong is the evidence for the
“catastrophic” set size limit?

While many studies have demonstrated catastrophic set size limits
in infants, it remains unclear just how reliable catastrophic failure
effects are. In general, null results are difficult to interpret on an

individual-study level, for several reasons. First, the conclusions that
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are drawn from these studies are based on the results of null hypoth-
esis significance testing, which does not yield the probability of the null
hypothesis, but instead gives the probability of the data if it were the
case that the null hypothesis is true (Gallistel, 2009; Gigerenzer et al.,
2004; Tyron, 1998). This means that the extent to which the results
provide evidence in favor of the null hypothesis—that infants fail to
represent even an approximate the number of objects in the hidden
array—is not known.

Further, the problem of interpreting null results in infant studies
that show catastrophic set size limits is exacerbated by the fact that,
in the typical infant experiment described in the literature above,
both the number of subjects and the number of trials per subject are
extremely low. Obtaining robust evidence for a null effect requires
more participants and/or more trials than obtaining evidence for a
non-null effect (Lakens, 2017). Studies that used the foraging method
typically had samples of n = 16 infants per experiment and only one
two-alternative-forced choice trial per infant. In practice, this means
that a “success” or “failure” could hinge on the behavior of a single
infant. For example, if 13 out of 16 infants in a foraging task chose
the container with more crackers, this would be interpreted as a “suc-
cess” (binomial test p = 0.02). However, if 12 out of 16 infants chose
the container with more crackers, this would be interpreted as a “fail-
ure” (p = 0.08), and in the literature described above failures and
successes were rarely statistically compared. Studies that use the man-
ual search method have more trials (usually two trials in which infants
are expected to “fail” contrasted with two trials in which infants are
expected to “succeed”) but still typically include around n = 16-18
infants per experiment. This makes it difficult to assess the strength of
these null results on an experiment-by-experiment basis.

Given the significance of catastrophic set size limits for theories of
development, understanding how reliable and robust these effects are
is critical. Further, on a more practical level, if it is the case that infants’
representations of objects are mostly wiped out in the presence of four
or more objects, this poses a significant information processing chal-
lenge for infants, who need to maintain a continuous representation
of the three-dimensional world as they navigate their environments
and learn from others. This information processing limitation should be
taken into account when posing theories of infants’ visual processing
and learning across domains. Hence, quantifying the robustness of the
evidence for infants’ catastrophic set size limits can provide a key data
point for theories of the cognitive mechanism underlying how infants

represent and learn about the world.

3 | BAYESIAN META-ANALYSIS

To examine the robustness of the evidence for catastrophic set size lim-
its in infants, we conducted a Bayesian meta-analysis. Using a Bayesian
approach to meta-analysis is ideal for infant data: it is robust to low n
and can quantify the strength of the null results by giving the odds of
the null hypothesis over the alternative given the extant data (Barto$
et al., 2023; Berkhout et al., 2023). The goal is to use all of the evidence

from the literature to estimate the extent to which the evidence points
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toward the null hypothesis that infants’ object representational capac-
ities fail “catastrophically” when they are tasked with tracking four or
more objects in a location.

3.1 | Method

We followed the “Preferred Reporting Items for Systematic Reviews
and Meta-analysis” (PRISMA) statement (Moher et al.,, 2009) when
preparing the meta-analysis. The preregistration and all data associ-
ated with this meta-analysis can be found at https://osf.io/9cpsx/.

3.1.1 | Report identification

Based on author knowledge, we identified 13 papers published to date
that measured infants’ ability to represent multiple, identical hidden
objects. We obtained one unpublished manuscript through personal
communication with the authors. We posted a request for unpublished
data on the listservs for the Cognitive Development Society and the
International Congress of Infant Studies which yielded no relevant
results. We then conducted a Google Scholar search using the Publish
or Perish tool (Harzing, 2007) on May 18, 2023 for articles that were
not citations or patents. We used the keywords infant “memory for hid-
den objects” (60 reports) and infant “object tracking” (995 reports). We
also conducted a search directly on Google Scholar for articles that
cited Feigenson et al. (2002) with the keyword infant (764 reports).
This yielded a total of 1819 reports, including duplicates across search
terms.

3.1.2 | Report selection

We selected reports based on the following criteria:

1. Participants were typically developing infants under 22 months of
age, since previous work suggested that infants beyond 22 months
may begin to use the singular-plural markers of formal language to
overcome catastrophic set size limits (e.g., Barner et al., 2007).

2. Participants were tested using either a manual search task or a
foraging task®.

3. Participants observed at least four and not more than six identical
objects being hidden, since larger quantities are likely represented
using an analog-magnitude-like representational format, rather
than using individual object representations (vanMarle & Wynn,
2011; Xu, 2003).2

4. No cues that could facilitate infants’ ability to concurrently repre-

sent multiple objects were present (e.g., chunking, counting).

We thus excluded reports that used different paradigms, such as
looking time studies (e.g., Kibbe & Feigenson, 2016; Wang, 2023), as
well as experiments from reports that included chunking or counting

cues (e.g., Experiments 1-4 in Feigenson & Halberda, 2004).

WANG and KIBBE

This left us with 12 reports in total, with a total of 22 relevant exper-
iments that met the inclusion criterion (Table 1), drawn from three
different labs in the United States.

3.1.3 | Data entry

We created a database for the meta-analysis to include all 22 experi-
ments in the 12 reports. For each experiment, we recorded an effect
size. Effect sizes from the manual search tasks were calculated in
Cohen'’s d based on the reported t statistics:

d=-L

NG
And effect sizes from the foraging tasks were converted to Cohen’s d
by first calculating the Log Odds Ratio (LogOR):

LogOR = Log <1Lp>

Then, converting the LogOR to Cohen’s d:

3
d = LogOR x %

Each experiment was also coded for the authors, year published,
mean age and age range (in months), task (manual search or for-
aging), and sample size. Confidence intervals of effect size d were
calculated using the d.ci function in the psych R package (Revelle,
2023).

3.2 | Analysis and results

The goal of our analysis was to test the robustness of the evidence
for infants’ catastrophic representational failures by measuring the
strength of the null effect that infants cannot concurrently represent
four or more individual hidden objects. We conducted a Robust
Bayesian Meta-Analysis using the RoOBMA package (Bartos & Maier,
2020) in R (R Core Team, 2022). The Robust Bayesian Meta-Analysis
simultaneously constructs 36 different models that assume the pres-
ence or absence of effect, as well as different ways to adjust for the
heterogeneity of effect sizes and the presence of publication bias, and
computes an Inclusion Bayes Factor for the presence of effect (i.e.,
the evidence in favor of the alternative hypothesis) using Bayesian
Model Averaging (see Bartos et al., 2023 for more details). Critical
for our current meta-analysis, the calculated inclusion Bayes Factor
distinguishes between “absence of evidence” (i.e., Inclusion BF is close
to 1, lacking evidence for either null or alternative hypothesis) from
“evidence of absence” (i.e., Inclusion BF is close to O, supporting the
null hypothesis). Although Bayes factors are a continuous measure and
contain more information than traditional null hypothesis significance
testing or simple categorizations of statistical results, to facilitate

interpretation, we will report both the Bayes factors and categorical
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TABLE 1 Reportsincluded in the current meta-analysis for infants’ ability to concurrently represent four to six objects.
Total # Peer
Authors Year Ages (months) Task # Experiments participants reviewed
Barner, Thalwitz, Wood, 2007 18; 20 Manual Search 2 33 Yes
Yang, & Carey
Feigenson & Carey 2003 12-14 Manual Search 1 16 Yes
Feigenson & Carey 2005 10-12 Foraging; Manual 2 32 Yes
Search

Feigenson & Halberda 2004 14 Manual Search 1 16 Yes
Feigenson, Carey, & Hauser 2002 10; 12 Foraging 4 64 Yes
Rosenberg & Feigenson 2013 14 Manual Search 1 22 Yes
Rosenberg & Feigenson in prep 14 Manual Search 1 24 No
Stahl & Feigenson 2014 16 Manual Search 2 32 Yes
Stahl & Feigenson 2018 16 Manual Search 2 32 Yes
Stahl, Pareja, & Feigenson 2023 16 Manual Search 1 16 Yes
vanMarle 2013 10-12 Foraging 1 16 Yes
Wang & Feigenson 2019 14-20 Manual Search 4 64 Yes
Total 22 367

interpretations (Jeffreys, 1939), regarding Bayes factors between 1
and 3 as weak or anecdotal evidence for the alternative hypothesis
(or between 0.33 and 1 for the null hypothesis), between 3 and 10 (or
between 0.1 and 0.33) as moderate evidence, and larger than 10 (or
smaller than 0.1) as strong evidence.

First, following our preregistered analysis plan, we examined our
full dataset, including studies using manual search and foraging tasks.
We used the effect size for infants’ performance when tracking four
to six hidden objects and calculated confidence intervals as input for
the RoBMA function (Barto$ & Maier, 2020) in R (R Core Team, 2022).
The model averaged effect size estimate was —0.001 (95% CI [-0.020,
0.070]; see Figure 2 for forest plot). The posterior model probability
was 0.090, Inclusion BF = 0.099. We also conducted a sequential analy-
sis (not preregistered) using the Bayesian Meta Analysis engine in JASP
(Love et al.,2019), which revealed that the posterior probabilities of the
null hypotheses outperformed the alternative hypotheses around the
inclusion of the fifth study (Figure 3). These results offer strong sup-
port for the evidence that infants fail to concurrently represent four to
six hidden objects.

Second, following our preregistered plan, we separately analyzed
the set of studies that used the manual search task and the set of stud-
ies that used the foraging task. There were 16 effect sizes from 10
reports using the manual search task, yielding a model averaged effect
size estimate Cohen’s d = 0 (95% CI [-0.075, 0.128]) with a posterior
model probability of 0.139 and Inclusion BF = 0.162, indicating mod-
erate support for the null hypothesis that infants fail to concurrently
represent sets of four to six hidden objects. There were six effect sizes
from three reports using the foraging task, yielding a model averaged
effect size estimate of —0.014 (95% CI [—0.202, 0.018]), with a pos-
terior model probability of 0.125 and Inclusion BF = 0.143, indicating

moderate support for the null hypothesis.

Last, we conducted a robust Bayesian meta-analysis on effect sizes
from experiments measuring infants’ ability to concurrently represent
sets within the set size limit—that is, sets of fewer than four objects, using
either manual search or foraging tasks (this analysis was not preregis-
tered). We identified 30 relevant experiments (24 manual search and
6 foraging) from 12 reports that we obtained using our preregistered
search criteria. These reports are detailed in Table S1. The RoBMA
model-averaged effect size was 0.497 (95% CI [0.000, 0.712], Figure
S1), posterior probability = 0.875, Inclusion BF = 6.973 (see Figure S2 for
sequential analysis). These results offer moderate support for infants’
success to concurrently represent fewer than four hidden objects.

4 | GENERAL DISCUSSION

We aimed to quantify the evidence in favor of the null hypothesis
that infants fail to represent objects when tasked with representing
a set of more than three objects. We conducted a Robust Bayesian

)’

Meta-Analysis on experiments that reported observing infants’ “catas-
trophic” set size limits in tasks that required them to keep track of
four to six hidden physical objects. The results of our Bayesian meta-
analysis overall supported the null hypothesis, yielding odds of roughly
10 to 1 in favor of the null over the alternative hypothesis. That is,
the evidence strongly supports the notion that infants’ fail to concur-
rently represent sets of four to six occluded objects. Our preregistered
exploratory analyses, which examined the manual search and foraging
tasks separately, showed that manual search tasks appeared to yield
stronger evidence for the null than foraging tasks. This result is perhaps
not surprising given that there were fewer studies using the foraging
task than the manual search task in our analysis, and given that the for-

aging task involves only a single trial binary measure compared to the
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Cohen's d

FIGURE 2 Forest plot with point estimates of effect sizes from studies that measured infants’ ability to concurrently represent sets of four to

six objects. Bars represent 95% CI.

multiple-trial continuous measure obtained in manual search. Never-
theless, the totality of the evidence supports the null hypothesis. We
also conducted a complementary analysis on results from experiments
examining infants’ ability to concurrently represent sets of fewer than
four objects (i.e., within the set size limit), and found that the evidence
supported their ability to do so. Below, we discuss the implications of

these results and suggest avenues for future research.

4.1 | What can these results tell us about the
format of infants’ representations of objects?

Feigenson et al. (2002) argued that infants’ catastrophic set size limits
can be explained by early limitations in the representational capacity
of the object-file system (see Leslie et al., 1998). At the time Feigen-
son and colleagues were conducting their studies on infants’ object
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FIGURE 3 Sequential analysis of the posterior model probabilities
for the Bayesian meta-analysis on infants’ ability to concurrently
represent sets of four to six objects.

representational capacities, there was a flurry of research examining
limitations on adults’ ability to visually track multiple objects simulta-
neously (e.g., Scholl & Pylyshyn, 1999). This work seemed to show some
parallels with infants’ pattern of behaviors in manual search and for-
aging tasks. For example, adults who were tasked with simultaneously
tracking the trajectories of multiple moving dots in a computer display
were able to do so only when the number of dots they were tasked with
tracking was four or fewer. If they were tasked with tracking greater
than four objects, adults had difficulty tracking even a subset of the
objects, typically tracking only one or none of the moving set (Scholl
& Pylyshyn, 1998).

Feigenson and Carey (2005) hypothesized that infants, like adults,
may deploy discrete object files to track the trajectory of indi-
vidual objects through space even into occlusion. However, unlike
adults, they may be unable to strategically attend to only a subset
of the objects when their object representational capacities are over-
whelmed. Indeed, when sets are structured to facilitate perceptual or
conceptual grouping of objects into subsets, infants are better able to
represent sets of four objects, and no longer display the signatures
of catastrophic representational failures (e.g., Feigenson & Halberda,
2008; Kibbe & Feigenson, 2016; Rosenberg & Feigenson, 2013; Stahl
& Feigenson, 2014, 2018; Stahl et al., 2023; see also Wang & Feigen-
son, 2019; for review, see Kibbe & Stahl, 2023). However, others have
suggested that infants’ object representations may persist in a graded
or faded fashion, and failures thus are indicative of representational
fuzziness due to task demands rather than a complete loss of a dis-
crete object representation (e.g., Munakata, 2001). The results of our
Bayesian meta-analysis yielded evidence that, when infants are tasked
with tracking sets of objects into occlusion, infants fail to maintain even
a subset of the hidden objects or the approximate amount of the total
set. The evidence in favor of the null supports the idea that infants’
representations of objects consist of discrete, all-or-nothing repre-
sentations rather than graded or faded representations of individual
objects.

However, several open questions remain. First, when infants’

object representations fail catastrophically, what (if anything) remains?
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Althoughitis possible that infants are left with “absolutely nothing”—as
if no objects were hidden ever—we suspect that this is unlikely. While
the experimental evidence is limited, one small study (Feigenson and
Carey (2005) Experiment 2) tested infants in a foraging task in which
four objects were hidden in one container and either one object (1 vs.
4 condition, n = 16) or zero objects (0 vs. 4 condition, n = 16) were hid-
den in the other container (in the O vs. 4 condition, the experimenter
waved her hand over the empty location to equate attention and move-
ment across the two locations). They replicated infants’ failure in the
1 versus 4 condition (8/8 infants crawled to the location containing
4 crackers), but found that infants crawled to the location contain-
ing four crackers in the O versus 4 condition at rates above chance
(13/16 infants crawled to the location containing 4 crackers). However,
infants’ crawling behavior between these two conditions was not sig-
nificantly different (Fisher’s exact test p = 0.14, an analysis that was
not included in Feigenson & Carey, 2005). The results of this study may
suggest that infants are representing that “something” was in the loca-
tion in which four crackers were hidden, with the important caveat that
this single experimental result should be interpreted with a consider-
able amount of caution. Nevertheless, we suggest that future studies
using similar comparisons could potentially replicate and extend this
result with larger samples, and we encourage additional work that aims
tounderstand the representational format of “forgotten” sets of four or
more objects.

Second, the point at which infants’ representations fail catastrophi-
cally is not known. One possibility is that catastrophic failure occurs at
the point at which the objects are occluded; that is, once infants lose
visual access to the arrays, they are unable to store representations of
the objects in working memory because working memory itself is limited
(see Kibbe, 2015; Zosh & Feigenson, 2009). Another possibility is that
infants fail to represent sets of more than three of fully visible three-
dimensional objects prior to memory storage. Indeed, adults in multiple
object tracking tasks often are unable to track fully visible objects when
tasked with tracking more than three or four objects, suggesting that
tracking objects—even when those objects are not occluded—comes
with its own limit. Still another possibility is that failures occur when
infants attempt to act on their representations—that is, at the point
of “retrieval” of the representations from working memory to make
decisions about searching, choosing, or looking. Future work should

attempt to tease apart these possibilities.

4.2 | What can these results tell us about the
format of infants’ representations of quantities?

According to the “unifying theory,” behavioral differences in people’s
responses to small versus large numerical quantities are only reflec-
tive of quantitative differences in the amount of internal noise when
representing quantities—which exist for both small and large sets
(Cheyette & Piatadosi, 2020). This theory receives support from stud-
ies in which infants track arrays of two-dimensional objects from one
static frame to another, such as those using the Change Detection

Paradigm. Specifically, infants can successfully keep track of both small
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and large quantities of objects, and their performance in both obeys
Weber’s Law (Starr et al., 2013). Results like this are consistent with
the “unifying theory” of numerical representation, which suggests that
there is no fundamental divide between small versus large quantities in
terms of representational format.

In contrast, the “two systems theory” suggests a qualitative differ-
ence between representations of small versus large sets of objects
(Feigenson et al., 2004). Support for this theory comes from studies
that found distinct behavioral patterns in infants when representing
small versus large arrays of 2D objects (e.g., Xu, 2003). Similarly, the
infant brain shows distinct neural signatures in response to small ver-
sus large quantities of objects (Hyde & Spelke, 2011). Results from the
current Bayesian meta-analysis provide additional support for the “two
systems” account by quantifying the robustness of the evidence that
infants fail to represent any approximate trace of four or more objects.

What accounts for the apparent differences across studies? It has
been theorized that differences in attentional demands in different
tasks can explain these divergent findings (Hyde, 2011). Specifically,
when items are presented in a context where it is relatively easy to
track each individual, they will be represented with object files and
exhibit a set-size limit (see also Kibbe, 2015); conversely, when there is
too much attentional demand such that it is hard to track each individ-
ual, for example, when too many items flash too quickly, the items will
be represented as an ensemble instead of a distinct set of individuals.

The current meta analysis results are consistent with half of this the-
ory that items presented in the manual search and foraging tasks are
represented as individuals and thus are subject to the “catastrophic”
set-size limit. However, according to a recent meta-analysis on infants’
representation of large numerical arrays, existing results on infants’
success when tracking large numerical arrays do not provide decisive
evidence that infants are indeed tracking large approximate quantities
successfully (Smyth & Ansari, 2020), leaving it unclear whether a quali-
tative shift exists for infants’ tracking of small versus large arrays. Taken
together, these results suggest that the field needs large-scale replica-
tions of the findings on infants’ object tracking to further adjudicate
between theories of the representational format of objects.

4.3 | What can these results tell us about
children’s acquisition of number words?

Although the current meta-analysis only included studies of pre-
counting infants, it provides strong support for the existence of an
object tracking system that is subject to a catastrophic set size limit,
which sets the stage for theories of learning that rely on such a
capacity-limited cognitive system. For example, an ongoing debate
about children’s number word acquisition is whether this object track-
ing system serves as the critical foundation for number word learning,
without any support from children’s ability to represent approximate
quantities (Carey, 2009; Carey & Barner, 2019; Gallistel & Gelman,
2000; Wagner & Johnson, 2011). However, our results only provide
support for the existence of a set size limit at about four in our ability to

track individual objects. The theory that this set size limit corresponds
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to the stage-like developmental trajectory of number word acquisition,
which also has an apparent qualitative shift at about “four,” requires
further evidence.

On the one hand, it is plausible that children’s representation of
“one-ness” and “two-ness” relies on the same object tracking system
as infants’, which reaches its capacity limit at “four-ness” or above, and
this limit therefore pushes children toward an induction of the Cardinal
Principle (Carey, 2009). On the other hand, unlike infants, who seem
to lose almost every trace of the object array when the object track-
ing system reaches its set size limit (Feigenson & Carey, 2005), older
children and adults can keep track of a subset of the hidden objects
(Blankenship et al., 2020; Scholl & Pylyshyn, 1999; Trick et al., 2005).
Moreover, adults can also represent the approximate cardinality of the
set in a multiple object tracking task, even when the set size exceeds
their tracking capacity (Ma & Flombaum, 2013). It is likely that once
the object tracking system reaches its capacity limit for sets of four
or more objects, older children still have access to the approximate
cardinality of the set. And this shift in representational format—from
having precise tracking of each object in a set, to having an approximate
representation of the overall cardinality of the set—may contribute
to children’s induction of the Cardinal Principle. Under this account,
approximate number representations may also play a role in children’s
acquisition of number words.

Just like we know little about the cognitive mechanisms underlying
infants’ catastrophic failure when concurrently representing four or
more objects, we know little about what enables older children to not
experience catastrophic failure, or whether older children have access
to approximate representations of large sets of objects. To speculate,
if older children can “fall back” on approximate numerical representa-
tions of larger object sets when their object tracking system fails, they
should be able to rely on these numerical representations when inter-
preting large number words such as “five” or “ten.” However, existing
research has yielded mixed results regarding children’s representa-
tion of quantities beyond their number word knowledge. While some
studies found that children fail to map larger number words to larger
quantities (Le Corre & Carey, 2007; Slusser & Sarnecka, 2011), oth-
ers found that children can indeed map larger number words to larger
quantities prior to acquiring the Cardinal Principle (Gunderson et al.,
2015; Odicetal.,, 2015; Wagner et al., 2019). It is possible that children
have to gradually acquire the ability to overcome the catastrophic set
size limit and access the approximate cardinality of the set. Wang and
Feigenson (2019) suggest that counting may be one of the mechanisms
that can help infants overcome the catastrophic set size limit of their
object representations, and access their approximate numerical repre-
sentation of the set. Additionally, Shusterman et al. (2016) found that
acquisition of the Cardinal Principle coincides with an improvement in
children’s numerical approximation precision. Further work is needed
to examine what role the object tracking system plays in children’s
learning of number words, and what role number word acquisition

plays in shaping how children represent sets of objects.
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ENDNOTES

1We opted not to include violation-of-expectation (VOE) looking time stud-
ies (two experiments from two reports) in our preregistered confirmatory
analysis. We reasoned that the effect sizes may not be comparable since
VOE requires only passive viewing rather than active behavior. Including
the two additional experiments did not qualitatively change the results,
posterior model probability = 0.198, Inclusion BF = 0.246.

2We identified two additional experiments from one report where infants
had to track eight objects in a foraging task (vanMarle, 2013). Including
these two additional experiments did not qualitatively change the results,
posterior model probability = 0.098, Inclusion BF = 0.109.
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