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ABSTRACT

How do children form beliefs about the infinity of space, time, and number? We asked
whether children held similar beliefs about infinity across domains, and whether beliefs

in infinity for domains like space and time might be scaffolded upon numerical knowledge
(e.g., knowledge successors within the count list). To test these questions, 112 U.S. children
(aged 4;0-7;11) completed an interview regarding their beliefs about infinite space, time,
and number. We also measured their knowledge of counting, and other factors that might
impact performance on linguistic assessments of infinity belief (e.g., working memory, ability
to respond to hypothetical questions). We found that beliefs about infinity were very high
across all three domains, suggesting that infinity beliefs may arise early in development for
space, time, and number. Second, we found that—across all three domains—children were
more likely to believe that it is always possible to add a unit than to believe that the domain
is endless. Finally, we found that understanding the rules underlying counting predicted
children’s belief that it is always possible to add 1 to any number, but did not predict any of
the other elements of infinity belief.

“Who as a child did not lie in bed filled with a slowly mounting terror while sinking into
the idea of a universe that goes on and on, for ever and ever?’—Rudy Rucker (2005)

INTRODUCTION

On its face, the human ability to reason about infinite quantities is puzzling given the finiteness
of daily experiences. And yet, from pre-Socratic philosophers like Zeno of Elea to current day
kindergarteners, humans have expressed many different forms of the idea that some things
must go on forever. How might such thoughts arise? Hearing Buzz Lightyear say “To infinity,
and beyond!” might provoke, for any thoughtful 1st grader, a sort of modern-day, Pixar-fueled
Zen koan: what's infinity in the first place, and (once they find that out), what could possibly
be beyond it? Alternatively, children may infer infinity by learning about iterative rules, like
learning that it is always possible to add 1 to any number. Or, perhaps they learn about infinity
via specific culturally-transmitted messaging. Beliefs about infinity may emerge one domain at
a time (e.g., for space before time), or all at once. In the present paper, we investigate the
cognitive foundations of human reasoning about infinity by exploring how beliefs about
infinity emerge across the domains of number, space, time. We ask whether these beliefs
depend on domain-specific learning processes, or instead depend on a single insight that
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generalizes across domains. To our knowledge, the present study is the first to investigate
young children’s intuitions about infinite time, and the first to ask how beliefs about infinite
number, space, and time might be related.

Considerable research has investigated how children reason about number, space, and
time, focusing largely on the acquisition of beliefs about these domains that derive from obser-

vational learning and empirical induction (de Hevia et al., ; Droit-Volet et al., ,
; Piaget, ; Shatz et al., ; Srinivasan & Carey, ; Tillman & Barner, ;
Wagner et al., ). Less work, however, has asked how children acquire beliefs about infi-

nite magnitudes within these domains, perhaps in part because it's difficult to imagine what

kinds of experiences might inform such learning. Experiences of moving around the world or

staring into the night’s sky might suggest that the universe is very large, but don’t justify the

inference that space extends indefinitely. What's more, objects of infinite magnitude can’t be

rendered as visual images, making them impossible to imagine as actualities, an intuition that

informed Aristotle’s conclusion that space can’t be infinite (Lear, ; Linnebo & Shapiro,
; Sorabji, ).

If infinite magnitudes can’t be directly experienced or even imagined, where might beliefs of
infinite number, space, and time come from? One early idea, first described by Archytas, a pre-
decessor of Aristotle, is that evidence for the infinite arises from the human ability to iteratively
imagine new increments in number, space, and time. Archytas wondered, “If | were at the edge
of the world ... could | stretch out my hand or a stick into the outer region or not?” If yes, then
clearly the edge hasn’t in fact been reached. But if not, there must be something there to impede
movement—something beyond the edge—Ileading to the same conclusion (see Furley, ;
Sorabji, ). For Archytas, the infinity of number, space, and time were mutually related: the
unfolding of time was characterized as a generative process “proceeding to the creation of the
things in the world” and producing “passages or transitions by virtue of the projections of things
that are brought forth from it” (Sorabji et al., ). Similarly, although Aristotle denied the pos-
sibility of actual infinities, he allowed for what he called “potential” infinities, based on the
intuition that, as when counting, elements can always be added to a set iteratively and without
end, even if humans can never reach an actual infinity (for discussion, see Nufez, ).

Notably, although children never directly experience infinite magnitudes, they do acquire
knowledge of rule-governed counting systems that might support reasoning of the type
described by Archytas. The structure of counting exhibits a generative “successor function”,
reflecting the structure of the natural numbers, whereby every number has a unique successor
that is also a number—implying that numbers must be infinite. In base 10 counting systems, for
example, an additive rule combines units 1-9 with decades 10-90, which in turn can be
recursively embedded under hundreds, thousands, etc. The process of generating successors
is only limited by knowledge of the names for larger bases (Cheung & Ansari, ). Remark-
ably, there is growing evidence that, before age 7, U.S. children come to believe that it’s
always possible to add 1 to a number and that numbers have no end (Cheung et al., ;
Gelman, ; Evans, ; Hartnett & Gelman, ). These beliefs about the infinity of
number appear to be related to children’s mastery of the syntax underlying the generation
of number words: Children who can productively count up from arbitrary points in their count
list are significantly more likely to believe that numbers are infinite than children who have
limited, non-productive, count lists (Chu et al., ). Thus, although young children may lack
fully adult-like beliefs about infinity—even adults lack sophisticated understanding of the
notion of infinity (e.g., Falk et al., ; Nufez, ; Monaghan, , ; Taback,

; Wistedt & Martinsson, ), some beliefs about infinity appear to emerge early in
development, possibly as a result of learning about the structure of the count list.
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While the data reported above suggest that children’s first intuitions about numerical infin-
ity are related to their knowledge of counting, this leaves open whether children reason, like
Archytas, that infinite number implies that space and time might also be infinite. Previous work
provides data relevant to this question via studies of reasoning about finite quantities. For
example, some studies have suggested that reasoning across the domains of number, space,
and time is supported by a single, generalized magnitude system (Agrillo et al., ; Cantlon
et al., ; Kadosh et al., ; Walsh, ; Sokolowski et al., ; Winter et al., ),
though others have argued for at least partially distinct representational systems (Hamamouche
& Cordes, ; Odic & Ariel, ). Similarly, some infant studies have suggested that
domains like number, space, and time are supported by a common representational system
early in life (de Hevia et al., ; Srinivasan & Carey, ), though others have argued
for distinct systems (Droit-Volet et al., ; Odic & Ariel, ; Skagerlund & Traff, ),
or that representations initially overlap but become gradually differentiated over time
(Newcombe, ; Newcombe et al., ). In addition, children’s knowledge of numer-
ical symbols is related to their ability to reason about time (Tillman & Barner, ; see
also Hamamouch & Cordes, ), which often implicates the use of words that also
describe space (Boroditsky, ; Casasanto & Boroditsky, ; Clark, ; Santiago
et al., ; Tillman et al., ). Such observations suggest that the acquisition of language
about number, space, and time could be related. Compatible with this, the trajectory for
acquiring words about number and time appear similar: just like with number words, chil-
dren’s understanding of time words involves first learning the relative ordering of the words
(e.g., twenty comes before forty; a minute is less than an hour) and then later learning about
the relative magnitudes they represent (e.g., twenty refers to a quantity half as large as forty;
there are exactly sixty minutes in an hour; Sullivan & Barner, ; Tillman et al., ). Also,
the language we use to talk about very large (and infinite) quantities may overlap across
domains: a meeting might “go on forever” or “feel absolutely endless” [time], just as might
a road [space], or the count list [number]. These observations suggest the possibility that
the acquisition of abstract language for quantities may be common across the domains of
number, space, and time.

Notably, some studies have laid preliminary groundwork for understanding how children
reason about non-numerical notions of infinity. For example, early work by Piaget found that
children appear to struggle to conceive of the infinite divisibility of spatial extents in some

contexts (Piaget & Inhelder, ), and subsequent work by Smith et al. ( ) reported that
intuitions about infinite divisibility of matter develop gradually between 3rd and 6th grade.
Also, Smith et al. ( ) found that beliefs in the infinite divisibility of matter were correlated

with beliefs about the infinite divisibility of number, though the precise causal nature of this
correlation is unclear given the large age range tested, and the many developmental changes
that also occur over the period tested in that study.

In the present study, we asked how children’s intuitions regarding infinite number, space,
and time emerge in childhood, and whether they’re related developmentally. We imagined
four potential causal relationships between beliefs about infinity across domains, which we
test in the present study. First, is the possibility that intuitions about infinite space and time
might emerge from intuitions about number—flowing from the acquisition of a generative

counting system (Cheung et al., ; Chu et al., ). Alternatively, it’s possible that intu-
itions about space might emerge first, given its utility for reasoning about other quantities like
number, time, and musical pitch (Lakoff & Johnson, ; Starr et al., ). Perhaps least

likely, though still possible, is that beliefs about infinite time emerge first—perhaps emerging
out of the cyclic and repeating structure of days and years, and/or from cultural myths
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surrounding ‘eternity’. Finally, it is possible that intuitions about infinite number, space, and
time emerge independently, and are not causally related.

Building on the methods of past studies (Cheung et al., ; Evans, ), we probed
whether children believe number, space, and time are bounded or infinite, and asked children
questions such as, “Does number/space/time ever end, or does it go on forever?” This allowed
us to directly compare children’s beliefs about infinity across all three domains. We also col-
lected data on children’s understanding of the structure of counting to probe its relation to
intuitions about infinity. Unlike previous work, we also measured children’s working memory,
as well as their general ability to reason and talk about hypotheticals, in order to ensure that
children’s performance on our infinity interview was attributable to their beliefs about infinity,
and not to other factors. If learning is domain-specific and limited primarily by the concrete-
ness or imageability of content, then we might expect reasoning about space or number to
emerge first, followed later by reasoning about the arguably more abstract domain of time.
However, if the main limit on reasoning about infinity is the notion of infinity itself—rather
than the properties of a particular domain of content—then we might expect children’s beliefs
about number, space, and time to be highly similar.

METHOD

Preregistration

All recruitment and exclusion choices were as preregistered (
), unless otherwise noted.

Participants

We recruited 121 participants from the U.S. between the ages of 4 and 7 years old; all partic-
ipants were tested in-person. One participant was excluded because we discovered that they
had participated in a pilot version of a similar study conducted by our lab. As pre-registered,
we terminated data collection for five participants because they failed to provide answers dur-
ing the Warm-Up phase. Three participants were excluded for failing to complete at least 80%
of the task. Our final sample included N = 112 participants (Mage = 5;10, range = 4;0-7;11).
Our lab does not collect race or gender data from child participants, although participants
were recruited from a predominately White and middle-class region of the U.S. Northeast.
Participants were tested in a psychology lab on campus at Skidmore College or on-location
in preschools, daycares, and elementary schools in the Capital Region of NY state. All pro-
vided verbal assent, and their parents provided written consent, in keeping with the approved
IRB protocol at Skidmore College.

Stimuli and Procedure

Warm-Up. The Infinity Interview began with a Warm-Up Phase, during which children were
asked four questions: ‘What is the [fuzziest / spikiest / sweetest / loudest] thing you can think
of?” These questions familiarized participants with the question and answer format of the task,
and ensured their ability to provide verbal answers. As noted above, children (n = 5) who
failed to answer at least 2/4 of these questions did not continue the study.

Infinity Interview. The interview consisted of five blocks. Three blocks included questions
about infinity (one each for number, space, and time). Because our infinity interview required
complex verbal processing and reasoning, we wanted to ensure that linguistic and cognitive
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factors weren’t limiting performance. To test this, we also included two blocks containing
questions about hypothetical scenarios, also described below.

The Infinity Interview was a simplified version of that described in Cheung et al. ( ),
which in turn were modeled on previous work (Evans, ; Gelman, ; Hartnett &
Gelman, ). Participants were first asked to name the biggest number/space/time that they
could think of. For example, in the number interview, we asked, “What's the biggest number
you could think about?” It didn’t matter, for our purposes, what children conceived of as the
biggest number (or space, or time), but merely that they conceived of one, if only provisionally,
for the purposes of the game. So, for this reason, children who didn’t volunteer responses
were provided with prompts: “Is 2 the biggest number you can think about? ... What about
1000? ... What about a million?” Once the child had agreed to a biggest number—any num-
ber, volunteered or accepted from the script—the researcher then said, “Okay, you said n is
the biggest number you can think about. Can we add 1 to that number?” The researcher then
asked, “Do numbers ever end, or do numbers go on forever?” Between-subjects, we varied the
order of the alternatives presented to the child: half of the children heard e.g., “Do numbers
ever end, or do numbers go on forever”, while the other half heard “Do numbers go on forever,
or do numbers end?”

Questions about spatial and temporal infinity were asked in the same format. Children
named the biggest space/time they could think of, and children who failed to volunteer
answers were given prompts. Specifically, for space they were asked, “Is this room the biggest
space you can think about? ... what about this city? ... what about all the way from here to the
moon?” For time, they were asked, “Is this snap [researcher snaps fingers] the biggest time you
can think about? ... What about a day? ... What about from when the Earth was first made until
now?” They then were asked if the biggest time or space they could think of could be
increased by one minute/inch, and if time/space end, or go on forever.

In addition to questions about number, space, and time, there were two blocks of questions
assessing children’s ability to respond to linguistically-presented hypothetical scenarios. For
one question, participants saw a red block with a corner painted white. Participants were
asked, “Could I add more red paint to this block?” and, “If nobody touched this block for a
long time, would it stay red forever, or would it stop being red?” For the second question,
participants were told that the researcher found a caterpillar outside. Participants were then
asked, “Could | add more eyes to my caterpillar?” and “Will my caterpillar stay a caterpillar
forever, or will it turn into a butterfly?” We designed the hypothetical scenarios to hopefully
elicit both a response that it is possible to add more (i.e., more red paint could be added to the
block) and that it is not possible to add more (i.e., it isn't possible to add more eyes to a cat-
erpillar), and to elicit both a response that something will stop/end (i.e., at some point a cat-
erpillar will stop being a caterpillar) and that something will go on forever (i.e., an untouched
red block will stay red). The purpose of this task was to identify whether children’s perfor-
mance on the infinity interview could be explained by domain-general task demands (e.g.,
linguistic limitations; inability to reason about hypotheticals). Thus, participants’ responses
were coded for whether they reflected comprehension. For example, for the question ...would
[the block] stay red forever, or would it stop being red?”, participants were credited with pro-
viding an acceptable response if they said it would stay red forever or if they gave plausible
reasons why it wouldn’t stay red (e.g., “over time the sun will fade it and it will turn pink).

Order of blocks was counterbalanced such that there were 12 possible orders: Infinity
Block 1 (s of participants received space, % time, and ¥ number), Hypothetical Block 1 (2
of participants received questions about a red block and half received questions about a
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caterpillar), Infinity Block 2 (again, % of participants completed each domain), Hypothetical
Block 2 (2 received questions about a red block, 2 received the caterpillar questions), Infinity
Block 3 (% space, Y5 time, 5 number). For example, a child might be presented with questions
in the following order: Number-Caterpillar-Space-Red Block-Time.

Number Measures

Give-a-Number. Children were given an abbreviated version of the Give-a-Number task
(Wynn, , ), a measure of early childhood numeracy. Children were given a dozen
miniature bears and asked to give the researcher n bears, where n was 6, 9, 7, or 5 (in that
order). After the child gave the researcher the bears, the researcher asked, “Is that n? Can you
count and make sure?” The researcher recorded whether the child gave the correct number of
bears, and whether or not they counted correctly. Children who failed one trial but succeeded
on the other three were allowed to repeat the trial they failed on. Children who succeeded on
at least three of four trials were considered to be competent counters.

Highest Count With Prompts. Children were asked to count as high as they could. The highest
children were allowed to count was 140, at which point the game was ended. If a child made
a mistake, the experimenter noted their error and provided a prompt. For example, if a child
said, “14, 16”, the researcher noted the omission of 15, stopped the child, and prompted them:
“Actually, the number that goes after 14 is 15,13, 14, 15 ... What comes next?” Children who
responded correctly were allowed to continue counting. Children who were unable to identify
the next number, or who made two sequential mistakes were stopped, and moved onto the
next task. We recorded children’s Initial Highest Count—that is, the highest they reached with-
out making an error—and their Final Highest Count (the highest number reached, with
prompts).

English Next Number. This task probed children’s understanding of the successor function for
familiar numbers. Children were given a number and asked to produce its successor: “In this
game, I'm going to say a number, and you're going to tell me the number that comes imme-
diately after. So for example, if | say one, you say ...2” The number “one” was used in the
training trial. If the child correctly responded with the word “two”, there were 12 subsequent
trials, ranging from 5-271 (1, 5, 7, 16, 24, 52, 71, 105, 107, 116, 224, 252, and 271). If the
child responded that they did not know, they were asked to “take their best guess”. If a child
repeated the prompt number or said a number lower than the prompt number, the researcher
reminded them that they were asked to say what number comes next.

Novel Next Number. This task was structured similarly to the English Next Number task, except
that participants were introduced to an unfamiliar counting system, and asked to produce the
next number in that unfamiliar system. This allowed us to test whether children’s performance
in the Next Number task was driven purely by memorized knowledge, or might also reflect an
additive rule (i.e., of adding +1-9 to the decade term). Children were told, “In this game, | am
going to say a number in Mobi language, and then | want you to say what comes next in Mobi
language. Ready? OK!” The prompt novel numbers were Mobi-one, Mobi-five, Mobi-seven,
Mobi-two, and Mobi-nine, in that order. Performance was coded as correct or incorrect on
each trial (although performance for Mobi-9, as pre-registered, was simply exploratory, since
there was no obvious correct answer).

Corsi. We employed an adapted version of the Corsi working memory task (Corsi, ;
Vandierendonck et al., ) to measure children’s working memory. Children were shown a
black board featuring squares whose tops were painted red. Next, they were told, “This is the
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block game. First it's my turn. I'm going to point to some of the blocks in a certain order with my
finger. As soon as | finish pointing, I'm going to say ‘your turn’, and | want you to use your finger to
point to the same blocks in the same order that | did. So just watch closely, and then do what I did
when it's your turn. Ready?” The experimenter then tapped each block with their index finger for
approximately 1 second each, without pauses in between blocks, at a regular rhythm. The child
began by simply copying 1 block-tap; if they succeeded on at least one out of the two 1-block
trials, they next were asked to copy a sequence of 2 block-taps. If they succeeded on at least one
out of the two two-block sequences, they next received a 3 block sequence, etc. The game ended
when the child failed both trials of a given sequence length. The experimenter allowed for self-
corrections but did not ever repeat the sequence unless the child wasn’t looking. Performance was
coded as correct or incorrect; children were considered to have failed a trial if they made an error
at any point in the sequence.

RESULTS

Preliminary Analyses

Hypothetical Situation Interview (HSI). We first consider the HSI, in order to ensure that general
limits on children’s ability to reason about or respond to linguistically-presented hypothetical
situations were not responsible for children’s performance on the infinity interview. Partici-
pants performed well on this task (M = 3.48/4 adult-like response), with 102/112 participants
answering at least 3 of the 4 questions in an adult-like (i.e., sensible) manner. Critically, these
children consistently provided answers in the format required by the infinity interview by indi-
cating that it was possible to add more (red paint), that it was not possible to add more (eye-
balls to a caterpillar), that something would continue in its current state forever (the red block
would stay red) and that something would not continue forever (the caterpillar would change
to a butterfly). We report infinity classification for the 10 participants who failed the HSI in the
SOM; notably, most of these participants were “Full Infinity Believers” (n = 4-8 out of 10,
depending on domain), suggesting that poor performance on the HSI task does not explain
some of the weak infinity knowledge described below.

Give-a-Number & Highest Count. Participants exhibited high numeracy: 98 of 112 children
were classified as CP-knowers. Second, when asked to count as high as they could, children’s
Initial Highest Count averaged 67 (Median = 39; Mode = 140), and 45/112 participants made
no errors before reaching 100 (i.e.,, they mastered the count list for all one- and two-digit
numbers). Mean Final Highest Count was 84 (Median = 108; Mode = 140), with 62/112
participants successfully counted to 100 after receiving prompts. While counting ability was
relatively strong, our data were bimodal: 31 participants had an Initial Highest count <20, and
24 of these participants could not count higher than 20, even with feedback.

Order Effects. We conducted preliminary order effects analyses, as preregistered, in order to
determine whether the order of questions in our infinity interview impacted performance; we
did not find reliable order effects; full reporting is available in the SOM.

Children’s Responses to the “Largest X” Question. As preregistered, we coded children’s
responses to “What is the largest X you can think about” for whether their responses referenced
space, time, number, and/or the explicit notion of infinity. Full data are reported in SOM.

Infinity Interview. Endorsement of infinity-beliefs was high for both of our infinity interview
questions. Within each domain, more than three quarters of participants indicated that it
was possible to always add one (Number: 81%; Space: 79%; Time: 79%). Similarly, a majority
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Figure 1.
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of participants indicated that each domain went on forever (Number: 60%; Space: 71%; Time:
63%). Below, we analyze these data in greater detail.

Main Analyses

Planned Age Analyses. As preregistered, for each domain (Space, Time, Number), we asked

whether there was a relationship between each component of Infinity Knowledge (belief in

the ability to always add 1; belief in the domain’s endlessness) and age (continuous, in

months), using logistic regression. There were no effects of age (all p >.10, see SOM and
for additional visualization).

Infinity Interview Classification. We classified children who believed that a domain had no end
and that it was always possible to add a unit as Full-Infinity Believers for that domain. Full-
Infinity Believers were the most frequent category for Number (49.5%). Interestingly, they were
also the most frequent category for Space (55%) and Time (51.8%), resulting in nearly identical
levels of Full Infinity Belief across domains (see ).

Children who believed that a domain ended but that it was always possible to add a unit
were called Adding-Only Believers; this category was second most frequent for Number
(31.2%), Space (23.9%), and Time (27.8%). Children who endorsed the view that a domain
is endless, but did not believe that it is always possible to add a unit were called Endless-Only
Believers, and were rare across domains (Number: 10%; Space: 16.5%; Time: 11.1%), as in
previous studies on number (Cheung et al., ; Gelman, ; Hartnett & Gelman, ).
Finally, children who believed that a domain ended and that it was impossible to add a unit,
were called Non-Believers, and were the least frequent across all domains (Number: 9.2%;
Space: 4.6%; Time: 9.3%). Participants who failed to answer enough questions within a
domain to be categorized (n = 3-4 per domain) were classified as “Uncategorized”. Age
was unrelated to infinity classification for any domain (all p > .05; ). In sum, we found
remarkably consistent response patterns across the three domains, and found that the pattern
of beliefs previously found for number are also held for space and time.

Consistency of Beliefs. Although the pattern described above suggests similar types of beliefs
about infinity across the domains of Number, Space, and Time, these initial analyses leave
open whether beliefs across domains are related within individual children. To explore this,
we asked what percentage of children held consistent beliefs across multiple domains. For
both of our measures (i.e.,, beliefs in endlessness and belief that it is always possible to

90 50 60 70 80 90 50 60 70 80 90

Ages of children (in months) classified into each Infinity Belief category for (A) Number, (B) Space, and (C) Time.
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Figure 2. Classification by domain.

add), the most frequent outcome was that children held consistent beliefs across all three
domains. As shown in Figure 3, 65/106 (61.3%) classifiable children held consistent beliefs
regarding the possibility of adding to a quantity of Number, Space, and Time. Of these, 62
believed that it was possible to add a unit for all domains, and 3 consistently said it was
not possible for any domain. We also found that 58/109 classifiable children (53.2%) held
consistent beliefs regarding the endlessness of domains. Of these, 44 judged that all three
domains were endless, and 14 consistently judged that none of them were.

Number domains Endless “Domains of Endlessness
B Al three
I None
I Number
I Number/Space
I Number/Time
Space
[ space/Time

W Time

Uncategorized
o
10 14
[« s
e 3 2 1 0 '
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Number of domains endorsing “goes on forever®
Figure 3. The X-axis indicates the number of domains for which a given child endorsed that the domain had no end. The Uncategorized label

indicates that the child did not provide a response to this question for at least one domain. The Y-axis and embedded numerals both indicate
the raw count of children; color indicates the domain.
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/A

Next, we asked whether classifications (i.e.,, “Full Infinity”, “Endless Only”, etc.) were
similar across all three domains. Out of 112 participants, 9 were unclassifiable (because they
were missing data for at least one task), leaving 103 classifiable participants. Of these, 36 were
classified identically all three domains, and 67 provided at least one diverging response for at
least one domain. Of the 36 consistent children, 26 were “Full Infinity” believers in every
domain. The remaining 10 consistent children were “Adding Only” believers across all three
domains. No children were consistently Endless Only believers, and no children were consis-
tently Non-Believers. The lack of consistent Non-Believers means that every classifiable child
in our study reported at least one infinity-consistent belief. Indeed, 101/103 classifiable
children provided at least 2 (out of 6 possible) infinity-consistent responses during our study.

Inconsistent Beliefs: Overall Patterns. Because perfectly consistent responses make it difficult to
test whether beliefs about one domain are contingent upon beliefs about another, we next
consider children who performed inconsistently across domains. Of the 55 children who were
Full Infinity Believers in at least 2 domains, n = 26 were Full Infinity Believers in the third, n =
14 were Adding Only Believers for the third; n = 13 were Endless Only Believers for the third,
and n = 2 participants were Full Infinity Believers in two domains, and non-believers in the
third. These data show that more than half of all classifiable participants provided at least 5
(out of 6) infinity-consistent responses, and therefore that most participants who were Full
Infinity Believers in two domains had partial infinity belief for the third domains.

We next consider the n = 24 children who were Adding Only Believers across at least two
domains. Of these, n = 10 were Adding Only Believers in the third, n = 10 were Full Infinity
Believers for the third, n = 2 were Endless Only believers for the third, and n = 2 were Non-
Believers for the third. In summary, 24 (23.3%) of the 103 classifiable participants were Adding
Only Believers in at least two domains, meaning that they endorsed the belief that those
domains could always be added to, but rejected the idea that those domains were endless.
Only 9 children were Endless Only Believers in two domains (and, as noted below, none were
Endless Only Believers in all three domains), and 6 were Non-Believers in two domains (and,
again, none were Non-Believers in all three domains). In other words, it was relatively rare to
find children who fit into these categories. Finally, 11 children provided truly inconsistent
responses: they were classified differently in each of the three domains, and 9 were unclassi-
fiable because they had missing data.

Next, we focused more narrowly on children’s endorsement of the belief that it is always
possible to add a unit to a quantity of space, time, and/or number, and asked whether these
beliefs were more likely to be held in some domains, relative to others. Of the children who
believed that it was always possible to add a unit for two domains, roughly equal numbers
believed that it was possible to add to just space and time but not number, or to just number
and space, or to just number and time (see ). A total of 12.6% of children believed that
it was possible to add one for only a single domain. While the number of children who held
this belief was small (n = 13), more than half of these children (7/13) held this belief only for
number. These data are consistent with the idea that children are more likely to hold beliefs
about the possibility of always adding 1 to a number than they are to hold those beliefs for
other domains. However, evidence for the primacy of number is weak in the present dataset
given the small sample size.

Like in the case of adding a unit, roughly equal numbers of children believed that just space
and time (but not number) were endless (n = 11), just number and space were endless (n = 9),
or just number and time were endless (n = 9). Another 20.8% of children believed that only
one domain was endless. Like in the case of adding a unit, there was an asymmetry by domain,
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Figure 4. The X-axis indicates the number of domains for which a given child endorsed that it was
possible to ‘add 1 to X’. The Uncategorized label indicates that the child did not provide a response
to this question for at least one domain. The Y-axis and embedded numerals both indicate the raw
count of children; color indicates the domain.

but unlike in that case, 14/22 (64%) of those who believed that a single domain was endless
held this belief for the domain of Space. Smaller numbers of children believed that only Time
(n=4) or Number (n = 4) were endless. Thus, in this case, if any domain is primary, it is space,
and not number.

In sum, the relatively strong but imperfect relationship between beliefs across domains is
compatible with the hypothesis that learning about infinity in one domain may impact beliefs
in another, but that this may not happen in a sudden sweeping insight that affects all domains
in synchrony. Also, we found that when children hold inconsistent beliefs about infinity across
domains, they are somewhat more likely to hold the belief that (a) it is always possible to add 1
to the biggest number and (b) that space is endless.

Predictors of Beliefs About Infinity. We next investigated predictors of children’s beliefs about
infinity. If children’s beliefs were explained by learning about infinity as part of a prescribed
curriculum in school, or because some cognitive capability that supports this reasoning
matures at a particular age, then we might expect that age would be a strong predictor of
performance. However, as noted above, age was not related to performance on any of the
questions of our infinity interview (all p > .05; see Figure 1 and SOM). This suggests that these
cross-domain relationships aren’t simply explained by the fact that older children have more
adult-like beliefs.

We next asked whether performance on the Infinity Interview was related to our other mea-
sures, like numerical knowledge and working memory. To assess the relationship between
beliefs in infinity and cognitive/numerical skill, we predicted each type of infinity knowledge
(adding vs. endless) in separate logistic regressions from age, Initial Highest Count (as a proxy
for familiarity with the count list), Final Highest Count (a proxy for the child’s generative
knowledge of the count list), Novel Number performance, the English Next Number task (a
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measure of successor knowledge), and Corsi score.’ This resulted in 6 separate models
(3 domains * 2 components of infinity knowledge).

We found only 1 case in which any of our predictors predicted performance on the Infinity
Interview. Specifically, English Next Number performance (i.e.,, the number of items for which
children could name that number’s immediate successor) was a significant predictor of
whether participants endorsed the view that it was always possible to add 1 to the biggest
number they could imagine (B = —.48, SE = .18, p = .007), as was age (B = .09, SE = .05,
p = .041), when controlling for the above factors. There were no other significant predictors
in any other analysis (full reporting in SOM).

DISCUSSION

We investigated children’s beliefs about infinity in the domains of number, space, and time.
We asked whether beliefs about space and time emerge along a similar timeline as beliefs
about infinite number, and also whether beliefs about infinity in one domain (e.g., number),
might be used to scaffold beliefs in another domain (e.g., space, time). We also measured chil-
dren’s mastery of counting, on the premise that an understanding of the structure and rules of
counting might lead to the intuition that numbers are infinite. Our main finding was that most
children in our study believed that number, space, and time were infinite, and held generally
consistent beliefs across all three domains. Also, while many children showed somewhat
different levels of belief in infinity across our test items, beliefs about infinity did not systema-
tically emerge earlier in any particular domain, leaving open whether knowledge of one
domain might drive learning about another. Finally, although beliefs about infinity were
related across domains, these beliefs were not consistently related to children’s knowledge
of counting, and did not vary substantially according to age, raising questions about the learn-
ing mechanisms that support the development of these beliefs.

The main finding of this study was that children expressed very high levels of belief in infin-
ity across all three domains. We replicated previous findings that children as young as 4 to
5 years of age have emerging beliefs about infinite number (Cheung et al., ; Chu et al.,

), and extended them to show that beliefs about infinite space and time are also present at
around this age. Specifically, more than half of our participants provided infinity-consistent
responses for at least 5 out of 6 questions, and every child in our study provided at least
one infinity-consistent response. Also, within each domain about half of our participants were
classified as Full Infinity Believers, and a striking majority (60-81%, depending on the ques-
tion and domain) of children expressed infinity-consistent beliefs on each of our infinity inter-
view questions. These data support the conclusion that, beginning by as early as 4 years of
age, English-speaking children in the US begin to exhibit explicit beliefs about the potential
infinity of space, time, and number.

In addition to expressing high levels of belief in infinity overall, we found the novel result
that children’s beliefs about infinite number, space, and time are relatively—but not
perfectly—consistent across domains. For example, the proportion of children who were clas-
sified into a particular belief group (i.e.,, Full Infinity Believers, Endless Only Believers, Adding
Only Believers, and Non-Believers) was nearly identical in each domain. Also, we found that
about 60% of children believed that it was always possible to add a unit across all three
domains, and just over 40% believed that number, space, and time were all endless.

! Note that we failed to preregister the addition of the Corsi task into this model by accident; omitting the Corsi
task from the models does not substantively alter the results. Descriptives for each task are available in SOM.
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In addition to replicating previous findings that Full Infinity and Adding Only believers are
frequent while Endless Only believers are rare within the domain of number (Cheung et al.,
; Chu et al., ; Evans, ), we add the novel result that the same pattern is true of
children’s beliefs about space and time. We also found that more children believed it was
always possible to add a unit (of number, space, or time) than believed that a domain was
endless. According to previous studies on number, this finding may suggest that an under-
standing of iterative adding is the first step in learning about infinity: children may learn first
that one can always add a unit, and only later recognize the entailment of this belief: that
number, space, and/or time must therefore never end (see Brackett, , for a discussion
of transitional states of infinity belief).

While we found substantial consistency in children’s beliefs about infinity across domains,
a sizable minority of children held different beliefs about the possibility of adding a unit across
domains, and a modest majority of children held different beliefs about the endlessness of the
three domains. These data suggest that it is possible for children to acquire partial beliefs about
infinity, and to hold different beliefs about infinity across domains. At the outset, we asked
whether acquiring beliefs about infinity in one domain automatically generalized to all other
quantitative domains. Our data argue against this possibility, because a sizeable portion of our
sample held differing beliefs about infinity for at least one domain. We see several possible
explanations of these data. On the one hand, it may be the case that beliefs about infinity
are acquired separately across domains, and that children who held differing beliefs about
infinity did so because they had learned something about infinity for one domain (e.g.,
number) but had not yet learned it about another domain (e.g., time). On the other hand, chil-
dren who expressed differing beliefs about infinity across domains may have an abstract
understanding of infinity, but nevertheless believe that some domains are not infinite. For
example, it is possible that children had arrived at an abstract understanding of infinity
(e.g,. “the ability to iteratively add to a domain suggests that the domain is endless”) but
nevertheless decided not to endorse a belief about infinity in some domains because of their
beliefs about those particular domains (e.g., “while | can imagine the cases under which space
might be infinite, | do not believe that space is infinite”). Future research should consider
methods that may be able to differentiate whether the types of inconsistencies in beliefs that
we report in the present study are best explained by (a) differing beliefs about infinity or (b)
differing beliefs about the domains.

Critically, the trajectory of acquisition of beliefs about infinity is still uncertain based on our
data. In order to demonstrate the trajectory for acquiring beliefs about infinity, it is important to
demonstrate an initial state of non-belief. Unlike previous work that reports a sizeable group of
Infinity Non-Believers for number (Cheung et al., ; Chuetal,, ), such children were
rare in our sample across all three domains, suggesting that our group had more advanced
knowledge overall (indeed, there were no children who consistently provided infinity-non-
believing responses). Relatedly, although the mean age of our sample was similar to that of
previous studies, our sample included fewer children at the youngest ages, with only 10%
under age 4;6. Given the importance of finding Infinity Non-Believers for detecting the order
of the emergence of beliefs about infinity across domains, future studies should address the
order of emergence of infinity beliefs across domains by focusing on even younger children,
where it may be possible to find more Non-Believers.

At the outset, we hoped to identify whether one domain might have special status in the
origin of children’s reasoning about infinity. Indeed, cases of less consistent judgments provide
hints of the possible primacy of some domains. For example, among the 22 children who
believed that only a single domain was endless, most of them held this belief for space. These

OPEN MIND: Discoveries in Cognitive Science 727

%20z 1snbny 60 uo 1senb Aq ypd401L00 & 1wdo/210L9LZ/#0L00 & 1wdo/zgl L 01/10p/pd-sjone/iwdo/npe-iw ioalip//:dny woly papeojumoq



Children’s Beliefs About Endless Space, Time, and Number  Sullivan et al.

data are consistent with the view that some children learn about the endlessness of space first,
perhaps via explicit instruction (e.g., “did you know the universe is infinite?”), or perhaps
because space more readily supports concrete visualizations like those described by Archytas
(e.g., the possibility of always reaching one’s hand beyond any edge of space that one
reaches). However, we also found that among the 13 children who believed it was possible
to add a unit in only a single domain the majority held this belief only for number. These data
are consistent with the possibility that children acquire beliefs about the possibility of unlim-
ited addition for number before they do so for space or time. However, in both of these two
cases just discussed, the number of children who believed in infinity for only one domain was
small, limiting our ability to draw firm conclusions about causal interactions from this dataset.
In addition, while there may be tentative evidence for primacy of some domains, there were
many children who bucked this trend, demonstrating that there is no single entry point into
beliefs about infinity.

Contrary to our initial hypothesis that children’s beliefs about infinity might be based on knowl-
edge of how to generate successors when counting, we did not find a significant relationship
between counting productivity and infinity belief outside the domain of number. While the belief
that it is always possible to add 1 to any number was predicted by children’s ability to produce
successors on the Next Number task (see also Chu et al., ), number knowledge performance
didn’t predict the belief that numbers go on forever, or the belief that it is always possible to add a
unit for space or time. However, because children in our sample performed relatively well on the
counting tasks, our ability to detect correlations with infinity knowledge was somewhat limited.
For example, almost % of children performed perfectly on the Next Number task, and %; got
most responses on the Next Number task correct (75% or better). Also, across domains, around
80% of children endorsed the belief that it was always possible to add 1. Therefore, as in the
case of studying contingencies across domains, detecting correlations between counting and
infinity knowledge may be more likely in even younger children, whose knowledge of the
count list (and beliefs about infinity) may be more heterogeneous.

We found no effects of age on infinity beliefs in our study, even when we conducted post-
hoc analyses restricting our dataset to the age ranges tested in previous studies (see SOM). One
possible explanation for this is that, as noted above, our study may not have sampled enough
young children to detect the transition from infinity-disbelief to belief. Another possibility,
however, is that the trajectory from ‘lack of infinity belief’ to ‘full infinity belief” is not linear,
and not dependent only on chronological age. For example, it is possible that some individuals
hold literally contradictory beliefs (e.g., that we can count infinitely upwards), but numbers are
nevertheless finite (see Fischbein et al., , for review), while others maintain consistent beliefs.
In the spirit of our discussion of Aristotle in the Introduction, some individuals—whether chil-
dren or adults—may believe that iterative processes can produce ever bigger quantities with-
out necessarily believing that these processes result in actual infinities (i.e., iterative processes
may not entail endless number, space, or time). Previous work has shown that even middle
schoolers (Brackett, ) and college students (Tall, ) sometimes provide so-called ‘tran-
sitional’ responses that appear to simultaneously assert and deny the possibility of infinity, and
preliminary work from our lab using reaction time methods suggests that adults may also hold
internally contradictory beliefs about infinity (Cramer-Benjamin & Sullivan, ).
Finally, not mutually exclusive with the possibilities described above, age effects reported in
previous studies of children may be due to the linguistic demands of open-ended infinity inter-
views, which we avoided by using a forced choice paradigm.

One critical challenge for researchers interested in studying how beliefs about infinity
emerge is that we cannot see, touch, or otherwise make infinity concrete, meaning that all
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tasks are necessarily linguistic. First, this limits the minimum age at which we can test for infin-
ity beliefs. While we suggest testing even younger children on infinity tasks in order to detect
infinity disbelief, we also acknowledge that it is unlikely that three-year-olds have the lan-
guage skills to complete such a task. Further, the role of language in tasks intended to measure
infinity beliefs may also lead to challenges in interpreting the relationship between infinity
beliefs across domains. This is because the language of infinity is analogous across domains
(“this road/meeting/count list goes on forever!”), making it challenging to develop questions
about infinity that don’t invoke multiple quantitative domains (e.g., “could | keep adding more
minutes?” invokes a potentially numerical notion of units and adding). Future research should
examine new ways to minimize (or systematically manipulate!) the linguistic demands of tasks
aimed at measuring infinity beliefs.

To summarize, we explored the intuition of Archytas that beliefs about the infinity of space,
time, and number might be deeply related to one another. Our most striking finding was that
children had high levels of belief in infinity in each domain, and that these beliefs were often
similar for number, space, and time. These data are consistent with the idea that children
develop beliefs in infinity for space, time and number early in development, but leave open
the possibility that asymmetries in these beliefs exist, and that knowledge in one domain may
emerge earlier than in the others. Future research should focus on this question, while also
exploring the individual differences in beliefs about infinity in adult participants, and how such
beliefs might be impacted by cross-cultural differences in education, whether scientific,
mathematical, or spiritual.
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