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Learning new words is a difficult task. Children are able to resolve the ambiguity of the task
and map words to referents by tracking co-occurrence probabilities across multiple
moments in time, a behavior termed cross-situational word learning (CSWL). Although
we observe developments in CSWL abilities across childhood, the cognitive processes that
drive individual and developmental change have yet to be identified. This research tested a
developmental systems account by examining whether multiple cognitive systems co-
contribute to children’s CSWL. The results of two experiments revealed that multiple cog-
nitive domains, such as memory and language abilities, are likely to drive the development
of CSWL above and beyond children’s age. The results also revealed that memory abilities
are likely to be particularly important above and beyond other cognitive abilities. These
findings have implications for theories and computational models of CSWL, which typically
do not account for individual children’s cognitive capacities or changes in cognitive capac-
ities across time.
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Introduction ments, children must resolve ambiguity across several

moments in time to learn words. Thus, recent research

The world presents children with a seemingly infinite
amount of information in just one moment in time. This
large amount of information imposes a challenging task
when learning language. For each new word that children
learn, there are a theoretically infinite number of potential
referents for this word. Despite the challenge of the task,
children are remarkable word learners; after the first few
years of life, children quickly map a word to the correct ref-
erent with only a few learning trials (e.g., Carey & Bartlett,
1978).

Research on word learning has historically focused on
how children can resolve ambiguity in a single moment
in time. However, in real-world language learning environ-
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has shifted toward examining whether children resolve
ambiguity across multiple learning events. This work has
revealed that infants and children can track the co-
occurrence of words and objects across learning events
and later use this information to infer word-object map-
pings. This behavior is commonly termed cross-situational
word learning (CSWL). Over the last 10 years, there has
been significant growth in research on children’s CSWL
(Scott & Fisher, 2012; Smith & Yu, 2008, 2013; Suanda,
Mugwanya, & Namy, 2014; Vlach & Johnson, 2013;
Vouloumanos & Werker, 2009; Yu & Smith, 2011) and
adult and computational models of children’s CSWL
(Fazly, Alishahi, & Stevenson, 2010; Fitneva &
Christiansen, 2011; Kachergis, Yu, & Shiffrin, 2013;
Medina, Snedeker, Trueswell, & Gleitman, 2011; Smith,
Smith, & Blythe, 2011; Trueswell, Medina, Hafri, &
Gleitman, 2013; Vlach & Sandhofer, 2014; Yu & Smith,
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2007, 2012; Yurovsky & Frank, 2015; Yurovsky, Yu, &
Smith, 2013).

In a typical CSWL paradigm (e.g., Smith & Yu, 2008;
Vlach & Johnson, 2013), children are presented with a ser-
ies of ambiguous learning trials, each trial consisting of
two novel words and two novel objects presented in ran-
dom order. After learning, children are presented with test
trials that consist of two objects presented during learning.
Children are then asked to map a word to one of the two
objects. The results of these studies have revealed that
young infants can successfully infer word-object mappings
using CSWL (Smith & Yu, 2008). Moreover, the ability to
learn word-object mappings continues to develop across
the second year of life (Vlach & Johnson, 2013;
Vouloumanos & Werker, 2009) and early childhood years
(Scott & Fisher, 2012; Suanda et al., 2014; Woodard,
Gleitman, & Trueswell, 2016). A key finding of this research
is that there are striking individual differences in the
degree to which infants and children can learn words dur-
ing CSWL (e.g., Scott & Fisher, 2012; Yu & Smith, 2011).
Thus, a central pursuit in studying children’s CSWL has
been to identify the cognitive processes that drive changes
and improvements in performance.

One proposal is that changes and improvements in lan-
guage development are a result of general maturation and
maturational constraints (e.g., Newport, 1990). According
to this account, language learning abilities improve in effi-
ciency and capacity via maturation of the brain over time.
That is, the age of the learner, a proxy measure of matura-
tion, is the largest contributor to language learning out-
comes. Thus, the maturation account would predict a
strong relation between children’s age and CSWL perfor-
mance. Additionally, the maturation account would predict
that other factors (e.g., memory abilities) play a more
minor role in driving changes in early word learning.

In contrast, other theoretical accounts propose that a
certain cognitive system plays a particularly important role
in development, above and beyond age. Cognitive systems
are broadly defined as mental systems that share represen-
tations and mechanisms (e.g., Smith & Thelen, 2003; Van
Geert, 1991), such as visual attention, language, and mem-
ory. For instance, one of these proposals is that children’s
general vocabulary development and word learning abili-
ties drive CSWL. The central tenet of this account is that,
as children have gained practice learning words, they learn
new words faster and in more challenging learning envi-
ronments (Scott & Fisher, 2012; Smith & Yu, 2013). Evi-
dence for this proposal comes from studies examining
children’s vocabulary size in relation to their CSWL perfor-
mance (Scott & Fisher, 2012); children with larger vocabu-
laries have higher performance on more difficult CSWL
tasks than children with smaller vocabularies. In brief,
the language account proposes that children’s developing
language abilities drive changes in children’s CSWL.

A final proposal is that changes in children’s memory
abilities contribute to CSWL (Vlach & Johnson, 2013;
Vlach & Sandhofer, 2014). The central tenet of this account
is that children must encode, retain, and retrieve a large
amount of information during CSWL. That is, tracking
and later retrieving co-occurrence information imposes a
significant memory demand on young learners. Evidence

for this proposal comes from studies demonstrating that
placing small memory demands on learners during CSWL
can make infants (Vlach & Johnson, 2013) and adults
(Vlach & Sandhofer, 2014) fail to successfully retrieve and
infer learned words. Thus, according to the memory
account, improvements in memory abilities are likely to
be the primary cognitive mechanism that drive changes
in children’s CSWL.

Although various theoretical accounts have emerged,
many accounts have yet to be directly tested. For instance,
researchers have argued that memory abilities are the pri-
mary driver of improvements in children’s CSWL (e.g.,
Vlach & Johnson, 2013), but have yet to demonstrate that
children’s memory abilities predict their CSWL perfor-
mance. The hypothesis that memory abilities are impor-
tant is inferred from changes in learners’ performance
when memory demands are placed on learners (Vlach &
Johnson, 2013; Vlach & Sandhofer, 2014) rather than test-
ing relations between learners’ abilities and CSWL perfor-
mance. Moreover, many studies do not control for age in
their examination of individual differences and CSWL per-
formance. As a result, it could be that relations observed
between a particular cognitive ability and CSWL (e.g.,
vocabulary size and CSWL) are a result of children’s age,
rather than a particular cognitive system. The current work
addresses these limitations of previous research on CSWL.

Critically, this work is the first to empirically test a
developmental systems theory of CSWL. According to this
theoretical framework (for examples of systems theories,
see Smith & Thelen, 2003; Van Geert, 1991), changes in
CSWL performance are a result of several cognitive sys-
tems working together to support learning and develop-
ment. That is, although one cognitive system may
support and/or constrain learning more than other cogni-
tive systems, several cognitive systems must co-
contribute to learning for developmental change to occur.
Thus, the goal of this work was to determine whether mul-
tiple cognitive systems, and many cognitive abilities
within one system, contribute to individual and develop-
mental differences in CSWL above and beyond age.

The current research examined relations between chil-
dren’s age, memory abilities, language abilities, and CSWL
performance. We examined these relations in a broad age
range of children (2-5-year-olds) to capture a wide array
of individual differences in age, cognitive abilities, and
CSWL performance. In Experiment 1, children were pre-
sented with a CSWL task, a general assessment of memory
abilities (i.e., paired-associates task), and a general assess-
ment of language abilities (i.e., Peabody Picture Vocabulary
Test, 4th edition). In line with the research outlined above,
we predicted that both memory and language abilities
would predict children’s CSWL performance. Moreover,
we hypothesized that these cognitive capacities would
predict children’s CSWL performance above and beyond
age. We also examined the relative contributions of age,
memory abilities, and language abilities to children’s
CSWL.

To foreshadow the results of Experiment 1, children’s
memory abilities were a strong predictor of children’s
CSWL performance. To further test the developmental sys-
tems theory, we examined whether multiple cognitive
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abilities within a system (i.e., multiple memory abilities)
uniquely contribute to individual and developmental dif-
ferences in CSWL performance. Thus, in Experiment 2, chil-
dren were presented with a CSWL task and three memory
tasks. Each memory task assessed memory abilities that
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may support CSWL in one moment in time (i.e.,, in one
learning trial). Taken together, these studies afforded an
opportunity to understand if one or multiple cognitive
capacities drive individual and developmental differences
in CSWL.
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Fig. 1. Examples of stimuli used in the training (Panel A), learning (Panel B), and testing (Panel C) phases of the CSWL task used in Experiment 1 &
Experiment 2. All word-object mappings presented in the learning phase were tested in the testing phase.
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Experiment 1

This study examined whether there are relations
between children’s CSWL performance and their age,
memory abilities, and language abilities. To test this possi-
bility, children were presented with a CSWL task, a mem-
ory task, and a language task. We hypothesized that,
above and beyond age, both memory and language abilities
would contribute to performance.

Methods

Participants

The participants were 47 preschool-aged children
(Mgge = 47.81 months; range: 22-66 months; 26 girls).
Children were recruited from local day care centers and
preschools. Children at this point in development were
chosen based upon research demonstrating that, after
20 months of age, children are able to learn words using
cross-situational statistics across several timescales
(Vlach & Johnson, 2013). An additional 19 children partic-
ipated in the study but were not included in the final sam-
ple because of fussiness (e.g., inability to sit still, running
away from experimenter, etc.) and/or inability to follow
directions during the experiment (e.g., not looking at the
screen for more than 30 s, always choosing object on right
side of screen at test, etc.). This attrition rate (28%) is lower
than or comparable with prior studies on children’s CSWL
(Vouloumanos & Werker, 2009; Yu & Smith, 2011). Chil-
dren received a storybook as a thank you for their
participation.

Apparatus & stimuli
Most of the experiment was administered on a laptop or
iPad. As can be seen in Figs. 1 and 2, visual stimuli con-

Paired-Associates Memory Task
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Fig. 2. Examples of stimuli used during the training (Panel A), learning
(Panel B), and testing (Panel C) phases of the paired-associates memory
task used in Experiment 1. All picture paired-associates presented in the
learning phase were tested in the testing phase.

sisted of drawings and/or pictures of objects presented
on the laptop or iPad screen. Images and pictures were
approximately 3.3” and 2.75” in size and presented at a
resolution of 640 x 480. For learning trials with two
images, there was an average 2” spacing between images.
The CSWL task also presented auditory stimuli to children
using the laptop or iPad speakers at approximately 75 dB.
The presentation timing of the stimuli was controlled by
Keynote. The PPVT was administered using the PPVT pre-
sentation easel.

Design

All children participated in three tasks: the Peabody
Picture Vocabulary Test, 4th edition (PPVT), a cross-
situational word learning (CSWL) task, and a paired-
associates memory task.

Procedure

The ordering of the three tasks was randomly assigned
for each participant. The experiment began with the first
task and ended with the completion of the third task. The
duration of the entire experiment was about 30 min.

Peabody Picture Vocabulary Test (PPVT). The Peabody Pic-
ture Vocabulary Test, 4th edition (Dunn & Dunn, 2007) is
a standardized assessment of receptive vocabulary and
was used in this study as a general assessment of children’s
word learning abilities and vocabulary development. The
task was administered according to the PPVT instructions
manual (Dunn & Dunn, 2007). In this task, the experi-
menter presented children with a word (e.g., “chair”) and
children were then asked by the experimenter to point to
one of four images that depicted the word (e.g., a drawing
of a chair). The experimenter recorded children’s answers
on a piece of paper and then proceeded to the next training
trial until the task was complete.

The PPVT was chosen as the measure of language abili-
ties for several reasons. First, language accounts of chil-
dren’s CSWL propose that receptive vocabulary
contributes to children’s CSWL (Scott & Fisher, 2012;
Smith & Yu, 2013) and the PPVT is a standardized test of
receptive vocabulary. Second, the PPVT has been used in
studies of children’s word learning in relation to other cog-
nitive abilities (e.g., Miller, Vlach, & Simmering, in press).
Finally, the PPVT task demands are similar to the CSWL
task. Children are asked to view images and then select
via pointing to a single referent/picture at test in both
tasks.

Cross-Situational Word Learning (CSWL) Task. The CSWL
task was adapted from Vlach and Johnson (2013) and
was designed to be an assessment of children’s CSWL abil-
ities. Participants were presented with three types of stim-
uli in this task: novel objects, novel words, and attention
getters (Fig. 1). The novel objects were photographs of
novel items used in previous studies on CSWL (Vlach &
Johnson, 2013; Vlach & Sandhofer, 2014). Each novel object
was randomly paired with a novel word (e.g., “dax”) to
form object label pairings that would be presented to all
children in the experiment. The novel words were recorded
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by a female native speaker of English, adhered to English
phonotactics, and have been used in previous research on
CSWL (Vlach & Johnson, 2013; Vlach & Sandhofer, 2014).
The novel words presented in the training phase were:
gaz, kiv, lep, tal, pif, jic, vul, urr, and fup. The novel words
presented in the learning phase were: gip, wug, kib, lor,
paf, yos, bif, zim, jat, rin, fep, hux. Attention getters con-
sisted of a picture of a known entity (e.g., a baby) and a
non-linguistic sound (e.g., a baby giggling).

Training phase. The CSWL task started with the training
phase. The training phase was designed to familiarize chil-
dren with the task and demonstrate how it would be
ambiguous as to which words went with which objects
during one learning trial. The experimenter began the
training phase by saying, “I'm going to show you some pic-
tures, so please pay attention to the screen.” In each train-
ing trial, children were presented with two learning trials
and one test trial (Fig. 1A). In the first learning trial, chil-
dren saw two novel objects side by side on the screen
while hearing two novel words (e.g., “gaz, kiv”). The pre-
sentation order of the objects (left/right side) and words
(first/second) was randomly assigned. Each novel word
was presented for 1s, with a .5s silence between each
word. There was .25 s of silence at the beginning and end
of the trial, resulting in a total duration of 3 s for the learn-
ing trial. Immediately following the first learning trial, chil-
dren were presented with a second learning trial. The
second learning trial had the same structure as the first
learning trial. However, one of the words and one of the
objects presented during the second learning trial were
also presented on the first learning trial.

After the second learning trial, children were presented
with a test trial. Children were presented with two objects:
one that was novel and one that had been presented during
both learning trials. The experimenter asked children to
point to the object that had co-occurred with a word pre-
sented during the learning trials. For example, the experi-
menter would say, “Which one is the gaz?” The
experimenter would record children’s answers on a piece
of paper and then proceed to the next training trial. Children
were presented with training trials until children correctly
answered five test trials in a row or completed ten test trials.

Learning phase. After the training phase was finished, the
experimenter presented the learning phase. During the
learning phase, participants were presented with 36 learn-
ing trials and 12 attention getter trials. Each learning trial
consisted of two novel words and two novel objects. The
presentation order of the objects (left/right side) and
words (first/second) was randomly assigned. Each novel
word was presented for 1s, with a .5s silence between
each word. There was .25 s of silence at the beginning
and end of the trial, resulting in a total duration of 3 s for
the learning trial. The learning trials were presented in
immediate succession, with an attention getter presented
between every three trials. The attention getters were
designed to reorient children’s visual attention back to
the screen and had a duration of 3 s.

There were a total of 12 novel words and 12 novel
objects presented during the learning phase, which were

randomly assigned into 12 novel word-object pairings.
That is, each time that an object was presented during
learning, the corresponding word always co-occurred.
The word-object pairings were presented six times over
the course of the learning phase.

The learning phase was organized into a block design,
consisting of six blocks of learning and attention getter tri-
als (Fig. 1). In this design, six of the word-object pairings
were randomly assigned to be presented on a massed
schedule and six were randomly assigned to be presented
on an interleaved schedule. Massed word-object pairings
were presented on consecutive learning trials, for six trials.
Interleaved word-object pairings were presented in the
same position (e.g., first learning trial of every block) in
each of the six blocks. This ensured that all of the inter-
leaved word-object pairings were presented an equal num-
ber of times (six presentations) and had an equal amount
of time between each of the presentations (21 s).

Testing phase. After the learning phase, children were
immediately presented with the testing phase. During
the testing phase, there were a total of 12 test trials and
12 attention getter trials. An attention getter trial was pre-
sented in between each of the test trials to reorient chil-
dren’s attention to the screen. Each of the 12 test trials
consisted of two novel objects on the monitor’s screen,
the target object and the foil object. The foil object was
another object presented during the learning phase. The
experimenter asked children to point to the target object.
For example, the experimenter would say, “Which one is
the zim?” The experimenter would record children’s
answers on a piece of paper and then proceed to the next
test trial, until all test trials were complete.

Paired-associates memory task. Children’s recognition
memory abilities were tested in a paired-associates task
(Fig. 2). The stimuli were drawings of common objects
and were chosen from a standardized set of pictures
normed for name agreement, image agreement, familiarity,
and visual complexity (Snodgrass & Vanderwart, 1980).
The names of the objects presented in the task were words
that children typically comprehend and produce early in
development (Fenson et al., 1994).

A paired-associates memory task was chosen as the
measure of memory abilities for several reasons. First, a
paired-associate memory paradigm has been used to
assess children’s general memory abilities for decades
(e.g., Dilley & Paivio, 1968; Jones, 1973). Second, the
paired-associates task has comparable task demands to
the CSWL task and PPVT. Children are asked to view
images and then select via pointing a single referent/pic-
ture at test in both tasks. Because the design of the current
paired-associates task is similar to the other two tasks, it
minimized the degree to which task demands contributed
to the variance in the performance across the three tasks.

Training phase. The paired-associates memory task started
with the training phase. The training phase was designed
to familiarize children with the task and testing procedure.
The experimenter began the task by saying, “I'm going to
show you some pictures, so please pay attention to the
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screen.” On each learning trial, children were presented
with two objects for 4 s (Fig. 2A). No auditory or linguistic
labels were provided for the objects. Immediately follow-
ing each learning trial, a test trial was presented to chil-
dren. Each test trial consisted of one object from the
learning trial centered at the top of the screen and three
objects oriented along the bottom of the screen. One of
the three objects on the bottom of the screen was pre-
sented during the previous learning trial. The two foil
objects had not be presented to the children during any
other part of the experiment. The experimenter then
prompted children to recognize the object pair presented
during learning by asking, “Which of these pictures went
with this picture?” and pointing to the picture at the top
of the screen and then the three objects at the bottom of
the screen. The experimenter would record children’s
answers on a piece of paper and then proceed to the next
training trial. The experimenter continued to present
learning and test trials until children correctly answered
five test trials in a row or completed ten test trials.
Learning phase. The learning phase began immediately fol-
lowing the training phase. The experimenter started the
learning phase by repeating the same instructions from
the training phase, “I'm going to show you some pictures,
so please pay attention to the screen.” Children were then
presented with 10 learning trials, which occurred in imme-
diate succession (Fig. 2B). The structure of each learning
trial was the same as the structure of the learning trials
in the training phase. A new set of objects that had not
been presented during the training phase were used during
the learning phase.

Testing phase. Immediately following the learning phase,
the experimenter presented children with 10 test trials.
The test trials tested recognition memory for picture pairs
presented during the learning phase. Each object pair was
tested once, in the same order presented during the learn-
ing phase to ensure equivalent retention intervals for each
of the objects (Fig. 2C). The procedure and structure of test
trials was the same as the test trials in the training phase.

Results and discussion

The central goal of this experiment was to determine
whether children’s CSWL abilities are related to their age,
memory, and/or language abilities. We started our analy-
ses by examining performance on each of the three tasks
in the experiment. Performance on the CSWL task was cal-
culated by summing the number of correct responses at
test for massed and interleaved word-object pairings. A

paired samples t-test revealed no significant difference in
performance between massed and interleaved word-
object pairings at final test, p >.10. The finding that there
are no overall differences between massed and interleaved
items at an immediate post-test replicates previous
research on children’s CSWL (Smith & Yu, 2013; Vlach &
Johnson, 2013). We also examined the possibility of order-
ing effects across massed and interleaved items. Within-
subjects t-tests between the massed items, with Bonferroni
corrections, revealed that children had higher performance
on the first massed item presented than all of the other
massed items, ps <.05. This finding potentially reflects a
primacy effect (e.g., Atkinson, Hansen, & Bernnach, 1964).
Within-subjects t-tests between the interleaved items,
with Bonferroni corrections, revealed no significant differ-
ences, ps>.10. Finally, between-subjects t-tests did not
reveal ordering effects of task presentation (e.g., CSWL task
presented first vs. last), ps>.10. The massed and inter-
leaved test items were summed to calculate overall perfor-
mance on the CSWL task.

Performance on the paired-associates memory task was
calculated by summing the number of correct responses at
test. A Spearman-Brown coefficient of split-half reliability,
comparing the first and second halves of the test items,
revealed that the paired-associates memory task had
strong internal consistency (r=.789). Performance on the
PPVT was calculated using the raw scoring procedure out-
lined in the PPVT manual (Dunn & Dunn, 2007). We also
examined whether performance on the CSWL and paired-
associates memory tasks was significantly above chance
performance, which was determined to be 6 out of 12 for
the CSWL task and 3.33 out of 10 for the paired-
associates memory task. One sample t-tests revealed that
performance on both tasks was significantly higher than
chance performance, ps<.05. The descriptive statistics
and intercorrelations are presented in Table 1. Scatterplots
of children’s CSWL performance in relation to their PPVT
performance, paired-associates performance, and age can
be found in Fig. 3.

To examine whether memory and/or language abilities
were uniquely contributing to CSWL performance, above
and beyond age, we conducted a series of regression anal-
yses. The regression models, with CSWL performance as
the outcome measure, are presented in Table 2. In all mod-
els except Model 1C, children’s age was entered into the
regression analysis in Step 1. In Model 1A, PPVT raw score
was entered in Step 2. In Model 1B, paired-associates
memory performance was entered in Step 2. Finally, in
Model 2, both PPVT raw score and paired-associates mem-
ory performance were entered in Step 2. The key finding
from these analyses is that both language and memory

Table 1
Descriptive statistics and Pearson’s r intercorrelations for variables in Experiment 1.
M SD Range 1 2 3 4
1. Age (months) 46.43 5.41 22-66 1
2. CSWL 6.70 2.37 4-12 422 1
3. PPVT (raw score) 76.09 32.70 17-126 789" 568" 1
4. Paired-Associates Memory 5.66 2.71 2-10 483 .708 .598 1

Note. N = 47 participants. Performance on the CSWL task was out of 12 and performance on the paired-associates memory task was out of 10.

“ Indicates p <.05.
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performance, and paired-associates memory performance) in relation to
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abilities predicted CSWL performance above and beyond
age. Memory abilities predicted CSWL above and beyond
age and language abilities. In fact, when age was not
entered into the model (Model 1C), the model accounted
for a comparable amount of variance as when age was in
the model (Model 2). Thus, these results confirm previous
research hypothesizing that young learners’ CSWL is highly
related to their memory abilities, perhaps to a greater

degree than their age and/or language abilities (for a dis-
cussion, see Vlach & Johnson, 2013).

Although the results of Experiment 1 suggest that
memory abilities are driving individual and developmental
differences in children’s CSWL, it is unclear whether global
or specific memory abilities are contributing to perfor-
mance. What types of memory abilities are supporting
and/or constraining children’s CSWL? A developmental
systems theory would predict that multiple sub-
processes of a cognitive system contribute to learning
and development. That is, a single cognitive system (e.g.,
memory) operates as a series of smaller systems (e.g.,
short- vs. long-term memory, memory for different types
of information, etc.). Experiment 2 further tested the pre-
dictions of a developmental systems theory by examining
whether multiple memory abilities predict children’s
CSWL above and beyond age.

There are several types of recognition memory that
could be facilitating word mapping. For instance, having
strong recognition memory for the novel words heard
and novel objects seen on each learning trial could support
inferring word mappings later. Moreover, remembering
when words and objects co-occurred (i.e., binding items
together in time) may also help children to resolve ambi-
guity and later infer word mappings. Indeed, there are a
plethora of memory processes that likely support CSWL
beyond a single learning trial (e.g., long-term memory pro-
cesses). Experiment 2 takes a first step in outlining the co-
contributions of memory processes by examining whether
three multiple memory abilities, which are likely impor-
tant during a single learning event, predict children’s
CSWL: recognition memory for words, recognition mem-
ory for objects, and memory for word-object binding.

Experiment 2

This experiment examined whether one or multiple
memory abilities facilitate children’s CSWL. Children were
presented with a CSWL task and three memory tasks: an
object recognition memory, a word recognition memory,
and a word-object binding memory task. In line with a
developmental systems perspective, we hypothesized that,
above and beyond age, multiple memory abilities would
contribute to CSWL performance.

Methods

Participants

The participants were 53 preschool-aged children
(Mgge = 51.49 months; range: 31-68 months; 31 girls).
Children were recruited from local day care centers and
preschools. Children at this point in development were
chosen to mirror the age of children that participated in
Experiment 1. An additional 26 children participated in
the study but were not included in the final sample
because of fussiness (e.g., inability to sit still, running away
from experimenter, etc.) and/or inability to follow direc-
tions during the experiment (e.g., not looking at the screen
for more than 30 s, always choosing object on right side of
screen at test, etc.). This attrition rate (32%) is lower than
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Table 2
Hierarchical regression analyses for Experiment 1.
R? AR? b SE, B
Model 1A: Age & PPVT
Step 1 178 178
Age (in months) .070 .022 422"
Step 2 324 .146
Age (in months) —-.011 .034 —.069
PPVT (raw score) .045 .015 622
Model 1B: Age & Paired-Associates Memory
Step 1 178 178
Age (in months) .070 .022 422
Step 2 510 332
Age (in months) .017 .020 .104
Paired-Associates Memory (raw score) 574 .105 658"
Model 1C: PPVT & Paired-Associates Memory
Step 1 322 322
PPVT (raw score) .041 .009 568
Step 2 .534 212
PPVT (raw score) .016 .009 .225°
Paired-Associates Memory (raw score) .501 112 574
Model 2: Age, PPVT, & Paired-Associates Memory
Step 1 178 178
Age (in months) .070 .022 422
Step 2 .537 359
Age (in months) —.014 .028 —.087
PPVT (raw score) .021 .013 292
Paired-Associates Memory (raw score) .502 113 576

Note. Predictor variable in all models: Performance on CSWL task.
“ Indicates p <.05.
* Indicates .05 < p <.10.

Object Recognition Word-Object
(OR) Memory Task Binding (WOB) Task
A — Training Phase A — Training Phase
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you seen you seen you seen . e one is one is oneis
before?” before?” before?” reg” Iis “gox”  the reg?” the jis?” the gox?”
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B — Learning Phase B — Learning Phase
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Fig. 4. Examples of stimuli used during the training (Panels A), learning (Panels B), and testing (Panels C) phases of the object recognition memory and
word-object binding tasks used in Experiment 2. All objects and/or words presented in the learning phase were tested in the testing phase. The WR task is
not depicted because no visual stimuli were presented. The WR task followed the same general structure as the OR and WOB tasks; the task also consisted of
a training, learning, and testing phase.
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or comparable with prior studies on children’s CSWL
(Vouloumanos & Werker, 2009; Yu & Smith, 2011). Chil-
dren received a storybook as a thank you for their partici-
pation. The children that participated in Experiment 2 had
not participated in Experiment 1.

Apparatus & stimuli

The experiment was administered on a laptop or iPad.
As can be seen in Figs. 1 and 4, visual stimuli consisted of
pictures of objects presented on the laptop or iPad screen.
Images and pictures were approximately 3.3” and 2.75” in
size and presented at a resolution of 640 x 480. For learn-
ing trials with one image, the image was centered on the
screen. For learning trials with two images, there was an
average 2” spacing between images. Auditory stimuli were
presented to children using the laptop or iPad speakers at
approximately 75 dB. The presentation timing of the stim-
uli was controlled by Keynote. The stimuli consisted of
novel words from prior studies of CSWL (Vlach &
Sandhofer, 2014) and the NOUN database of novel words
(Horst & Hout, 2015). Each word and object was only used
in one task of the experiment. In all tasks, an attention get-
ter trial was presented between every three learning trials
and every test trial to keep children on task.

Design

All children participated in four tasks: a cross-
situational word learning (CSWL) task, an object recogni-
tion memory task (OR), a word recognition memory task
(WR), and a word-object binding memory task (WOB) task.

Procedure

The ordering of the three memory tasks (OR, WR, and
WOB tasks) was randomly assigned for each participant.
The presentation order of the CSWL task was counterbal-
anced across participants; the CSWL task was either the
first task or last task of the experiment. The experiment
began with the first task and ended with the completion
of the fourth task. The duration of the entire experiment
was about 35 min.

Cross-situational Word Learning (CSWL) Task. Same as
Experiment 1.

Object Recognition (OR) Memory Task. This task assessed
children’s visual recognition memory abilities for unnamed
novel objects (Fig. 4).

Training phase. The OR task started with the training
phase. The training phase was designed to familiarize chil-
dren with the task and testing procedure. The experi-
menter began the task by saying, “I'm going to show you
some pictures, so please pay attention to the screen.” Chil-
dren were then presented with three learning trials in
immediate succession (Fig. 4A, left). Each learning trial
consisted of a novel object presented in the center of the
screen and lasted for 3 s. Linguistic labels were not pre-
sented with the objects. Immediately following the learn-
ing trials, the experimenter presented three test trials in
immediate succession. Each test trial presented children
with two objects; one of the objects had been presented
during learning and one object had not been presented
before in the experiment. The experimenter asked, “Which
of these pictures have you seen before?” and then recorded
children’s answers on a piece of paper.

Learning phase. Immediately following the training phase,
the experimenter presented the learning phase. The exper-
imenter began the task by saying, “I'm going to show you
some pictures, so please pay attention to the screen.” Chil-
dren were then presented with 12 learning trials, pre-
sented in immediate succession (Fig.4B, left). The
structure and duration of the learning trials was the same
as the training phase, but a different set of novel objects
was used.

Testing phase. After the learning phase was complete, the
experimenter presented children with 12 test trials. Mem-
ory for each object was tested once, in the same order pre-
sented during the learning phase to ensure equivalent
retention intervals for each of the objects (Fig. 4C, left).
The structure and duration of the test trials was the same
as the training phase, but a different set of novel objects
was used.

Word Recognition Memory (WR) Task. This task assessed
children’s auditory recognition memory for novel words.
The novel words were recorded by the same female
speaker who produced the words for the CSWL task. The
novel words presented during training were: zun, seb,
and guf. The novel words presented during learning were:
cad, zar, val, ged, fem, nur, sus, teb, mig, lir, yop, and
gam.

Table 3
Descriptive statistics and Pearson’s r intercorrelations for variables in Experiment 2.
M SD Range 1 2 3 4 5
1. Age (months) 51.49 11.00 31-68 1
2. CSWL 7.64 2.01 4-12 269" 1
3. OR Task 9.11 2.85 3-12 421 488 1
4. WR Task 6.79 1.93 3-12 148 452 268" 1
5. WOB Task 7.06 244 2-12 395 554 470 355 1

Note. N = 53 participants. Performance on the CSWL, OR, WR, and WOB tasks was out of 12.

* Indicates p <.05.
* Indicates .05 < p <.10.



226 H.A. Vlach, CA. DeBrock/Journal of Memory and Language 93 (2017) 217-230

Training phase. The WR task started with the training
phase. The training phase was designed to familiarize chil-
dren with the task and testing procedure. The task began
with the experimenter saying, “You are going to hear some
words on a video, so pay attention.” Children were then
presented with three novel words (e.g., “dax”), one per
learning trial. The novel words were presented once and
had a duration of 1s. Each novel word was separated by
2 s of silence, resulting in a total learning trial duration of
3s. There were no visual stimuli presented on the iPad
screen (i.e., blank white screen). After presenting the three
novel words, children were presented with three test trials.
In each test trial, the experimenter presented children with
a novel word, by saying “Listen to this word: dax.” The
experimenter then asked, “Is dax a word from the video,
or is dax a new word, not from the video?” Two of the test
trials tested children’s memory for learned words (i.e.,
from the video was the correct answer) and one test trial
presented children with an unfamiliar novel word (i.e.,
new word/not from the video was the correct answer).
The experimenter recorded children’s responses on a piece
of paper.

Learning phase. Immediately following the training phase,
the experimenter presented the learning phase. The exper-
imenter began the task by saying, “You are going to hear
some words on a video, so pay attention.” Children were
then presented with 12 learning trials, presented in imme-
diate succession. The structure and duration of the learning
trials was the same as the training phase, but a different set
of novel words was used.

Testing phase. After the learning phase was complete, the
experimenter presented children with 12 test trials. In six
of the test trials, children were presented with a familiar
word from the learning phase. The remaining six trials pre-
sented children with unfamiliar words not presented dur-
ing the learning phase, with the order of test trials
counterbalanced. The structure and duration of the test tri-
als was the same as the training phase, but a different set
of novel objects was used.

Word-Object Binding (WOB) Memory Task. This task
assessed children’s recognition memory for novel word-
object pairings. The novel words were recorded by the
same female speaker who produced the words for the
CSWL and WR tasks. The novel words presented during
training were: reg, gis, and gox. The novel words presented
during learning were: yun, veb, pid, vam, dar, tig, zat, pax,
kas, sug, wut, and jaf. The stimuli used in this task were not
used in any other task of the experiment.

Training phase. The WOB task started with the training
phase. The training phase was designed to familiarize chil-
dren with the task and testing procedure. The experimenter
began the task by saying, “I'm going to show you pictures
with words, so pay attention.” Children were then presented
with three learning trials, presented in immediate succes-
sion (Fig. 4A, right). Each learning trial consisted of a novel
object presented in the center of the screen and lasted for

3s. Linguistic labels (e.g., “reg”) were simultaneously pre-
sented with each of the objects at the beginning of the trial
and had a duration of 1 s. Immediately following the learn-
ing trials, the experimenter presented three test trials in
immediate succession. Each test trial presented children
with two objects, both of which had been presented during
the learning trials. The experimenter asked, “Which one is
the reg?” and then recorded children’s answers on a piece
of paper.

Learning phase. Immediately following this training phase,
the experimenter presented the learning phase. The exper-
imenter began the task by saying, “I'm going to show you
pictures with words, so pay attention.” Children were then
presented with 12 learning trials, presented in immediate
succession. The structure and duration of the learning tri-
als was the same as the training phase, but a different set
of novel words was used.

Testing phase. After the learning phase was complete, the
experimenter presented children with 12 test trials. Mem-
ory for each word-object pairing was tested once, in the
same order presented during the learning phase to ensure
equivalent retention intervals for each of the objects
(Fig. 4C, right). The structure and duration of the test trials
was the same as the training phase, but a different set of
novel objects was used.

Results & discussion

The central goal of this study was to further test
hypotheses of a developmental systems theory by deter-
mining whether children’s CSWL abilities are related to
one or multiple memory abilities that support word map-
ping in one moment in time (i.e., in one learning trial).
We started our analyses by examining performance on
each of the four tasks in the study. Performance on the
CSWL task was calculated by summing the number of cor-
rect responses at test for massed and interleaved word-
object pairings. A paired samples t-test revealed no signif-
icant difference in performance between massed and inter-
leaved word-object pairings at final test, p >.10. All the
ordering effect analyses conducted in Experiment 1 were
also conducted for Experiment 2, and did not reveal any
significant ordering effects, ps >.10. Moreover, the higher
performance on the first massed item observed in Experi-
ment 1 was not replicated in Experiment 2. The massed
and interleaved test items were summed to calculate over-
all performance on the CSWL task.

Performance on the OR, WR, and WOB tasks was calcu-
lated by summing the number of correct responses at test.
We also examined whether performance on the CSWL, OR,
WR, and WOB tasks was significantly above chance perfor-
mance, which was determined to be 6 out of 12 for all
tasks. One sample t-tests revealed that performance on
all tasks was significantly higher than chance performance,
ps < .05. The descriptive statistics and intercorrelations are
presented in Table 3. Scatterplots of children’s CSWL per-
formance in relation to age, OR performance, WR perfor-
mance, and WOB performance can be found in Fig. 5.
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Fig. 5. Scatterplots with best fit lines for each factor (children’s age, OR performance, WR performance, and WOB performance) in relation to CSWL
performance in Experiment 2. Dots are scaled in size; larger dots represent more data points (e.g., 2.0 size = 2 participants).

To examine whether one and/or multiple memory abil-
ities were uniquely contributing to CSWL performance,
above and beyond age, we conducted a series of regression
analyses. The regression models, with CSWL performance
as the outcome measure, are presented in Table 4. In all
models except Model 2, children’s age was entered into
the regression analysis in Step 1. In Models 1A-1C, one of
the three memory tasks (OR, WR, or WOB) was entered
in Step 2. In Model 3, all three memory tasks (OR, WR, &
WOB) were entered in Step 2. The key finding from these
analyses is that each of the three memory tasks predicted
CSWL performance above and beyond age. Moreover,
when all tasks were entered into the model, each task
uniquely predicted CSWL performance above and beyond
age and the other memory tasks. In fact, when age was
not entered into the model (Model 2), the model accounted
for a comparable amount of variance as when age was in
the model (Model 3). Thus, these results confirm the
hypothesis that not one, but multiple memory abilities
support children’s CSWL. The theoretical implications of
these findings will be outlined in Section ‘General
discussion’.

General discussion

Researchers have studied children’s CSWL to under-
stand the cognitive processes that drive individual and

developmental differences in language development. The
current work tested several theoretical accounts of CSWL
and, in turn, demonstrated that multiple cognitive systems
facilitate children’s CSWL. In particular, Experiment 1
revealed that general language and memory abilities con-
tribute to children’s CSWL performance. Moreover, Exper-
iment 2 demonstrated that not one, but multiple
memory abilities, contribute to CSWL performance. All of
these cognitive abilities were predictive of children’s CSWL
performance above and beyond age.

Taken together, these studies yield two important theo-
retical contributions to our understanding of CSWL. First,
this work provides evidence against a maturational account
of CSWL. Children’s age was the least compelling predictor
of children’s performance, and the relation was no longer
present when considering children’s language and memory
abilities. Second, this work provides strong evidence for a
developmental systems theory of CSWL: multiple cognitive
systems, and multiple processes within one system (i.e.,
memory for words and objects, binding, etc.), uniquely con-
tribute to performance. Thus, this research has important
implications for computational models of CSWL, which cur-
rently do not account for changes in children’s cognitive
capacities across time. In particular, computational models
that take a developmental systems perspective are likely
to yield richer, more accurate characterizations of word
learning and language development.
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Table 4
Hierarchical regression analyses for Experiment 2.
R? AR? b SE, B
Model 1A: Age & OR
Step 1 .072 .072°
Age (in months) .049 .025 269"
Step 2 243 171
Age (in months) .014 .025 .077
OR Task (raw score) 322 .096 455
Model 1B: Age & WR
Step 1 .072 .072°
Age (in months) .049 .025 269"
Step 2
Age (in months) 246 174
WR Task (raw score) .038 .023 .206
441 130 422
Model 1C: Age & WOB
Step 1 .072 072"
Age (in months) .049 .025 269"
Step 2 310 282
Age (in months) .011 .023 .060
WOB Task (raw score) 437 .106 .530
Model 2: OR, WR & WOB
Step 1
WOB Task (raw score) 307 307
457 .096 554"
Step 2 433 126
OR Task (raw score) 182 .087 258"
WR Task (raw score) 275 121 263
WOB Task (raw score) .280 .104 339
Model 3: Age, OR, WR & WOB
Step 1 .072 .072°
Age (in months) .049 .025 269"
Step 2 433 361
Age (in months) —.003 .023 —-.016
OR Task (raw score) .186 .092 263
WR Task (raw score) 274 122 263
WOB Task (raw score) 283 .109 343"

Note. Predictor variable in all models: Performance on CSWL task.
* Indicates p <.05.
* Indicates .05 < p <.10.

Why and how are language and memory abilities important
for CSWL?

The strongest predictor of CSWL performance in Exper-
iment 1 was children’s memory abilities, suggesting an
integral role of memory development in CSWL. Indeed,
there is a lot of information to remember during CSWL.
In the context of a single word learning event, children
must remember visual information (i.e., the objects they
see), auditory information (i.e., the words they hear), and
bind visual and auditory information together in time
(i.e., potential word-object mappings). The results of
Experiment 2 confirmed that each of these task-specific
memory abilities uniquely contributes to children’s CSWL.
As children gain more experience learning words, the
amount of information that children must remember mul-
tiplies with each learning event. Thus it is unlikely that
task-specific memory abilities are solely driving the devel-
opment of CSWL; global memory abilities, such as the gen-
eral amount of information that children can remember

across time, are also likely to be important for successful
CSWL.

Experiment 1 also demonstrated that language abilities
uniquely contributed to children’s CSWL performance. This
finding suggests an important role of children’s language
history in supporting the learning of new words. As chil-
dren gain more practice learning words, they may be more
likely to learn new words faster and in more challenging
learning environments (Scott & Fisher, 2012; Smith & Yu,
2013). Given that CSWL is a language learning task, it is
unsurprising that children’s language abilities are related
to their performance. However, what may seem surprising
is that children’s language abilities were a less important
predictor of CSWL performance than children’s memory
abilities.

Why were memory abilities the strongest predictor of
children’s CSWL? There are several explanations for why
memory abilities may be a/the primary cognitive capacity
driving the development of CSWL. First, as described
above, CSWL places a large demand on children’s memory
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abilities. CSWL may be more taxing of the memory system
(s) than other cognitive systems, such as language. Second,
language abilities may play a particularly large role in only
one component of CSWL, rather than the entire process.
For instance, language abilities may support the organiza-
tion of words into linguistic structures and representa-
tions, supporting retrieval and use of learned words.
However, language history may play a smaller role in sup-
porting the acquisition of novel words presented out of this
linguistic context. Indeed, a next step for future research is
to identify how the relative contributions of language and
memory abilities fluctuate across learning environments,
such as in more rich linguistic and social learning contexts.

Although children’s language and memory abilities
accounted for a sizeable amount of the variance in chil-
dren’s CSWL performance, there was remaining variance
that the regression models could not explain. We predict
that additional language and memory processes will
explain the remaining variance. For instance, the current
studies did not examine whether children’s CSWL is
related to long-term memory abilities. In naturalistic lan-
guage learning environments, children must retain and
retrieve knowledge across extended timescales, such as
days, weeks, and months at a time. Children forget a con-
siderable amount of information while learning words
(Vlach, 2014; Vlach & Sandhofer, 2012), but also consoli-
date linguistic information during sleep (Gémez, Bootzin,
& Nadel, 2006; Hupbach, Gomez, Bootzin, & Nadel, 2009).
Indeed, long-term memory processes are important for
language learning across time and future research should
examine whether long-term memory abilities contribute
to the development of CSWL.

We also predict that other cognitive systems will
explain the remaining variance in the regression models.
For instance, a theoretical account not tested in the current
research is the visual attention account. According to this
account, as children get better at focusing their attention
to objects in the world, they selectively shift their gaze to
relevant information when hearing new and learned
words. For instance, in one study (Yu & Smith, 2011),
infants were divided into two groups: infants that had
stronger performance at test and infants that had weaker
performance at test. The stronger learners looked more
often to the correct referent during learning relative to
the weaker learners. These results have led researchers to
conclude that visual attention during learning contributes
to individual and developmental differences in CSWL.
Future research should test whether visual attention plays
a role in the development of CSWL, above and beyond age
and other cognitive systems. Indeed, an important direc-
tion in any developmental systems theory is to continually
refine and re-define the systems that drive development
(for reviews, see Smith & Thelen, 2003; Van Geert, 1991).

Implications for theories of CSWL and language development

CSWL is typically characterized by two classes of lan-
guage development theories and computational models:
associative learning accounts (e.g., Smith & Yu, 2008; Yu
& Smith, 2011) and hypothesis testing accounts (e.g.,
Trueswell et al., 2013; Vouloumanos & Werker, 2009; Xu

& Tenenbaum, 2007; for reviews, see Yu & Smith, 2012;
Yurovsky & Frank, 2015). According to associative learning
accounts, learners encode co-occurrence probabilities that
eventually develop into a matrix of word-referent associa-
tions, which are then used to make inferences about the
meaning of words. Alternatively, hypothesis testing
accounts propose that learners generate hypotheses about
word-referent mappings, encode the current evidence in
relation to the hypotheses, and then select among
hypotheses to make inferences about the meaning of
words. In brief, these theories have focused on explaining
the process of word mapping and generalization.

The current research identifies an important next step
in this line of work: to use a developmental systems per-
spective to build upon existing models of CSWL. In partic-
ular, we suggest that models be expanded to incorporate
children’s changing cognitive abilities as variables that
contribute to, and perhaps determine, learning processes
and outcomes. One possible new direction is to construct
computational models that characterize broad develop-
mental changes in word learning due to cognitive abilities
(i.e., language and memory abilities) and children’s age. For
instance, creating a computational model that predicts
CSWL performance as a product of a learning process
(e.g., associative matrix and/or hypotheses), children’s
age, language abilities, and memory abilities, would be a
fruitful first step in this direction. Indeed, these models
may be more accurate in predicting CSWL performance
than models that do not consider changes in children’s
developmental state.

Another next step is to examine the contribution of
individual children’s developmental state in determining
the structure of associative matrices and hypotheses. We
predict that children’s individual developmental state,
not the learning process per se, may determine the data
set by which children make inferences about the meaning
of words. For instance, one particular child may have poor
auditory recognition memory abilities (i.e., poor memory
for words) and stronger visual recognition memory abili-
ties (i.e., stronger memory for objects). For this child, asso-
ciative matrices and/or hypotheses may be more heavily
grounded in visual information than auditory information.
As this child’s memory abilities develop, the child may
have a reversal in memory abilities, where their auditory
memory abilities improve and are stronger than their
visual recognition memory abilities. In this case, changes
to associative matrices and hypotheses are more likely to
be determined by auditory information than visual infor-
mation. In brief, computational models of CSWL should
consider children’s cognitive capacities as a determining
factor in the data set that children encode, store, and later
retrieve when making word-referent inferences. We pre-
dict that these data sets will be highly dynamic across
development and grounded in the cognitive abilities of
the learner. Indeed, children are unlikely to be able to
attend to, encode, and remember all of the information
that the world presents them. Thus, they will need to make
the most of their strengths (and overcome limitations) in
order to learn word-referent mappings.

In conclusion, multiple cognitive systems, such as lan-
guage and memory, are likely contributing to individual
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and developmental differences in CSWL. As suggested by
the results of the current work, children’s language and
memory abilities are important cognitive systems for
CSWL. Future research should continue to examine how
these and other cognitive systems (e.g., visual attention)
co-contribute to word learning. Indeed, a developmental
systems theory is likely to best account for how children’s
cognitive abilities facilitate CSWL and language
development.
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