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Abstract

To become fluent language users, children must learn not only
individual words but also connections between them. For ex-
ample, connections are vital for understanding that “apples”
are “yummy”, something you can “eat” and similar to “or-
anges”. To date, there is evidence that children develop in-
creasingly sophisticated abilities to form these connections
from regularities in the way that words co-occur with other
words that are ubiquitous in everyday language. Yet despite the
fact that children repeatedly experience such regularities day-
to-day, existing evidence focuses just on what children learn
from a single experience. We used a multi-session approach
to examine the connections children build from repeated expo-
sures over time. We found that from age four to six, children
not only improve in their formation of connections between
words from regularities in language, but also in building in-
creasingly richly interconnected knowledge from one experi-
ence to the next.

Keywords: word learning; distributional semantics; language
models

Introduction

From everyday language experiences, children not only learn
thousands of words, but also form meaningful connections
between words. For example, a child may learn that “or-
anges” are “yummy”’, something you can “eat”, and similar to
“apples”. These connections come to play a vital role in lan-
guage fluency (Borovsky, Ellis, Evans, & Elman, 2016; Neu-
man, Newman, & Dwyer, 2011; Nation & Snowling, 1997).
For example, they can allow a listener to understand that “I'd
love some of those oranges, they’re so yummy” expresses a
desire to “eat” oranges, rather than play or otherwise interact
with them. Likewise, they can support generalizations be-
tween words similar in meaning, such as allowing a listener
who has heard an “orange” described as “ripe” to understand
and produce utterances about “ripe apples”, even if they have
never heard such utterances before. Although children might
learn something about words and connections between them
from a single language experience (Carey & Bartlett, 1978),
such learning typically unfolds over time as children accumu-
late day-to-day language experiences (Bolger, Balass, Lan-
den, & Perfetti, 2008; Hills, Maouene, Riordan, & Smith,
2010; Roy, Frank, DeCamp, Miller, & Roy, 2015; McMur-
ray, Horst, & Samuelson, 2012; Unger & Fisher, 2019). In-
deed, knowledge about words and their meanings becomes
increasingly richly interconnected with development (Unger
& Fisher, 2016; Crowe & Prescott, 2003; Storm, 1980). How
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Figure 1: Examples of direct and shared co-occurrence regu-
larities that can support connections between words.

do children transform everyday language experiences into
this interconnected word knowledge?

Children’s everyday language experiences provide a rich
source of information for learning connections between
words because they are full of regularities in the way words
occur with other words (Figure 1). For example, both “or-
ange” and “apple” tend to co-occur with “yummy”. In prin-
ciple, it is therefore possible to connect “orange” and “ap-
ple” to “yummy” based on their tendency to directly co-occur
with each other in sentences and utterances. Moreover, it is
possible to integrate across these direct co-occurrence regu-
larities to connect “orange” to “apple” based on their shared
co-occurrence with “yummy”. The potential power of these
regularities has been amply demonstrated. Increasingly so-
phisticated language models have successfully captured much
of human interconnected word knowledge just from learning
the way words occur with other words (Landauer & Dumais,
1997; Jones & Mewhort, 2007; Mikolov, Chen, Corrado, &
Dean, 2013; Pennington, Socher, & Manning, 2014), even
when trained on relatively small samples of language input to
children (Huebner & Willits, 2018; Fourtassi, 2020).

If word co-occurrence regularities are so useful for mod-
eling interconnected word knowledge, perhaps children also
acquire increasingly richly interconnected word knowledge
from repeated exposure to word co-occurrences in language.
This possibility rests on two assumptions: that children are
indeed sensitive to regularities of word use, and that children
build up interconnected word knowledge from the regulari-
ties of word use they experience from one day to the next.
Yet our understanding of this possibility comes from stud-
ies of the knowledge children pick up from a single bout
of exposure to input containing regularities. This evidence
suggests that some sensitivity to co-occurrence regularities is
present early in childhood and undergoes substantial devel-
opmental changes. Specifically, an ability to form connec-
tions based on direct co-occurrence appears to emerge early
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and improve across childhood. This ability is only gradu-
ally supplemented by an ability to form connections based on
shared co-occurrence (Savic, Unger, & Sloutsky, 2022; Bauer
& San Souci, 2010; Bauer, Cronin-Golomb, Porter, Jagan-
jac, & Miller, 2020; Schlichting, Guarino, Schapiro, Turk-
Browne, & Preston, 2017; Schlichting, Guarino, Roome, &
Preston, 2021). This pattern suggests that the increasingly
richly interconnected word knowledge that children acquire
over the course of development may come not just from ac-
cumulating exposure to regularities, but also from develop-
mental changes in children’s abilities to transform these reg-
ularities into interconnected knowledge.

We thus have two potentially powerful contributors to chil-
dren’s interconnected word knowledge: their accumulated
exposure to regularities of word use over time, and develop-
mental changes in their abilities to transform this exposure
into interconnected word knowledge. Yet our only insight
into children’s transformation of regularities in language into
interconnected word knowledge comes from studies of what
children learn from a single bout of exposure. We do not
know whether children do indeed capitalize on repeated ex-
posures to regularities to build increasingly richly intercon-
nected word knowledge, nor do we know whether children’s
use of repeated exposures changes with development.

In what follows, we first evaluate what is known about the
development of children’s abilities to extract interconnected
knowledge from exposure to regularities in language and
other domains. We then present a multi-day study in which
we systematically investigated the development of children’s
formation of connections between words from exposure to
regularities in language over time.

Forming Connections from a Single Experience

Sensitivity to regularities during development has been stud-
ied most extensively in the field of statistical learning. This
field has focused on sensitivity to direct co-occurrence reg-
ularities, such as regularities in which sets of two or three
speech sounds or shapes always occur together in the same
order. In a typical experiment, participants receive a single
bout of exposure to these regularities (often for just a few
minutes), and are then tested on their ability to distinguish
between sets of stimuli that reliably co-occurred versus those
that did not. There is extensive evidence that some sensitivity
to these regularities emerges in infancy (e.g., Saffran, Aslin,
& Newport, 1996; Romberg & Saffran, 2010). Moreover, a
handful of studies suggest that at least for some types of stim-
uli (e.g., non-speech sounds and shapes), this sensitivity im-
proves across years of childhood (Arciuli & Simpson, 2011;
Raviv & Arnon, 2018; Shufaniya & Arnon, 2018).

Research in a few domains has also examined the rela-
tive developmental trajectories for sensitivity to direct ver-
sus shared co-occurrence. The typical approach has been
to present participants with triads of items, in which one
item (A) separately co-occurs with two other items (B and
C). Subsequently, participants are tested for connections be-
tween items that directly co-occur (A-B, A-C) and share co-
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occurrence (B-C). This approach has been used to study the
formation of connections between arbitrary pictures such as
faces, scenes and objects (Schlichting et al., 2017, 2021),
facts (Bauer & San Souci, 2010; Bauer et al., 2020) and in
one recent series of studies, words (Savic et al., 2022).

This work has revealed that in early childhood, there is
some ability to pick up on direct co-occurrence. With age,
this ability: (1) improves, and (2) is supplemented by an abil-
ity to pick up on shared co-occurrence that likewise improves
with age. Importantly, this developmental pattern highlights
that merely getting better at forming connections based on
direct co-occurrence is necessary but insufficient for form-
ing connections based on shared co-occurrence. Instead, this
evidence points to an independent developing ability to ex-
trapolate or integrate across instances of direct co-occurrence
to form connections based on shared co-occurrence.

These developmental changes may allow children to build
increasingly richly interconnected word knowledge from
their everyday language experiences. Yet, our understanding
is limited by its focus on what children pick up from a single
experience, as we discuss below.

Forming Connections from Repeated Experiences

Exposure to language is an everyday experience. Children
thus have repeated opportunities to both pick up on regular-
ities in language in the first place, and build upon what they
have already learned from previous exposures to regularities.
Yet the contribution of repeated exposure to forming connec-
tions between words remains little understood. To the best
of our knowledge, only one study in adults and one study in
children shed light on how repeated exposure to regularities
in language foster connections between words.

In a study with adults, McNeill (1963) used the A-B-C
triad approach described above to embed triads of novel pseu-
dowords into sentences. Within a single session, participants
received two, four or six repetitions of each triad before their
formation of connections was assessed. Given two or four
repetitions, participants primarily connected pseudowords
that directly co-occurred; only with six repetitions did partic-
ipants robustly connect words that shared co-occurrence. In
adults, repeated exposures may thus build increasingly richly
interconnected word knowledge.

These findings are in stark contrast with the one study of
repeated exposures in children. In Savic et al. (2022)’s Exper-
iment 2, four-year-old children repeatedly heard short stories
each embedded with 10 repetitions of A-B-C triads across
three days. For adults in a preceding experiment (Experiment
1), the repetitions within a single session had been enough
for them to form connections based on both direct and shared
co-occurrence. For children, further repetition of the stories
across days only supported children’s formation of increas-
ingly strong connections based on direct co-occurrence.

Together, these studies hint at an interplay between expe-
rience and development. Repeated exposure to regularities
in language may provide opportunities to build increasingly
richly interconnected word knowledge. Yet abilities to cap-
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Figure 2: Triads (A) and examples of words from embedded in story sentences.

italize on these repeated opportunities may themselves un-
dergo substantial development across childhood. This hinted
interplay suggests that the emergence of increasingly inter-
connected word knowledge (Unger & Fisher, 2016; Crowe
& Prescott, 2003; Storm, 1980) comes from accumulating
language experience and developing abilities to form connec-
tions from experience.

Present Study

The goal of the present study was to illuminate how intercon-
nected word knowledge emerges from the interplay between
repeated exposures to regularities in language and develop-
mental changes in abilities to pick up on these regularities.
We used a version of the A-B-C approach that prior work
used to demonstrate developmental differences in sensitivity
to word co-occurrence.

In this study, children aged four, five and six heard short
stories embedded with triads of words that could support the
formation of connections based on both direct and shared co-
occurrence (Figure 2). In these triads, a novel pseudoadjec-
tive (e.g., “foobly”) directly co-occurred with a highly famil-
iar noun (e.g., “apple”) in some sentences, and another novel
pseudonoun (e.g., “mipp”) in others. The inclusion of pseu-
dowords in these triads was designed to ensure that the con-
nections children could form were entirely new. From these
regularities, children could form connections based on direct
co-occurrence (“foobly”-"apple”, “foobly”’-"mipp”). In addi-
tion, they could form connections between the familiar noun
and pseudonoun (“apple”-"mipp”) based on their shared co-
occurrence with the same pseudoadjective (“foobly”).

Children repeatedly heard these stories across three ses-
sions that took place on separate days over the course of a
month. During each session, children’s formation of connec-
tions between words was assessed. This approach allowed us
to tackle key unknowns about the interplay of experience and
development in building interconnected word knowledge.

From previous studies of what children learn from a sin-
gle bout of exposure, we expected that the very first session
will reveal that the formation of connections based on di-
rect and shared co-occurrence improves asynchronously with
age, with connections based on direct co-occurrence emerg-
ing earlier than connections based on shared co-occurrence.
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Critically, repeated exposure provides additional opportuni-
ties to strengthen these connections. Do children capitalize
similarly on these opportunities, or do older children more
successfully harness these opportunities to form increasingly
strong connections?

Methods
Participants

Participants were 4, 5, or 6-year olds recruited via social me-
dia posts in the US. Following exclusions based on perfor-
mance on “control” trials used to assess attentiveness and task
comprehension (see below), sample sizes consisted of 27 4-
year-olds, 29 5-year-olds, and 32 6-year-olds.

Materials

Triads. The primary materials were two triads of words (Fig-
ure 2A). Each triad contained a novel pseudoadjective (e.g.,
“foobly”) that was paired with both a familiar noun (e.g., “ap-
ple”) and a novel pseudonoun (e.g., “mipp”). Thus, each triad
contained two pairs of words that were embedded in a short
story as described below, for a total of four word pairs.

Story. Pairs of words from the triads were embedded
within sentences that were combined in a short story (Fig-
ure 2B) in which an alien travels to different planets. Sen-
tences were designed to be uninformative about the meanings
of novel pseudowords, such as “Yesterday I saw a foobly ap-
ple”, “On the next day, I looked for a foobly mipp”. Each of
the four Triad word pairs was embedded within 10 sentences,
for a total of 40 sentences within the story.

Pilot work suggested that children in the youngest age
group might struggle to learn even the simpler connections
based on direct co-occurrence when all four word pairs were
intermixed the story, probably because this introduces four
novel words at the same time. We therefore presented the
story in two parts, in which Part 1 presented 20 sentences
containing the pairs in which the pseudoadjective directly
co-occurred with the familiar noun, and Part 2 presented 20
sentences containing pairs in which the pseudoadjective di-
rectly co-occurred with the pseudonoun. The full story was
recorded by a female native speaker of English.

Muffled Test Sentences. We developed additional sen-
tences for use in a “Muffled Test” designed to test connections
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based on direct co-occurrence (see Procedure and Figure 3).
These sentences were similar to story sentences, but in each
sentence, one of the words in a pair was replaced by an audio
clip of radio static, as in “I’d love to see a [STATIC] mipp”.
We developed four sentences to test the formation of connec-
tions between each pair, for a total of 16 sentences.

Label Test Pictures. We used pictures of the familiar
nouns in triads for a “Label Test” designed to test whether
participants connected the familiar noun to both the pseu-
doadjective in the same triad based on direct co-occurrence,
and the pseudonoun in the same triad based on shared co-
occurrence. As described below and shown in Figure 3, each
picture was presented with one prompt to assess connections
based on direct co-occurrence, and another prompt to assess
connections based on shared co-occurrence. In total, we used
four pictures of each familiar noun.

Control Items. We developed a set of “control” items for
use in both the Muffled and Labeled tests to check that par-
ticipants were attentive and understood the tests. The tests
assessed whether children had formed connections between
a pseudoadjective and a noun in the same triad, or a pseudo-
noun and a noun in the same triad. Accordingly, control items
consisted of a familiar adjective and two familiar nouns that
are already likely to be connected in young children’s vocab-
ularies, such as “furry”-"dog” and “cat”-”dog”. Items were
frequent words that reliably co-occur with each other in chil-
dren’s everyday language input (MacWhinney, 2000).

Procedure

Participants took part in three sessions, each on a separate day
within one month (mean gap between sessions was 6 days).
Sessions were hosted online on the Gorilla platform, took
place on Zoom and were guided by an experimenter. Each
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session followed the same procedure to provide children with
exposure to regularities in language, and assess their forma-
tion of connections based on these regularities.

Introduction and Warmup Muffled Test. Participants
were first introduced to an alien called Izzy who likes to tell
travel stories. Participants then completed a warmup ver-
sion of the Muffled Test that was subsequently used to as-
sess children’s formation of connections based on direct co-
occurrence (see below). To introduce the Muffled Test, chil-
dren were told that Izzy was going to say some things over the
radio in her spaceship, but that the radio sometimes makes
a funny sound. The experimenter would give the child two
word choices, and the child would pick the one that Izzy prob-
ably said when the radio made the funny sound. The experi-
menter then played an example sentence, in which Izzy said
“My mom saw a [STATIC] butterfly”, and the experimenter
explained that if the word choices were “pretty” and “sharp”,
the best answer would be “pretty”, because “pretty butterfly”
makes sense. Children then completed the warmup Muffled
Test containing four control item trials, such as hearing “I’d
really love a [STATIC] cookie” and being asked whether the
muffled word was “yummy” or “wet”.

Story and Muffled Test. Participants were told that Izzy
would tell a story about a visit to an alien planet using some
fun alien words. Participants then completed the Story and
Muffled Tests in two parts. At the beginning of each part,
the experimenter played audio clips of the pseudowords that
would be presented in the subsequent story, and prompted the
child to repeat each one. The participant then heard Part 1
or Part 2 of the story. To make listening more interactive,
children were intermittently prompted to click the screen to
trigger an animation in which Izzy travelled part-way across
a map of an alien landscape and then said four sentences.



Participants then completed Part 1 or 2 of the Muffled Test
consisting of 8 trials. The Muffled Test was introduced by ex-
plaining that the child’s job was to choose a word to fill in the
funny radio sound that Izzy would use. Each trial presented
one of the Muffled Test sentences in which an audible word
from a triad was accompanied by an audio clip of static. Chil-
dren chose between two options to fill in the muffled word:
one from the same triad, and one from the opposite triad. For
example, when the familiar noun was audible, the choices
were the pseudoadjective from the same versus different triad
as the audible familiar noun. Accordingly, the Muffled Test
assessed children’s formation of connections based on the di-
rect co-occurrence of words from the same triad.

Label Test. The experimenter first explained that the
child’s job was to help Izzy describe pictures she had taken on
her travels. On each trial, participants saw a picture and were
asked to label it with one of two options: the two pseudoad-
jectives, or the two pseudonouns. Trials in which the two
options were pseudoadjectives measured connections based
on direct co-occurrence from the accuracy with which partic-
ipants labelled pictures of a familiar noun (e.g., apple) using
the pseudoadjective with which it directly co-occurred (e.g.,
“foobly”). The same logic applies for measuring connections
based on shared co-occurrence from accuracy on pseudonoun
trials (e.g., using “mipp” to label apples). To ensure that chil-
dren were asked to label the pictures in a way that is gram-
matical in English, for pseudoadjectives, children were asked,
“Is this one [pseudoadjective 1] or [pseudoadjective 2]?”, and
for pseudonouns, children were asked, “Is this one like a
[pseudonoun 1] or a [pseudonoun 2]?”. Control trials used
the same format to assess attentiveness and task comprehen-
sion by prompting children to label pictures with familiar ad-
jectives and nouns, such as labeling a dog as “furry” rather
than “yummy”, and like a “cat” rather than “ice cream”.

Results

We first assessed attentiveness and task comprehension based
on accuracy on control trials in the Muffled and Label Tests,
and excluded children whose performance was poor on these
trials across multiple sessions. Each session contained four
Muffled Test control trials and six Label Test control trials.
Our threshold for including data from a session was accurate
performance on the majority of control trials (three Muffled
Test control trials and four Label Test control trials). We ex-
cluded participants who met these criteria for fewer than two
out of three sessions. The numbers of participants excluded
were 16 four-year-olds, 8 five-year-olds and 2 six-year-olds.
Our analyses were designed to measure the contributions
of age and repeated exposure across sessions to the forma-
tion of connections based on direct and shared co-occurrence.
All analyses were performed as generalized linear mixed ef-
fects models on raw accuracy data using the lme4 package
in R [REF]. Because the maximum random effects structure
that achieved convergence across all analyses only included a
random intercept for participant, we used this random effects
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structure for consistency across analyses.

Muffled Test Analysis: Formation of Connections
from Direct Co-Occurrence

The Muffled Test allowed us to measure the formation of
connections from the direct co-occurrences of a pseudoad-
jective with the familiar noun and pseudonoun in the same
triad. We considered contributions and interactions between
the following factors: Age (4-, 5-, or 6-year-old), Session
(1, 2, or 3) and Pair Type (pseudoadjective-familiar noun or
pseudoadjective-pseudonoun). We included this final factor
to account for the possibility that children might more easily
form connections that involve at least one familiar word.

Muffled Test performance is shown in Figure 4, top panel.
An initial omnibus analysis revealed significant main effects
for all factors (all ps < .0001) and significant interactions be-
tween Age and both Session (x%(1) = 17.30, p < .0001) and
Pair Type (x*(1) = 18.80, p < .0001). We therefore conducted
follow-up analyses testing the effects of Session, Pair Type
and their interaction within each Age group.

In 4-year-olds, the analysis revealed only a main effect of
Pair Type, in which children formed stronger connections
between directly co-occurring pairs that included a familiar
word versus those that did not (xz(l) =6.02, p =.01). There
was no effect of Session, nor an interaction between Session
and Pair Type (ps > .09). 5- and 6-year-olds showed a similar
effect of Pair Type (ps j .0001), but additionally showed sig-
nificant effects of Session (ps < .01), in which connections
strengthened across sessions. Thus, all children more readily
formed connections between words when at least one of them
was familiar, but only for older children did these connections
strengthen with repeated exposure.

Label Test Analysis: Formation of Connections
from Direct and Shared Co-Occurrence

The Label Test allowed us to measure connections based on
the familiar noun’s direct co-occurrence with the pseudoad-
jective and shared co-occurrence with the pseudonoun from
the same triad. We considered contributions and interactions
between: Age (4-, 5-, or 6-year-old), Session (1, 2, or 3) and
Regularity Type (direct versus shared).

The patterns captured in these analyses are depicted in Fig-
ure 4, bottom panel. An initial omnibus analysis revealed
significant main effects for all factors (all ps < .0001) and
significant interactions between Age and both Session ()*(1)
= 11.93, p = .0006) and Regularity Type (x*(1) = 3.87, p
=.049). We therefore conducted follow-up analyses testing
the effects of Session, Regularity Type and their interaction
within each Age group.

In 4-year-olds, the analysis revealed only a main effect of
Regularity Type, in which children formed stronger connec-
tions based on direct versus shared co-occurrence (x2(1) =
5.15, p = .02). In contrast, there was no effect of Session,
nor an interaction between Session and Regularity Type (ps |,
.5). 5-year-olds showed a significant effect of Session (x>(1)
= 8.88, p = .003) that did not interact with Regularity Type
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co-occurrence with the pseudonoun.

(x*(1) = 0.15, p = .70), indicating that connections based on
both direct and shared co-occurrence improved across ses-
sions. Finally, 6-year-olds showed a significant effect of ses-
sion (x%(1) = 25.95, p < .0001) that interacted with Reg-
ularity Type (x*(1) = 8.60, p = .003), such that only con-
nections based on shared co-occurrence improved across ses-
sions. This is likely because connections based on direct co-
occurrence were already very strong starting from the first
session (see Figure 4 bottom). Thus, children of all ages
more readily connected words that directly co-occurred than
those that shared co-occurrence, but only for older children
did these connections strengthen with repeated exposure.

Building Shared Co-Occurrence Connections

Prior single-session studies in multiple domains suggest that
in addition to direct co-occurrence connections, forming
shared co-occurrence connections also depends on some ma-
turing ability to integrate across direct co-occurrence. To
further test this possibility, we tested whether the strength
of shared co-occurrence connections was pedicted by: di-
rect co-occurrence connections between the pseudoadjective
and familiar noun, direct co-occurrence conections between
the pseudoadjective and pseudonoun, Session and Age. The
strength of shared co-occurrence conections was predicted
by all factors (ps < .05) except direct co-occurrence con-
nections between the pseudoadjective and familiar noun (p
= .72). Thus, shared co-occurrence connections may emerge
from the conjunction of direct co-occurrence connections, re-
peated exposure, and developmental improvements in abili-
ties to integrate across direct co-occurrence.
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General Discussion

Children’s language experiences are full of regularities in
the way words co-occur with other words. In principle,
accumulating exposures to these regularities could support
the formation of the increasingly rich connections between
words that emerge across childhood (Unger & Fisher, 2016;
Crowe & Prescott, 2003; Storm, 1980). Alternatively, accu-
mulating exposure might not be enough: instead, prior evi-
dence points to developmental changes in children’s abilities
to transform co-occurrence regularities into interconnected
knowledge (Savic et al., 2022). Yet this evidence comes from
studies of learning from a single exposure. Any such develop-
mental improvement poses a key question: are younger chil-
dren really incapable of doing what older children can do, or
do they just need more learning opportunities? We thus ex-
amined the development of abilities to build up connections
from such repeated exposures.

From the first session, we replicated prior evidence that
older children more readily form connections from exposure
to regularities. Critically, we further found that older chil-
dren also more successfully build increasingly rich connec-
tions from one exposure to the next. Indeed, although chil-
dren in the youngest age group did form some connections
starting from their first exposure, they showed no evidence
of building upon these connections with repeated exposures.
These findings suggest that the increasingly interconnected
word knowledge that emerges in development comes in part
from the interplay between repeated exposures to regularities
of word use and developmental improvements in abilities to
capitalize on these exposures.
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