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Why are children's first utterances short and ungrammatical, with some obvious constructions missing? What
determines the lengthening of children's early utterances over time? The literature is replete with references to a
one-word, a two-word, and a later multiword stage in language development, but with little empirical evidence,
and with little account for how and why utterances grow. To address these questions, we analyze speech samples
from 25 children between the ages of 14 and 43 months; we construct distributions of their utterances of lengths
one to five by age. Our novel findings are that multiword utterances of different lengths appear early in
acquisition and increase together until they reach relatively stable proportions similar to those found in parents'
input. To explain such patterns, we develop a probabilistic computational model, VIRTUAL, that posits an
interaction between a) varying, increasing resources from various developmental domains and b) target utter-
ance lengths mirroring the input. VIRTUAL successfully accounts for most of the empirical patterns, suggesting a
probabilistic and dynamic process that is nonetheless compatible with apparent distinct milestones in devel-
opment. We provide a new, systematic way of showing how developmental cascade theories could work in
language development. Our findings and model also suggest insights into syntactic, semantic, and cognitive

development.

1. Introduction

Children's first utterances are short and often have omission errors,
such as “key open door” and “blue car broken down”; they gradually
lengthen as children get older (Bloom, 1973; Bowerman, 1973; Braine &
Bowerman, 1976; Brown, 1973; Goldin-Meadow & Singer, 2003). Ut-
terance length has been considered a general indicator of language
development and is frequently used to describe developmental changes
in linguistic competence. Previous work suggests strong relations be-
tween utterance length and the development of syntax, semantics, and
vocabulary (Blake, Quartaro, and Onorati, 1993; Brown, 1973; Deves-
covi et al.,, 2005; Rollins, Snow, and Willett, 1996; Scarborough,
Rescorla, Tager-Flusberg, Fowler, and Sudhalter, 1991). For example,
utterance length is correlated with a variety of syntactic milestones (e.g.,
Blake et al., 1993; Brown, 1973; Valian, 1991) and linguistic complexity
(e.g., Ambridge, Kidd, Rowland, & Theakston, 2015; Le Normand,
Moreno-Torres, Parisse, & Dellatolas, 2013). The determinants of ut-
terance length also bear on the roles that various systems external to
language, such as cognitive and motor systems, play in development
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(Berk & Lillo-Martin, 2012; Moore & Maassen, 2004). Yet the trajectory
of children's development of utterance length as children move beyond
single words is unknown. In the present work we a) characterize the
developmental changes in utterance lengths starting very early in
acquisition and b) model the underlying processes that could produce
such changes.

The literature is replete with references to a one-word, a two-word,
and a later multiword stage in language development, stages that are
often considered as qualitatively different from each other (e.g., Bloom,
1973; Brown, 1973; Butcher and Goldin-Meadow, 2000; Herr-Israel and
McCune, 2011; Leopold, 1949). But the data are inconsistent with
respect to what very early combinations look like (are they limited to
two words or a mixture of different lengths?), how early in development
word combinations occur (two years old or earlier?), and how they
change over time (in distinct stages or continuously? Braine & Bower-
man, 1976; Herr-Israel & McCune, 2011; Leopold, 1949; Radford,
1990). If the development of utterance length over time is continuous,
will it be compatible with apparent milestones as observed in the pre-
vious literature on the one-word and the two-word stages (Bloom, 1973;
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Brown, 1973; Butcher and Goldin-Meadow, 2000; Herr-Israel and
McCune, 2011; Leopold, 1949)? Without knowledge of the trajectory, it
will be difficult to understand the mechanisms governing the develop-
ment of combinatorial speech.

In contrast to stage theories, a variety of theories view change as a
developmental cascade shaped by various resources (Oakes and Raki-
son, 2019; see Iverson, 2021 for a review). Rather than abrupt qualita-
tive changes, development is a gradual and cumulative consequence of
the dynamic interactions between many domain-general and domain-
specific developing resources or systems. Consistent with the idea of
cascades, we propose a continuity and a nonlinearity in the development
of utterances of different lengths. For the continuity, we expect that
utterances of different lengths will co-occur during the earliest period of
combinatorial speech, reflecting a fluctuating process in which less
advanced and more advanced productions coexist and develop simul-
taneously. For the nonlinearity, we expect that the development of ut-
terance length can be better described by a nonlinear trajectory, as
opposed to a straight one. Observed milestones are compatible with
underlying gradual changes in development. Note that while the term —
nonlinearity - may be used differently in different fields, we use
nonlinear to refer to patterns of change that are different from straight-
line trajectories.

We highlight two possible sources of change. One is the growth of
various resources over time including, among others, working memory
(Newbury, Klee, Stokes, and Moran, 2016), lexical knowledge (Noro and
Mota, 2019), and articulatory capacity (Moore and Maassen, 2004).
Children's utterances are thus initially short due to limited cognitive
and/or linguistic resources, gradually becoming longer and more com-
plete over time as those resources increase (Newberry et al., 2016;
Moore and Maassen, 2004; Noro and Mota, 2019).

A second source is adult language input, which provides target ut-
terances of different lengths for children to aim for. Adult input affects
many aspects of language development in the first year, including word
meanings (Bergelson and Swingley, 2012), word segmentation (Chris-
tophe, Dupoux, Bertoncini, and Mehler, 1994), syntactic rules (Shi,
Werker, and Morgan, 1999), and word order (Gervain, Nespor, Mazuka,
Horie, and Mehler, 2008). The presence of different utterance lengths in
the input potentially provides children with examples of lengths to
model.

The two sources — increasing resources and an input distribution of
model lengths — suggest a dynamic interaction between what children
intend to say and what they can actually produce. Although children's
early short and ungrammatical utterances, such as those missing obvious
grammatical constructions, might be evidence of a lack of linguistic
competence (Braine and Bowerman, 1976; Pine, Lieven, and Rowland,
1997), they might instead reflect limitations in the resources necessary
for combinatorial speech (Valian, 1991). In tests of comprehension,
children appear to have more advanced linguistic knowledge than their
productions indicate (Goldin-Meadow, Seligman, and Gelman, 1976;
Santelmann and Jusczyk, 1998; Shi et al., 1999; Shipley, Smith, and
Gleitman, 1969; Valian, Hoeffner, and Aubry, 1996). Even within pro-
duction, utterances conveying the same information can vary in length
under different conditions; for example, Valian and Aubry (2005)
showed that children produced more elements when given a second
chance to repeat the same utterance, suggesting that they can produce
longer utterances when their resources are augmented by prior lexical
look-up and overall semantic analysis.

Given that both the increasing resources and an input distribution of
model lengths have been shown to affect utterance development (e.g.,
Braine and Bowerman, 1976; Christophe et al., 1994; Newbury et al.,
20165 Shi et al., 1999; Valian and Aubry, 2005), it is likely that utterance
length development is a cumulative developmental cascade and reflects
the interactive effects of those systems. We propose a model, which we
call VIRTUAL (varying, increasing resources and target utterance (adult)
lengths), of how the two sources interact to influence the development
of utterance length. Without a resource limitation, children's utterance
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lengths would resemble the length distribution we see in adults; since
two-year-olds are resource-limited in linguistic, cognitive, and/or bio-
logical domains, their utterances will often be shorter than they intend.
In effect, the child reduces the intended utterance to the length that her
resources can support. Because of the way the sources interact, the
distribution of child utterance lengths is the product of probabilistic
rather than an all-or-none processes. Similar to the cascade account for
developmental change (Oakes and Rakison, 2019), VIRTUAL portrays
underlying development as a gradual, continuous process that is none-
theless compatible with apparent distinct milestones.

In Study 1, we document the developmental trajectories of utter-
ances of different lengths by examining early multiword utterances in
spontaneous speech samples from 25 children (MacWhinney, 2000). If
the development of utterance length is a gradual and cumulative
consequence of many other developing resources and systems that is
nonetheless compatible with apparent distinct milestones in observed
behaviors, then, in Study 1, we should see the continuous and nonlinear
development, rather than discrete stages, of utterances of various
lengths even during the earliest period of combinatorial speech. In Study
2, we use VIRTUAL, a probabilistic model that embraces the underlying
change with continuity and dynamic interactions, to simulate the
behavioral patterns characterized in Study 1.

2. Study 1

Study 1 documents the distribution of early utterance lengths and
examines their trajectories of change over time. We establish when
combinations begin and how many words children combine to deter-
mine whether the development of different utterance lengths is
continuous and simultaneous or in separate stages. We then track with
regression analysis how that number changes across development. To
determine whether the development of different utterance lengths is
linear or nonlinear, we contrast a linear and a nonlinear regression
model.

2.1. Method

2.1.1. Data

We screened all the longitudinal English corpora in CHILDES (Mac-
Whinney, 2000), selecting 24 children whose data fit the following
criteria: a) their recordings started no later than 23 months, b) their
corpus contained at least one hour-long recording per month, and c) the
interval between consecutive sessions was <2 months (Bloom, 1970;
Braunwald, 1971; Brown, 1973; Demuth and McCullough, 2009; Hig-
ginson, 1985; Jones and Rowland, 2017; MacWhinney, 1991; Parsons,
2006; Post, 1992; Theakston, Lieven, Pine, and Rowland, 2001). Due to
sparse samples at some age points, we focused on the range between 14
and 43 months; each age point consisted of data from at least four
children. We similarly tracked the adult productions for each child.

Among the 24 children, recordings of eight children — the earlier
group — started no later than 16 months. The remaining 16 children — the
later group - started no later than 23 months (Fig. 1). Fig. 2 shows the
number of word tokens produced by each child in the earlier group from
14 to 43 months of age (for children in the later group, see Appendix A).

2.1.2. Procedure

Utterances that are counting or routines were excluded. Imitations
were excluded if they immediately repeated a parent's whole utterance
or a subset of it. Utterances with repetitive words at adjacent positions,
unintelligible markers, or filler words without specific meanings were
shortened. See Table 1 for statistics and examples. To identify filler
words without specific meanings, we first used the part-of-speech tags
provided by CHILDES (MacWhinney, 2000) to retrieve words tagged as
‘co’ (i.e., communicators). Next, we asked seven annotators to judge
whether the words have meaning. A word was considered a filler word
without specific meaning if at least one annotator judged it to be.
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Fig. 1. Number of children contributing data at each age point. The darker blue bars on the bottom represent the children in the earlier group and the lighter ones on
the top represent the children in the later group. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 2. Number of word tokens by age for children in the earlier group. See Appendix A for children in the later group.
Table 1
Count of utterances excluded or used and examples for each filtering criterion.
N (%) Criterion Criterion-wise N (%) Example
Utterances excluded Utterances only containing illegal elements 93,011 (19%) - - “XXX.;
“AR
Utterances of lengths 1-5 26,835 (5%) Immediate imitations 21,133 (4%) MOT: “I see the red car.”
CHI: “Red car.”
Counting 3565 (1%) “One two three.”
Routine 2078 (0.4%) “acad.”
Utterances of lengths 6 or more 31,466 (6%) - - “Sunny to go fire it's sunny.”
Utterances used Utterances not shortened 293,407 (59%) - - “Key open door.”
Utterances shortened 56,384 (11%) Repetitions 20,209 (4%) “Mommy mommy eat.”
- > “Mommy eat.”
Unintelligible markers 34,957 (7%) “XXX yyy bee.”
- > “bee.”
Filler words 7582 (2%) “ah open wide”

- > “open wide”

Note. N (%): count of the utterances excluded or used and the percentage of those utterances out of all utterances before cleaning; Criterion-wise N (%): count of the
utterances of each criterion and the percentage of those utterances out of all utterances before cleaning. Percentages under Criterion-wise N (%) do not add up to the
percentage under N (%), because a given utterance may meet more than one criterion for exclusion or shortening. The utterances only containing illegal elements are
the ones with only unintelligible markers or filler words, as shown in the example. The example for immediate imitations includes the child's (CHI) utterance and its
immediately preceding adult's (MOT) utterance. The examples for shortening include both the original and the reduced utterances.
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We focused on utterances of one, two, three, four, and five words,
which account respectively for 35%, 20%, 17%, 12% and 7% of chil-
dren's utterances (a total of 91%) and a total of 70% of adults' utterances.
We extracted utterances of those lengths from the data of each child and
adult, and constructed proportional distributions of length as a function
of age.

2.1.2.1. Capturing early word combinations. We analyzed and compared
the distributions for children in the earlier and the later groups, exam-
ining data aggregated across all children and data from each individual
child. To ensure that each point for each group still consisted of data
from at least four children, the age range for the later group was nar-
rowed down to 20-35 months but only in this analysis (i.e., the analysis
based on the two groups combined still focused on the age range be-
tween 14 and 43 months).

2.1.2.2. Tracking developmental changes. This analysis used combined
data of both the earlier and the later groups for a larger sample size. We
used linear segmented regression to quantify nonlinear change. The
linear segmented regression model consists of two linear segments
separated by one inflection point. Note that the two linear segments and
an inflection point are a simplified description of a nonlinear shape
rather than an indication of abrupt switch in behavior. We use the term
“inflection point”, also referred to as “breakpoint” or “changepoint” in
other literature (Muggeo, 2016; Muggeo, Atkins, Gallop, and Dimidjian,
2014), to avoid a possible misinterpretation that the change at this point
indicates any abrupt switch. Compared with other models that propose a
nonlinear change, such as polynomial or exponential regression,
segmented linear regression retains the advantages of linear regression
such as simplicity and interpretability. It is also more in line with our
theoretical interest because it can find the inflection point where the
most apparent change occurs, allowing it to model not only develop-
mental changes but also the steady, adult-like state that the child ulti-
mately attains (e.g., Bloom, 1973; Brown, 1973; Butcher and Goldin-
Meadow, 2000; Herr-Israel and McCune, 2011; Leopold, 1949; Oakes
and Rakison, 2019). Alternative models, such as polynomial regression,
will continue to change as a function of age and never converge on a
steady state.

For each utterance length, we fitted a mixed-effects segmented
regression (Muggeo, 2016; Muggeo et al., 2014) to the proportion of
utterances by age to determine whether a single linear regression line or
two linear regression lines with an inflection point between them fitted
the data significantly better. The fixed effects are intercept and age for a
single linear regression, and intercept, inflection point, age before the
inflection point, and age after the inflection point for a segmented
regression. The random effect is all the individual children from both the
earlier and the later group with random intercepts and slopes. If the
proportion of utterances of a certain length increases rapidly until an age
(the inflection point) at which the slope changes significantly (e.g., stops
increasing and then remains constant or flattens), a segmented regres-
sion will identify the inflection point and the slopes before and after the
inflection point. If there is an inflection point, a model with two linear
regression lines will fit the data significantly better than a model with a
single linear regression line. The slopes of the two regression lines
represent the developmental rates by age before and after the inflection
point.

We use the inflection points estimated on each individual child's data
from the mixed-effects regression model, and then compare the inflec-
tion points of each utterance length to determine where the most
apparent developmental transitions occur.

2.2. Results

2.2.1. Capturing early word combinations
At the age of 14 months, 19% of utterances produced by children in
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the earlier group ranged from two to four words (an average of 5 mul-
tiword utterances per child with five children (N = 5) contributing to the
data; examples are “back on” and “truckie went by”), and one-word
utterances account for 81% (78 one-word utterances per child; N = 5).
At 15 months, two-, three-, four, and five-word utterances accounted for,
respectively, 15%, 6%, 2%, and 1% of utterances (69 multiword utter-
ances per child; N = 6; examples are “key open door” and “a microphone
mommy microphone”), increasing at 20 months to 22%, 12%, 7%, and
2% (311 multiword utterances per child; N = 8; examples are “keep that
open for Lucy” and “see baby in there”) (Fig. 3A). Most of the individual
children followed the overall pattern (Fig. 4). For example, for six of the
eight children with data at 15 months of age, two used utterances of
lengths two-to-five, two used lengths two-to-four, and one used length
three; one child used only single word utterances. When children pro-
duce shorter utterances, they produce longer utterances as well. Ap-
pendix B presents examples of multiword utterances produced by the
earlier children before 20 months.

At 20 months, the children in the later group produced utterances
with lengths two, three, four, and five words, respectively accounting for
34%, 14%, 5%, and 1% of the total (217 multiword utterances per child;
N = 4). Their percentages were higher than those for the earlier children
because even their early recordings occur at a later age (Fig. 3C). At 23
months, where more children's data were available, the comparable
percentages were 25, 10, 4, and 1 (384 multiword utterances per child;
N = 15). The proportion of longer utterances increased after that point.
For the 15 individual children's data at 23 months, ten used two- to five-
word utterances, four used two- to four-word utterances, and the
remaining one used two- and three-word utterances. Adults from the
earlier and the later groups were similar to each other, with relatively
constant proportions of utterances of different lengths (Fig. 3B and D).
At an older age, children's utterance length distributions became similar
to those of adults'.

2.2.2. Tracking developmental changes

Significant inflection points occurred for each utterance length, as
shown by segmented regressions (Table 2 and Fig. 5). For example,
before 25.4 months of age, one-word utterances as a proportion of one-
to five-word utterances decreased by 4.5% for each additional month (b
= —0.045, 95% CI [—0.049, —0.040]). At 25.4 months (95% CI [24.0,
26.9]), the inflection point occurred: one-word utterances now decrease
only 0.9% per month (b = —0.009, 95% CI [-0.021, 0.003]). The
segmented regression fitted the data significantly better than did a linear
regression (likelihood ratio test, ;{2(2) = 165.77, p < .001). Each multi-
word utterance length first increased and then either decreased or
increased at a much slower rate than before (Fig. 5). Fig. 6 shows
developmental changes of one-word utterances for individual children.
In sum, the proportions of early utterance lengths by age display sig-
nificant nonlinear transitions.

Inflection point timing varied as a function of utterance length, as
shown by repeated measures ANOVA using the inflection points esti-
mated for each individual child's data (F (2, 46) = 246.09, p < .001, qﬁ =
0.92); with Greenhouse-Geisser correction). Pairwise post-hoc compar-
isons with Bonferroni corrections found significant inflection point dif-
ferences between utterances of two and three words (¢t (23) = —6.50,p <
.001,d = —1.33,95% CI [-4.66, —1.79]), between three and four words
(t (23) = —-10.70, p < .001, d = —2.19, 95% CI [—6.95, —4.00]), and
between four and five words (t (23) = —17.81, p < .001,d = —3.64, 95%
CI [—4.20, —3.03]). The longer the multi-word utterance, the later the
inflection point.

2.3. Discussion

We have two notable and novel findings. First, combinatorial speech
appears very early — around 14-15 months. Previous research concen-
trates on older children, starting at around 19 months or later. Although
the data are sparse at the earliest ages, at no period did children produce
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ensure that each point for each group still consisted of data from at least four children, the age range for the later group was narrowed down to 20-35 months.
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only one- and two-word utterances. Instead, they produce two-, three-,
four-, and even some five-word utterances. Children consistently used
shorter utterances but tried longer ones, until the production of the next
longer utterance became more stable. That pattern has not previously
been described (Bloom, 1973; Butcher & Goldin-Meadow, 2000; Herr-
Israel & McCune, 2011; Leopold, 1949; Scollon, 1976).

One might wonder if the eight children in the earlier group were
precocious, rather than simply having been recorded earlier. What
suggests that the children in the earlier group were of a piece with the
children in the later group is that all of the children in the later group had
numerous multiword utterances. That suggests that earlier recordings of
the older children would have revealed the same early onset of multi-
word productions that we see in the earlier children.

The second notable finding is that the development of utterances of
different lengths is nonlinear. The development of one-word utterances

is characterized by a rapid decrease and finally a plateau. Longer ut-
terances increase (more gradually) and then plateau. The longer the
utterance, the more time it takes to plateau. By hypothesis, that is
because longer utterances require more resources than shorter utter-
ances, and those resources both fluctuate during the short term and
gradually increase over the long term. When children's utterance pro-
portions plateau, we also observed a similarity of the utterance length
distributions between children and parents. By hypothesis, that is
showing that child utterance length development is influenced by par-
ents' input. Our findings are consistent with the two resources we pro-
posed - increasing resources and an input distribution of model lengths.

We use segmented regression as a simple tool for testing the
nonlinear change and the average rates of change before and after the
point of maximum change. Other characterizations are possible, for
example, one that would use local minima or maxima for locating
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Table 2
Mixed-effects segmented regressions for one- to five-word utterances.
Utterance P Clp b Before  Clj pefore 7
length b After CIy after
(words)
One 25.42 [23.96, 26.88] —0.045— [-0.049, —0.040] 165.77***
0.009 [—0.021, 0.003]
Two 21.38 [19.86, 22.90] 0.012— [0.009, 0.016] 71.00%**
0.004 [-0.012, 0.003]
Three 24.95 [22.81, 27.09] 0.0140 [0.012, 0.016] 90.267"*
.003 [—0.002, 0.009]
Four 30.91 [29.65, 32.17] 0.0120 [0.011, 0.013] 117.69***
.000 [-0.005, 0.005]
Five 34.83 [33.40, 36.26] 0.008— [0.008, 0.009] 111.37%%*

0.004 [-0.010,0.002]

Notes. IP represents the inflection point. Clp represents the lower and upper
limits of the 95% confidence interval of IP. b is the unstandardized regression
coefficient, i.e., the change in proportion per month (slope) of utterances of the
given length. For each utterance length, the b Before is estimated when the
predictor is the ages before the inflection point, whereas the b After is estimated
when the predictor is the ages after the inflection point. CIj pefore and Clj after
represent the 95% confidence intervals of b Before and b After, respectively. 2
indicates the chi-square of the difference between the segmented regression
model and the linear model.
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Fig. 5. Mixed effects segmented regressions of the proportions of one to five-
word utterances by age. The dots represent individual children's data at each
age point. Note that the two linear segments and an inflection point are a
simplified description of a nonlinear shape rather than an indication of abrupt
switch in behavior.

nonlinear shifts, but segmented regression is the simplest characteriza-
tion. The current study analyzed utterances of each length separately
while ignoring their interdependence — they all represent proportions of
the same pool of utterances. However, we do not think that this will
affect our findings that multiword utterances appear early and develop
continuously and nonlinearly. The fact that they plateau at different
time points rules out the possibility that the change in utterances of one
length was solely an artifact caused by the change in utterances of
another length; utterances of different lengths are interdependent in
their proportions, but their development is at least partially
independent.

The nonlinear changes in behavior where the utterance proportions
plateau would seem to provide a challenge to a continuous underlying
process. We also see age differences for the nonlinear changes of
different utterance lengths. In Study 2 we ask whether an underlying
continuous process is compatible with the nonlinearity of development.
We also investigate formally what roles varying resources (e.g., cogni-
tive, linguistic, or motor resources) and adult input play in shaping such
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a developmental trajectory of utterance length that we observe in Study
1. Our aim in Study 2 is to model the data of Study 1 to understand the
underlying mechanisms.

3. Study 2

In Study 2 we model the underlying changes that may give rise to a)
the early appearance of utterances longer than two words, b) the gradual
increase of utterances by length, and c) the nonlinear transitions to more
stable proportions of utterance length. We take a first step to provide a
formal model, VIRTUAL, of the hypothesis that children's increases in
utterance lengths are a function of a distribution of target lengths given
by the input and continuously varying and developing resources which
may involve multiple domains such as linguistic, cognitive, and bio-
logical constraints. We also test the theoretical and empirical adequacy
of those two underlying assumptions.

3.1. Method

3.1.1. Data
We used the data from Study 1, including both the children's and
their parents' utterances.

3.1.2. Model

We propose VIRTUAL for modeling the data. VIRTUAL is a proba-
bilistic computational model that posits only two sources: continuously
varying and developing cognitive or linguistic resources and a proba-
bility distribution of target utterance lengths obtained from the input.
The idea underlying the first source is that the probability of success in
producing a given length depends on the level of available resources (R).
R varies from moment to moment and is normally distributed around a
mean that increases as the child's age increases, as illustrated in Fig. 7.
For an utterance to be produced, R must be sufficient to produce at least
one word; larger values of R make longer utterances possible.

The idea underlying the second source is that each time a child
generates an utterance, the child “intends” to produce an utterance of
some target length (T). The distribution of target lengths is determined
by the distribution of lengths in the adult input, shown in Fig. 8A. For
consistency with Study 1, we set the range of lengths from 1 to 5. Note
that the parents' length distribution is roughly constant across a wide
range of ages, as shown in Fig. 8B. Since resources increase with age,
longer utterance lengths will also increase until the child's distribution
matches the parent's.

We propose that the probability of the child producing an utterance
of length N at each timestep, P(N), is as shown in Eq. 1. There are two
ways in which this can happen: (a) The target utterance length is equal
to N, P(T = N), and the resource level is adequate to support producing N
words, P(R > N); (b) The target length is longer than N, P(T > N), but the
maximum length that R can support is N, P(Ryax = N), in which case the
child will reduce the utterance length from T to N. P(Ryax = N) equates
to P(N < R < N + 1) in the probability calculation, representing re-
sources that can maximally support length N and are not adequate for
length N + 1. The denominator in the equation, Z, is a normalizing
constant to guarantee that the P(N) values are probabilities. Z is equal to
the sum of the numerators in P(N), for N =1 to 5.

P(N) = ([P(T = N)*P(R > N)] + {P(T > N)*P (RMAX = N)} > * G)
@

3.1.3. Procedure

Using Eq. 1, we calculate the probabilities of producing utterances of
lengths one to five words at each age point (month). Similar to Study 1,
we construct proportional distributions of length as a function of age.
Simple segmented regressions (Muggeo, 2003) are fitted to the distri-
butions by age to locate inflection points and to measure the slopes of
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Fig. 6. Individual children's development of one-word utterances, predicted by the mixed-effects segmented regression model. The triangle on the x axis denotes the

segmented regression inflection point for each child.

the regression lines before and after the inflection points. Finally, we
compare the model predictions to the empirical results from Study 1.
Model predictions of proportions <0.001 (one per thousand utterances)
are excluded from the analysis due to the unreliability of empirical ev-
idence for such rare events. As a result, agepoints of five-word utterances
in the model output start from 17 months.

The standard deviation of the R distribution is fixed at 1.5. The initial
mean value of R at 14 months (the earliest time point in Study 1) is set to
0 and is increased by 0.35 for each successive month. Those parameters
are tuned empirically to provide the best overall fit of the data (i.e., the
number of predicted coefficients that fall within the 95% confidence
interval of the empirical results). The parameter values do not affect the
fundamental framework of the model, and they are open to fine tuning
(see Discussion for more details). We show in Appendix C that the
change in parameters will only produce quantitative rather than quali-
tative differences in VIRTUALSs predictions; the greater the initial mean,
the lower the proportion of one-word utterances at 14 months (Fig.C.1).
The smaller the SD, the sharper the change in utterances of different
lengths (Fig.C.2). The greater the incremental value, the earlier the
development reaches a stable, adult-like state (Fig.C.3).

We test the model against the children's empirical distribution. We
also separately test the adequacy of the two sources, target lengths and
increasing resources, of VIRTUAL and the interaction between them.

3.2. Results

Fig. 9 compares the empirical pattern from Study 1 (A and C) to the
probabilistic model (B and D). The model qualitatively captured the four
dominant features of the empirical pattern. The model simulated 1) the
early dominance of utterances of length 1, and 2) the early appearance
of utterances of lengths 2-5. 3) Each length has an inflection point, and
4) longer utterances have later inflection points.

Table 3 quantitatively compares the segmented regressions of the

model and the empirical data. Most of the inflection points and slopes
predicted by VIRTUAL fell within the 95% confidence interval of the
empirical results. For example, one-word utterances as a proportion of
one-to five-word utterances first decreased significantly by age, b =
—0.036, reached an inflection point at 26.6 months, and remained
almost constant after the inflection point, b = —0.003. The predicted
inflection point and the slope before the inflection point fell within the
95% confidence intervals of those from the empirical data for the in-
flection point (25.4, 95% CI [24.0, 26.9]) and the slope after the in-
flection point (b = —0.009, 95% CI [—0.021, 0.003]).

3.3. Testing VIRTUAL's assumptions

We test the adequacy of the two sources — target lengths and
increasing resources — of VIRTUAL and the interaction between them.

3.3.1. Target lengths

In VIRTUAL, the target distribution is determined by the distribution
of lengths in the input. To test the necessity to posit a target distribution,
we removed the target length terms from VIRTUAL so that the proba-
bility of producing an utterance of length N is based solely on the
probability that Ryax is equal to N, as in Fig. 10A.

3.3.1.1. Methods. We applied the same proportional distribution anal-
ysis that we used for VIRTUAL, with the same parameters of R for the
initial mean, standard deviation, and increment size. Similar to VIR-
TUAL, parameter values for the no-target-distribution model were tuned
empirically.

3.3.1.2. Results. The no-target-distribution model (Fig. 10B) shows that
as age increases, each length becomes dominant for a period of time and
then declines in prominence only to be replaced by the next (higher)
length. This is strikingly different from the empirical pattern of
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children's length distributions (see Fig. 10C). Parameter tuning does not
qualitatively change its predictions. This test thus confirms the necessity
for VIRTUAL to include a target utterance length distribution in
explaining children's utterance length development.

3.3.2. Resource distribution

To test the source of increasing developmental resources, we could
not compare the model without the resource distribution to the chil-
dren's data since the development of speech production is known to be at
least partially driven by the growth of resources such as working
memory, lexical knowledge, or articulatory capacity (Moore and
Maassen, 2004; Newbury et al., 2016; Noro and Mota, 2019). Instead,
we test the plausibility of the idea that resources are continuously
varying, normally distributed, and increasing. Since R must be sufficient
to produce at least one word, P(R > 1), for any utterances to be pro-
duced, the change in R predicts the rate of increase in the total number
of utterances children will produce. Therefore, we counted the total
number of utterances that children produce and compared it to the
model's prediction that the probability of an utterance of any length, P
(R > 1), first rapidly increases and then levels off. We expect to see a
correspondence between the change in P(R > 1), an increase and then a
leveling off, and the development of the total number of utterances that
children produce.

3.3.2.1. Methods. We used the empirical data to analyze the mean
frequency of all the utterances by age. Since utterance frequency is an
unstandardized measurement and is susceptible to noise, we focus on
the Providence data: that database has sessions of fixed duration and
contains many early recordings before 20 months. To ensure that each
age point consists of data from at least four children in the corpus, we
focus on the range between 14 and 41 months.

Data were standardized to make the model prediction and the
empirical data comparable. For the model prediction, Z scores were
calculated at each timestep based on the mean and standard deviation
across the whole age range. For the empirical data, Z scores were
separately calculated for each child based on the child's mean and
standard deviation across the age range. To quantify the change, we
again applied segmented regressions for the empirical data (Muggeo,
2016; Muggeo et al., 2014).

3.3.2.2. Results. The change in the frequency of utterances predicted by
VIRTUAL is similar to the development of the children's utterance pro-
duction (Fig. 11). Segmented regressions show the inflection point of
VIRTUAL's predictions (22.6) to be within the 95% confidence interval
([16.1, 27.4]) of the empirical results. The results are consistent with the
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Fig. 8. (A) distribution of “target” utterance lengths, and (B) plot of parents' utterance lengths by child age. The distribution of “target” utterance lengths (A) consists
of the mean proportions of the utterance lengths in the parents' distribution (B), which remains relatively stable over time.
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Table 3
Segmented regression results for the model predictions and for the empirical
data.

Utterance length (words)  Model predictions Empirical results

IP (months) b Before IP 1P b Before IP
b After IP (months) b After IP
One 26.58" —0.036 25.42 —0.045
—0.003" —0.009
Two 19.36 0.017 21.38 0.012
—0.005" —0.004
Three 25.35° 0.017 24.95 0.0140
—0.002% .003
Four 31.86" 0.011° 30.91 0.0120
0.000" .000
Five 35.28" 0.009" 34.83 0.008
0.001" —0.004

Notes. IP represents the inflection point. b is the unstandardized regression
weight, i.e., the change in proportion (slope) of utterances of the given length
per month. For each utterance length, the b Before is estimated when the pre-
dictor is the ages before the inflection point, whereas the b After is estimated
when the predictor is the ages after the inflection point.

@ Parameter falls within the 95% confidence interval of the corresponding
empirical results.

idea that resources are continuously varying, normally distributed, and
increasing.

3.3.3. Interaction between the two sources

VIRTUAL posits an interaction between the two sources: a target
utterance is shortened in production when the available resources that
the child has are not adequate to support its length. To examine this
parameter, we created a no-reduction model. That is, the target utter-
ances are either successfully produced when the resource level is
adequate, or no utterance is produced when resources are not adequate.
This no-reduction model omits the length-reduction term (the second
term) in the numerator in Eq. 1 (See Fig. 12).

The equations of the two models differ in their numerators, which

are analogous to the count of one-to-five-word utterances in the
empirical data. In the empirical data, the proportion of N-word utter-
ances is the frequency of N-word utterances divided by the total fre-
quency of all the one- to five-word utterances. Likewise, the numerator
in the formula for P(N) in the two models is divided by the probability
that an utterance of any length between one and five will be produced (i.
e., the denominator).

With the length reduction term in its equation, VIRTUAL predicts an
increase in the frequency of short utterances followed by a slight
decrease in frequency before a leveling off, whereas the no-reduction
model predicts monotonically increasing frequencies (Fig. 12B). This
is because, in VIRTUAL, the reduction mechanism assigns extra utter-
ances to the short lengths at early ages, but as children increase their
resources for producing longer utterances, the number of short utter-
ances declines since the children do not need to perform as many re-
ductions as before. In contrast, the numerator of the no-reduction model
relies only on the available developmental resources, which can only
increase and do not decrease.

3.3.3.1. Methods. To test which of the two models fits the data better,
we constructed utterance frequency distributions of the empirical data
and of the numerators of the two models. Similar to the test of the
resource distribution, we focused on children's data from the Providence
corpus with the same age range, and the data were standardized to make
the model predictions and the empirical data comparable. Since the
reduction process primarily affects the short utterances, we focused on
one-and-two-word utterances. Similar to VIRTUAL, parameter values for
the no-reduction models were tuned empirically.

3.3.3.2. Results. As shown in Fig. 12C, all children's data, except for
William's, clearly show an increase, a slight decrease, and finally a
leveling off. Such a pattern in the empirical data is consistent with
VIRTUAL's prediction as opposed to that of the no-reduction model.
Parameter tuning does not qualitatively change the predictions of the
no-reduction model. This test thus confirms the necessity for VIRTUAL
to assume a reduction of the target utterance in production when the
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A. The VIRTUAL model
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P(N) = ([P(T = N)+P (R 2 N)] *[P(T > N) * P(Ryax = N)]) * (3)
The no-target-distribution model
1
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Fig. 10. Testing the distribution of target utterance lengths. A) The formulae of the VIRTUAL model and the no-target-distribution model, where the terms in blue
represent the parts relevant to the target-distribution assumption; B) The utterance length distributions predicted by VIRTUAL and the no-target-distribution model.
C) The children's empirical utterance length distribution by age. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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Fig. 11. Testing the developmental resources. Empirical data by child: stan-
dardized average frequency of utterances as a function of age, based on the
empirical data. Fit line: standardized utterance frequency predicted by mixed-
effects segmented regression. VIRTUAL prediction: standardized probability
of having resources for producing utterances of any length.

10

available resources that the child has are not adequate to support its
length.

3.4. Discussion

VIRTUAL, our probabilistic model of the developmental increase in
the length of children's utterances, simulates most of the qualitative
characteristics of the empirical data. It correctly shows the early domi-
nance of one-word utterances and the simultaneous presence of multi-
word utterances. It shows nonlinear changes in the development of ut-
terance length, with longer utterances taking more time to plateau. Most
of the quantitative comparisons fall within the confidence intervals of
the empirical data. We show that the assumptions in the model — a)
continuously varying and growing resources, b) a target distribution,
and c) the interaction between the two sources — are necessary to ac-
count for the data. The alternative models without the target distribu-
tion of utterance lengths or the length-reduction process fail to predict
the empirical patterns. The varying and increasing resources of VIR-
TUAL align well with a central feature of the empirical data it is anal-
ogous to, the change of utterance frequency with age.

VIRTUAL is not perfect. Some of the predicted inflection points and
slopes in the segmented regression analyses do not fit the confidence
intervals of the empirical data. We might improve the fit by changing or
adding model parameters, such as providing a different shape of the
resource distribution or dynamically varying developmental rates, but
that improvement would complicate the model. Since VIRTUAL allows a
fine-tuning of the parameter values, future studies could tune the
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Fig. 12. Testing the reduction process. A) The formulae of VIRTUAL and the no-reduction model, where the term in blue represents the length reduction process; B)
The standardized numerator values by length and age, predicted by VIRTUAL and the no-reduction model. The standardized numerator value is analogous to the
standardized utterance frequency in the empirical data; C) Standardized average frequency of utterances by length and age, based on the empirical data of the
individual children from the Providence corpus. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

parameters to better understand language development of different
populations. For example, different children may have different starting
points, developmental rates, and variance of the resource distribution.
We show that VIRTUAL's success owes to its assumptions rather than to
artifacts of tailoring parameters; changing parameter values results in
quantitative rather than qualitative differences, and tailoring an alter-
native model that lacks one of VIRTUAL's components does not lead to
success, no matter how the parameter values are tweaked. That gets to
the second point, which is that VIRTUAL is falsifiable despite its flexi-
bility in parameter tuning. Where the data's qualitative patterns are
different from VIRTUAL's predictions, VIRTUAL will fail. Indeed, there
are individual children (e.g., “Lew” as shown in Fig. 6) whose data and
overall pattern look very different from other children's. Such a disparity
may be because of sampling bias or language acquisition factors that
VIRTUAL does not account for. Future studies should validate VIR-
TUAL's predictive power and gain more insights on the commonality and
variability among individuals in language development.

11

The model is silent on the nature of the resources that are involved in
early utterance production. We view utterance length as a general index
of language development, and a cumulative consequence of a dynamic
interaction between many different resources. In early long utterances,
in particular, there may be many processes occurring simultaneously.
(See, for example, in Appendix B, “lock door key lock door” at 18
months). An increase in length can simultaneously reflect syntactic
development (e.g., ability to produce subject-verb-object sequences,
such as in “key lock door”), pragmatics (e.g., topicalization of a verb
phrase, perhaps for emphasis), and biological capacity (e.g., breath and
motor control that allows production of more words in a single utter-
ance). Only experimental work can detail the nature of the cognitive and
linguistic resources that are likely to constrain production during lan-
guage acquisition (Berk & Lillo-Martin, 2012; Moore & Maassen, 2004;
Valian, Hoeffner, & Aubry, 1996). Further, we cannot rule out the
possibility that resources are not normally distributed: there are un-
limited possible alternative distributions of the developmental
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resources. We show, however, that the assumption of a normal distri-
bution of resources yields a correspondence between the model and the
empirical data. Such a benchmark could benefit future studies on the
developmental of cognitive and linguistic resources for speech
production.

Despite its limitations, VIRTUAL is a psychologically plausible model
linking theories of developmental cascades with behavioral change.
First, it instantiates the correlation seen in experimental work between a
growth in working memory and vocabulary size and the development of
speech production (e.g., Newbury et al., 2016; Noro and Mota, 2019).
Second, it represents one aspect of that sensitivity in the component
specifying the perception of spoken utterance lengths in adult language,
which extends the previous findings that infants show sensitivity to their
native language at prosodic, lexical, and syntactic levels (Bergelson and
Swingley, 2012; Christophe et al., 1994; Gervain et al., 2008; Shi et al.,
1999). Future studies could investigate why the target distribution of
utterance lengths that mirror parents' language contributes to child ut-
terance length development and where it comes from. Learning or
imitating adult utterances could lead to adult-like utterance length
distributions. On the other hand, the target utterance length distribu-
tions may reflect some intrinsic linguistic properties such as communi-
cation efficiency, when a short utterance suffices for a simple event, and
intelligibility, when more words are needed for a more complex event
(see Gibson et al., 2019 for a review of communicative efficiency).

Third, VIRTUAL attributes the disparity between what children
might intend to say and what they do say to restricted developmental
resources, which corresponds to claims that children's comprehension is
broader and deeper than their production, and that their productions are
limited by resources (Goldin-Meadow et al., 1976; Santelmann and
Jusczyk, 1998; Shi et al., 1999; Shipley et al., 1969; Valian et al., 1996;
Valian and Aubry, 2005).

4. General discussion

The present research provides the first systematic documentation of
children's very early combinatorial speech, and offers a simple, but
novel, probabilistic account of the developmental process underlying
the behavioral changes in utterance length. Our empirical data
demonstrate previously unnoticed developmental patterns. Our
computational model captures the dominant features of the empirical
data and highlights possible mechanisms that drive utterance length
development. The findings support a cascade account of development:
the change in utterances of various lengths resembles a continuous and
simultaneous process more than a sequence of discrete stages ([verson,
2021; Oakes and Rakison, 2019).

Taken together, the findings from the empirical data and the
computational modeling support three main points. First, as soon as
children produce two-word utterances, they also produce longer utter-
ances. Although the development of utterances of different lengths is not
linear, it also cannot be neatly divided into a one-word, a two-word, and
a multi-word stage as many previous studies have done (e.g., Brown,
1973; Herr-Israel and McCune, 2011). All lengths are present
simultaneously.

VIRTUAL, which incorporates a continuously varying and increasing
resource distribution, successfully models the coexistence of shorter and
longer utterances. The shape of the resource distribution makes the
probability of producing longer utterances always present to some de-
gree, and the increment of the mean increases the probabilities as
development proceeds. That explains why there is no period where
children exclusively produce short utterances: resource availability
during language production is probabilistic rather than all-or-none.

Second, the development of utterance length is nonlinear. For
lengths from two to five words, the proportions in the child's output
increase and then plateau, with longer utterances showing later inflec-
tion points. VIRTUAL models the nonlinear change without relying on
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underlying discrete qualitative changes. Rather, changes arise from an
interaction between continuously varying, developmentally increasing
resources and a probability distribution of target utterance lengths in
discrete units (words).

The growth of multiword utterances reflects the effect of increasing
resources on a resource-limited process: with increasing resources, the
proportion of multiword utterances rises. A shorter utterance length will
have its inflection point earlier in development because its resource
requirement is satisfied sooner than that of a longer utterance. The
plateaus, on the other hand, reflect a data-limited process; increasing the
resource does not affect the proportion because it is limited by the target
distribution.

Third, VIRTUAL represents an interaction of two sources, increasing
developmental resources and adult input, over time. With adequate re-
sources, the production of an utterance of a given length is primarily
determined by the distribution of utterance lengths in the parent's input.
When resources are low, as they are early in development, children have
to exclude some of the elements from the utterance that they would
otherwise have produced, yielding an ungrammatical and shorter ut-
terance. This account is consistent with the evidence cited above (e.g.,
Shi et al., 1999; Valian and Aubry, 2005) that children know more than
they say.

Our findings and model can be used in future research to probe more
aspects of language development. For example, the finding that multi-
word utterances of different lengths appear early and increase together
may provide insights on child syntactic development. Unlike suggestions
that syntactic acquisition begins around 24 months, plus or minus two
(e.g., Radford, 1990), our data show that one hallmark of syntax — word
combinations (e.g., “key open door” and “blue car broken down™) —
occurs considerably earlier and more dynamically. Moreover, VIRTUAL
suggests that children know more than they say, which implies that
syntactic skills develop faster and are more advanced than previously
thought. We propose more attention to the syntactic competence behind
the very first word combinations. On the other hand, because utterance
length is an indirect measure of syntactic development, similar MLUs
can reflect different degrees and types of development (Leonard and
Finneran, 2003; Rollins et al., 1996). Future study should chart the
appearance of various kinds of constituents and syntactic structures as
length increases.

According to VIRTUAL, longer utterances are reduced to shorter ones
due to limited developmental resources. Future studies should examine
which elements are most likely to be omitted in this process, and why. In
addition, the parameters in VIRTUAL might be tuned to reflect differ-
ences between typical and atypical development, and to model indi-
vidual differences in language acquisition.
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Fig. A.1. Number of word tokens by age for children in the later group. Note that the range of the y-axis is greater than in the graphs of the earlier group due to the
particularly large amount of data for some of these children (e.g., Lara and Peter).
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Appendix B

Table B.1
Examples of multiword utterances produced by the earlier children before 20
months. Sampling was balanced by age such that each age contains 10 utterances.

Age Child Utterances
14 Ethan “Hi tape.”
“Back on.”
“A byebye.”
Naima “Truckie went by.”

“Baby clothes.”
“Water mommy.”

Violet “Dada nana.”
Mark “Nice kitty.”
“Hi Tee.”
“That my bottle.”
15 Ethan “Open shut.”
“People here.”
“Gate down.”
Naima “Water dirty water.”

“Meow mommy.”
“Catch mommy.”

L “Deedee Joann.”
“Hi baby.”

Mark “Say puppy.”

June “It's a party.”

16 Ethan “Eat cereal.”

“Big bird.”
“That hole.”

Naima “Doggy yogurt.”

“Truckie noisy truckie.”
“Mommy yogurt.”

William “A worm.”
L “Out go.”
June “It's a ball.”
“It's a duck.”
17 Naima “Somebody hiding somebody.”
“Book yankee doodle book.”
Lily “Bumble bee.”
“Pooh Bear.”
William “Go quack.”
“This book.”
L “I want.”
“Ride it round here.”
Mark “I wanna get down.”
June “It's a shoe.”
18 Ethan “Lock door key lock door.”
“What is that car motorcycle.”
Naima “Sweeping them.”
Lily “Poohbie Pooh.”
Violet “Daddy's guitar.”
William “Alright is Sarah what.”
L “Mama bit.”
“Den then den then swimming.”
Mark “Me a uppie.”
June “And then it's time for.”
19 Ethan “Not for me.”
Naima “Mom blowing on it.”
“Mommy having a sit.”
Lily “I've got your tummy tum.”
Violet “Piggy and me.”
William “Have a day.”
L “Bike Sue.”
“Yeah dump jump Baura Laura.”
Mark “Pee_pee say pee_pee.”
June “There's Potatohead's nose.”

14
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Appendix C
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Fig. C.1. Varying Mean, SD = 1.5, Incremental value = 0.35. The greater the initial mean, the lower the proportion of one-word utterances at 14 months.

0 Standard Deviation = 0.5 Standard Deviation = 1.0 Standard Deviation = 1.5 Standard Deviation = 2.0

Proportion

20

Age (months)

Fig. C.2. Mean = 0, Varying SD, Incremental value = 0.35. The smaller the SD, the sharper the change of utterances of different lengths.
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Fig. C.3. Mean = 0, SD = 1.5, Varying Incremental Value. The greater the incremental value, the earlier the development reaches a stable, adult-like state.
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