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Abstract
We present a simulation study based on a cognitive architecture that unifies various early
language acquisition phenomena in laboratory and naturalistic settings. The model adap-
tively learns procedures through trial-and-error using general-purpose operators, guided by
learned contextual associations to optimise future performance. For laboratory-based
studies, simulated preferential focusing explains the delayed behavioural onset of statistical
learning and the possible age-related decrease in algebraic processing. These findings suggest a
link to continuous, implicit learning rather than explicit strategy acquisition. Moreover,
procedures are not static but can evolve over time, and multiple plausible procedures may
emerge for a given task. Besides, the same model provides a proof-of-concept for word-level
phonological learning from naturalistic infant-directed speech, demonstrating how age-
related processing efficiency may influence learning trajectories implicated in typical and
atypical early language development. Furthermore, the artile discusses the broader implica-
tions for modelling other aspects of real-world language acquisition.
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1. Introduction

Young children are remarkable language learners. They effortlessly acquire syntactic rules
and lexical forms of their native language, even with limited exposure. This ability has
long intrigued linguists and developmental psychologists (for reviews, see Kuhl, 2004;
Saffran & Kirkham, 2018). Two prominent theories approach this ability from different
angles. The statistical learning perspective suggests that young children can learn and
differentiate between lexical forms based on syllable features (e.g., Estes et al., 2007;
Saffran et al., 1996; Saffran & Kirkham, 2018). Alternatively, the algebraic theory posits
that children learn to generalise over variable lexical forms to acquire abstract syntactic
patterns (e.g., Frank & Tenenbaum, 2011; Marcus et al., 1999). Both statistical learning
and algebraic theories make valuable contributions to our understanding of language
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acquisition but focus exclusively on specific aspects of the overall language acquisition
problem. This article presents a simulation study that aims to explain simple forms of
lexical and syntactic learning within a unified computational theory. Our study aligns
with the aim to “model more phenomena, integrate across linguistic levels” and the
theoretical prospect that clarifies the “domain-general underpinnings of more aspects of
languages” or “the impact of cognitive processing” (e.g., see Benders & Blom, 2023).

We implemented our computational simulations of early linguistic acquisition phe-
nomena within a cognitive architecture. Cognitive architectures offer a computational
framework for simulating a wide range of tasks within a unified framework (Anderson,
2007; Newell, 1973). A cognitive architecture is a general theory of cognition that encom-
passes, but is not limited to, linguistic processing. Cognitive architectures, such as SOAR
andACT-R (Anderson, 2007; Laird et al., 1987), share a common structure (for a review, see
Laird et al., 2017), includingmemoryhubs (modules) that store information andprocedural
knowledge that specifies the possible movements and comparisons of information content
betweenmodules. Generally, procedural knowledge is represented as a sequence of context-
dependent or conditional production rules (e.g., given an if-condition is true, a specific then-
action processing follows) that process information and implement strategies (expounded
later; see Figure 2). The simulations of the cognitive processing in these tasks yield
behavioural results that can be compared with empirical findings. This approach has
already facilitated a comprehensive understanding of human cognition across various
cognitive domains (see Kotseruba & Tsotsos, 2018, for a review). In this study, we then
apply the general cognitive framework of cognitive architecture to explore its applicability to
various levels of interest in early linguistic processing.

Despite their domain-general structure, cognitive architectures often lack cross-domain
learningmechanisms. This is because, in procedural knowledge, the contexts (if-conditions)
of each production rule are manually defined. This limitation hinders the ability of general-
purpose processing (then-actions) to adapt to other contexts in a dynamic environment. As
Taatgen (2017) emphasises, the reliance on rigid, pre-programmed production rule
sequences restricts cognitive architectures from adjusting to changing conditions and
introduces inconsistencies among different models. This reliance on pre-programmed
production rule sequences poses particular challenges in modeling the learning processes
of young children, who often acquire new information processing steps through trial and
error, without explicit instructions. For instance, young children may initially develop
multiple equally plausible interpretations of a single multisyllabic pattern on a trial-by-trial
basis (e.g., Gerken, 2006, 2010), similar to how adults may exhibit multiple strategies when
faced with uninstructed tasks, such as solving a Tower of Hanoi problem (e.g., Simon &
Newell, 1971). Therefore, the explanation of early linguistic acquisition also requires
incorporating a learning mechanism that allows an undifferentiated cognitive architecture
to adapt to a variety of task environments.

This article presents a unified computational framework for early linguistic theories,
based on the primitive information processing elements architecture (PRIMs, Taatgen,
2013) driven by an underlying contextual learning mechanism. Unlike traditional cog-
nitive architectures, PRIMs decomposes production rule sequences into a collection of
general-purpose processing elements (then-actions with minimal conditions) and allows
the model to learn context-binding (if-conditions) associatively through interaction with
the task environment. Consequently, the model does not have any preconceived rule-like
anticipations about the procedural steps to follow. Instead, procedural knowledge is
gradually discovered through trial and error. This allows the PRIMs architecture to be
more open in terms of the procedural knowledge that may emerge from processing a
given task. The first research question of this study specifically examines the types of
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procedural knowledge that may be constructed from processing various tasks tradition-
ally hypothesised to be related to either lexical or syntactic abilities.

Additionally, procedural learning in PRIMs is now guided by a contextual learning
mechanism, representing task experience as a set of associations between relevant model
contexts and applied elements. This contrasts with the explicitly all-or-none rule-based
procedural knowledge about a task. The second research question examines whether the
empirical observation of preferential focusing on learned or novel tasks indicates all-or-
none strategy acquisition or simply the differentiation of patterns due to continuous
implicit procedural learning.

In the next sections, we will first outline the linguistic tasks that are the primary focus
of the simulations carried out in this study. Subsequently, we will delve into the details of
the PRIMs cognitive architecture, which is utilised to simulate the linguistic phenomena
of interest.

2. Making sense of early linguistic phenomena

Previously, lab-based studies have focused on statistical learning and algebraic tasks in
isolation, without considering them as phenomena along a lexical-syntactic continuum
(see Bates, 1979). In the following, we will briefly outline these studies and their
subsequent extensions. Next, we will introduce an alternative elemental strategy perspec-
tive that seeks to unify these diverse perspectives. Finally, we will critically examine the
question of strategy learning in light of the limitations of relying solely on indirect
measures of preferential focusing dynamics.

2.1 Lexical statistical learning

The first series of tasks explores how young children acquire new lexical forms, as seen in
the study of Saffran et al. (1996) with 8-month olds. To control for prior experience, the
study employs pseudowords composed of fixed syllables (e.g., X-Y-Z, where each upper-
case letter denotes a concrete syllable). The words are presented as a continuous syllable
stream without breaks. Following familiarisation with specific word patterns, the chil-
dren’s ability to discriminate between these patterns and novel alternatives, namely non-
words/part-words, is assessed. The results reveal that young children show increased
attention to novel, untrained patterns. This preference for novelty is interpreted as
evidence for sufficient learning of the word pattern, allowing them to differentiate it
from alternatives.

The statistical learning perspective interprets the empirical phenomenon by attribut-
ing it to the influence of the external task environment, rather than focusing on the
learning capabilities of the cognitive system (Saffran &Kirkham, 2018). The initial theory
is specifically concerned with the transitional probability of adjacent syllables, which
refers to the likelihood of encountering a particular next syllable given the preceding
syllable (Saffran et al., 1996). A high transitional probability indicates that adjacent
syllables are likely to occur together within a word form, whereas a low transitional
probability implies that the syllables either do not co-occur or only partially overlap.
Lower transitional probability can occur in completely novel words or at word boundaries
where a syllable may be followed by a variety of other words.

Another subsequent study conducted within the same paradigm poses the question of
whether children solely learn the immediate transitional probabilities between adjacent
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syllables or if they also acquire multisyllabic phonological forms that enable them to learn
meaningful lexical referents (17-month-olds, Estes et al., 2007). In this study, the children
underwent a similar familiarisation phase as in Saffran et al. (1996), but an additional
object-label learning phase was introduced. In this phase, both trained words and non-
words/part-words (labels) were paired with images (objects). They found that young
children only exhibited dishabituation when the paired image was changed in the image-
word condition. This indicates that they formed a link between the trained word labels and
the images during the subsequent object-label learning phase, but not between untrained
non-word/part-word labels and the images. The results suggest that young children’s
statistical learning extends beyond simple syllable order, encompassing the ability to acquire
and utilise multisyllabic forms for referencing purposes (Estes et al., 2007).

Until now, statistical learning has been extensively studied for nearly three decades and
is considered a fundamental aspect in language acquisition (e.g., word learning Bergmann
& Cristia, 2015; Saffran & Kirkham, 2018). Meta-analyses demonstrate its robustness
across various testing conditions (medium effect, in infants), but the factors influencing
its learning effects remain unclear (Isbilen & Christiansen, 2022). For instance, several
factors (e.g., age range, stimulus format and pattern number, training and test length, and
testing method) have shown no effect on statistical learning. Most surprisingly, the
strength of transitional probability is also among these null moderators. In contrast,
the presence of additional cues – including social, prosodic, and additional visual or
auditory cues – appears to be the only reliable moderator, enabling young children to
differentiate informative input features from others. Taken together, the specific mech-
anisms underlying statistical learning remain to be clarified.

2.2 Syntactic algebraic processing

A second series of tasks explores how 7-month-old children process simple syntactic
structures, as seen in Marcus et al. (1999). While also utilising trisyllabic patterns, these
studies depart from fixed syllables by employing syllable classes with a repeating structure
(e.g., repetition of syllable class a in a-b-a, where each lowercase letter denotes a variable
syllabic type). These patterns mimic syntactic structures. After familiarisation, children’s
ability to recognise syntactically consistent and inconsistent trisyllabic patterns is tested.
Crucially, the syllables previously instantiated in the training phase and their transitional
probabilities offer no clues for distinguishing the test patterns, since these syllables are not
used in the test phase. Despite this, young children still exhibit similar preferential
attention to novel syntactic patterns, demonstrating their ability to differentiate familiar
from novel structures.

While rule-based algebraic perspectives emphasise internal cognitive processes for
explaining the phenomenon (e.g. Pinker, 1999), they acknowledge that learning is still
necessary. This is evident in the training phase, where children need to distinguish
between the test conditions that are consistent and inconsistent in type (e.g., between
c-d-c and c-d-d after training a-b-a). To address the learning aspect, Frank & Tenenbaum
(2011) proposed a rule-based Bayesian model where pre-existing rules are differentiated
during the training phase. Further refining this approach, Frank et al. (2016) reframed
rules as processing sequences within a cognitive architecture, suggesting they are acquired
through interaction with task contexts.

Moreover, the ability to flexibly acquire processing sequences implies that young
childrenmay also explore alternative processing sequences (strategies) to process the task
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presentation, which can lead to a different interpretation of the task. Gerken and
colleagues’ work shows that the original task of Marcus et al. (1999) allows for at least
two strategies (Gerken, 2006, 2010). One strategy is the assumed abstract, rule-based
processing sequence. Additionally, Gerken (2006) proposes the emergence of a more
lexical strategy, which focuses on particular syllables consistently appearing in a fixed
position (e.g., X always appears as the middle token in a-X-a). Gerken’s experiments
explored how young children adapt their processing strategies based on the task envir-
onment. Children first learned to distinguish between different types of generalised
patterns. This training successfully enabled them to differentiate generalised test patterns
later. However, when trained on specific patterns, they no longer distinguished general-
ised test patterns but instead successfully distinguished specific test patterns (Gerken,
2006, 2010). This demonstrates that young children can flexibly adjust their processing
strategies. In this case, when the task shifted to a more lexical focus, they shifted and
adopted lexical strategies. These findings raise a question: would children stick to a
generalised strategy to form a syntactic interpretation, or would they instead process the
task by switching to a lexical interpretation highlighting invariant syllables within these
patterns?Our simulation study investigates how different strategies or cognitive processes
map to task interpretations in more detail.

Until now, the algebraic phenomena have been researched in infants for a considerate
amount of time (see Rabagliati et al., 2018). Similar to how grammatical rules like subject–
verb–object structure are abstract and can apply to various specific words, algebraic
learning is seen as reflecting a rudimentary exemplar for abstract syntactic processing.
Recent meta-analyses have revealed an overall small effect of algebraic learning, which is
more pronounced in meaningful contexts (Rabagliati et al., 2018). Furthermore, when
meaningfulness is controlled for, there is a marginal age-related decline (Rabagliati et al.,
2018). Despite the direct evidence on algebraic performance being primarily based on
preferential focusing rather than cognitive processes, the belief that infants can acquire
abstract rules has spurred decades of computational studies investigating the counter-
argument of whether lexical learning can give rise to rule learning (Alhama & Zuidema,
2019). Recent simulations of algebraic phenomena have shown that the observed pref-
erential focusing in experiments can sometimes be simulated by connectionist models
(Alhama & Zuidema, 2018). Thus, whether young children learn abstract rules remains a
matter of debate, and the underlying mechanisms of algebraic performance need to be
clarified.

2.3 Recent theoretical perspectives

The aforementioned studies demonstrate the diverse strategies young children use across
different linguistic phenomena. When learning words with unique syllables, young
children appear to gradually progress from individual syllables to understanding word
forms. In contrast, when learning simple syntactic structures, they may adopt either
syntactic or lexical strategies depending on the task context. This aligns with Frank et al.
(2016), who found that young children can flexibly adapt their processing sequences to
the task environment at hand. This perspective challenges the overly rigid view that
separates lexical learning and syntactic processing as orthogonal strategies.

Alternatively, recent research suggests that detecting syllable repetition may not be a
high-level syntactic ability but rather a simpler perceptual strategy called sameness
detection. This strategy allows young children to identify matches between the individual
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syllable within a perceived syllable sequence (i.e., content currently held in auditory
workingmemory) to the immediate perception of any syllable from the task environment
(de la Cruz-Pavía & Gervain, 2021; Endress et al., 2009). Notably, this strategy emerges
early in development. Evidence suggests that even newborns can detect simple repetitions
and learn basic lexical forms, as supported by neural studies (Bouchon et al., 2015;
Gervain et al., 2008) and comparative studies across species (for a review, see Wilson
et al., 2018).

Beyond sameness detection, research suggests another strategy that allows young
children to detect pattern-level mismatches. This strategy involves comparing expected
patterns that were previously learned (i.e., long-term memory) with those currently
encoded in auditory working memory (de la Cruz-Pavía & Gervain, 2021). While it is
traditionally assumed that lexical learning precedes syntax, behavioural evidence shows a
later developmental onset for lexical learning, typically around 6–9 months, compared to
the earlier emergence of the sameness detection (de la Cruz-Pavía & Gervain, 2021).
Neural evidence suggesting newborns lacking response to lexical patterns further cor-
roborates the delayed development of lexical learning (Bouchon et al., 2015). Note that
while our study focuses on basic strategies in simple tasks, acquiring more realistic
syntactic abilities happens later. For instance, recognising complex non-adjacent depend-
encies like present continuous verbs (“is learning”) typically emerges around 17 months
(Gómez & Maye, 2005; Gómez, 2002), requiring both syntactic understanding and
specific lexical forms.

While previous research has suggested that children use different strategies (e.g.,
Marcus et al., 1999; Saffran et al., 1996), the evidence supporting these claims has
mainly come indirectly from behavioural findings, especially preferential focusing
time. Behavioural preferential focusing is a dynamic process that changes over the
course of learning. The Hunter-Ames model has summarised the learning-related
directional biases of preferential focusing dynamics in relation to habituation levels
(Hunter & Ames, 1988). When habituation is inadequate, such as with short training
phases or complex tasks, children often show a familiarity preference. This means they
tend to look longer at the familiarised, repeated pattern compared to a novel one.
However, in most well-designed tasks, successful habituation is typically achieved
through longer training or simpler tasks. This leads to a novelty preference, where
children look longer at the novel pattern. Recently, the Hunter-Ames model has also
been invoked to explain learning-related neural responses (e.g., Emberson et al., 2019;
Issard & Gervain, 2018). As preferential focusing provides only an indirect indication
of strategy acquisition, further research is needed to elucidate the relationship
between them.

Can we then infer strategy learning based on the continuous trend of preferential
dynamics? Alhama and Zuidema (2019) have a compelling review on this topic, positing
that the behavioural results of early linguistic acquisition offer at least two potential
interpretations. One perspective, shared by themajority of authors, holds that preferential
focusing can directly underpin the successful acquisition of determinate strategies.
Another possibility is that young children may have implicitly developed sufficient
expectations regarding the training pattern, enabling them to differentiate between
learned and novel patterns. However, this does not imply that they have fully grasped
the anticipated strategies. Perhaps, partial ongoing procedural learning can also result in
differences in preferential focusing. In this study, our computational simulations allow us
to differentiate these two interpretations and determine whether preferential focusing
truly reflects strategy acquisition or not.
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3. Unifying statistical learning and algebraic perspectives

Our brief review will describe various computational models for early linguistic acqui-
sition. For each, we will highlight its core strategy or cognitive processing (e.g., chunking,
syllable mismatch detection) and its related task interpretation (e.g., predicting adjacent
syllables or multisyllabic patterns). We will not delve into specific implementation details
(e.g., connectionist, syllabic, mathematical), which are better explored in technical
references. This review aims to illustrate each model’s specialisation in particular phe-
nomena but also to point out the inherent trade-off – their design with specific processing
assumptions (e.g., lexical patterns are chunked from syllables rather than parsed from
continuous utterances) often limits their flexibility in adapting to different tasks or task
changes.

Various computational approaches have been used to investigate the phenomenon of
statistical learning. Following the transitional probability assumption, for instance,
Christiansen et al. (1998) initially showed that a simple recurrent neural network
(RNN) could predict the subsequent syllable based on its preceding context. The model
is also capable of identifying word boundaries when the predictability of the next syllable
decreases (e.g., parsing after syllable Z of X-Y-Z based on transitional probability).
Nevertheless, the model’s inherent mechanism precludes the acquisition of multisyllabic
patterns (e.g., identifying and chunking the X-Y-Z triplet as a word, readily linkable to a
referent), a limitation implied by the empirical findings of Estes et al. (2007).

Memory-based models aiming to acquire multisyllabic lexical patterns typically rely
on (a) a parsing mechanism and (b) a mechanism for lexical learning and inference. For
instance, the mathematical model of PARSER (Perruchet & Vinter, 1998) applies a
parsing mechanism that randomly concatenates currently presented syllables (e.g.,
appending a 1–3 syllable window) and stores them in long-term memory. The connec-
tionist TRACX models (French et al., 2011; Mareschal & French, 2017) enhance the
parsing mechanism with a syllable mismatch detection system. Initially, individual
syllables (e.g., X) are introduced to an input layer and subsequently transcribed to a
memory layer. As an input sequence (e.g., X-Y-Z) is repeatedly encoded, an input syllable
that is part of an established pattern (e.g., input Z) will not trigger a significant mismatch
error, provided it follows a relevant lexical feature (e.g., a stored X-Y pattern) in the
memory layer. This decrease in error enables the formation of a chunk from the current
input syllable and the memory content (e.g., X-Y-Z). Conversely, a larger mismatch error
between the current input and stored information (e.g., input X’ with a stored X-Y-Z
pattern) indicates a syllable mismatch and prompts parsing. Note that this parsing
assumption is consistent with the difference strategy proposed by de la Cruz-Pavía &
Gervain (2021).

Beyond parsing mechanisms that allow for memorising multisyllabic patterns, an
inference mechanism is also needed to select the most appropriate pattern given the
current context. In the PARSERmodel, the suitability of stored lexical patterns is inferred
from the co-occurrence frequencies of concatenated forms and the features of currently
presented syllables (Perruchet & Vinter, 1998). However, co-occurrence frequency alone
can assign similar activation to equally plausible patterns from learning history, hindering
the prediction of the most contextually relevant pattern (see Hoppe et al., 2022).
Alternatively, TRACXmodels rely on an associative mechanism for lexical inference that
accounts for predictions based on immediate input (see French et al., 2011; Mareschal &
French, 2017). This makes the model’s predictions more contextually relevant. Inference
mechanisms can also incorporate a discriminative mechanism that better infers certain
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patterns over others (see Hoppe et al., 2022). For instance, the iMinerva model (Thiessen
& Pavlik, 2012) includes this additional assumption.

While the models discussed above can simulate lexical learning at syllable and/or
multisyllabic levels, they have limitations. One such limitation is the assumption that
lexical learning originates from small units like syllables. This prevents them from
explaining alternative empirical findings, such as instances where young children parse
lexical patterns from continuous utterances without focusing on individual syllables (see
Arnon, 2021). Furthermore, early linguistic development involves more than just lexical
learning; it also includes phenomena like algebraic learning. To address these distinct
phenomena, a model needs to incorporate different strategies. One modeling approach,
exemplified by the symbolic ideal observer approach (Frank & Tenenbaum, 2011),
predefines a hypothesis space of strategies as a collection of rules. For instance, a chunking
rule for X-Y-Z could be simply represented as <is_X,is_Y,is_Z>. Another rule, <_, _, =1>,
indicates that the last syllable is identical to the first, and can process the algebraic pattern
a-b-a where the first and third syllables match. The appropriateness of rules for a given
task is also inferred statistically. This particular model uses a Bayesian approach for rule
inference, predicting the current task based on updated rule applications. In other words,
increased successful rule application leads the model to anticipate and apply that rule to
process a given syllable sequence.

While distinct rules may correspond to different strategies underpinning linguistic
phenomena, they have several disadvantages, including inflexibility and uncertain cog-
nitive plausibility. Regarding inflexibility, rules are fixed and therefore cannot model the
gradual exploration from partially inappropriate rules to those more suitable for the
current task scenario. Additionally, some patterns, depending on how they are processed
(e.g., syntactic a-b-a or lexical a-X-a), can lead to multiple interpretations, would
potentially reduce a certain rule’s robustness. It is also not straightforward how a rule
like <_, _, =1 > would map onto plausible cognitive processing in infants. Last but not
least, for some of the rules in the hypothesis space, lexical context must be integrated into
the rules (e.g., <is_X>), making them context-dependent rather than general purpose. To
better understand rule learning and address the preference for a model to learn the
hypothesis space of rules from scratch, a hybridmodel incorporating cognitively plausible
processing and statistical learning is perhaps needed (Alhama & Zuidema, 2019; Frank
et al., 2016).

In this article, we introduce the PRIMsmodel, which achieves cognitive plausibility by
adopting a general cognitive architecture with various modules (input, working memory,
declarative). Furthermore, PRIMs incorporates a set of general-purpose processing
elements (primitive operators) for information movement and comparison within this
architecture. These operators initially tackle a given task openly through trial and error,
producing a resulting sequence of processing steps termed a procedure (described
shortly). By interacting with the task at hand, themodel can develop processing sequences
that resemble the lexical chunking mechanisms of memory-based models (e.g., French
et al., 2011; Mareschal & French, 2017; Thiessen & Pavlik, 2012) and also simple syntactic
processing of rule-based models (e.g., French et al., 2011).

While the open discovery of processing steps relies on the processing assumptions of
the cognitive architecture, the acquired procedural representations are statistical con-
structs that guide future task performance. These representations are conceptualised as a
set of context-operator associations, which help to indicate which operator the model
should select in the immediate context (described shortly) instead of anticipating an
entire procedure at once (compare Frank & Tenenbaum, 2011). Applying an operator
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updates the context, leading to the selection of the next operator, thus forming an
operator sequence step by step. When a procedure is repeated, the collective set of
contextual associations implicitly represents how the task should be processed.1

An additional feature of PRIMs is that it models the passage of time and can predict
how long particular cognitive operations take. For example, it can predict when the speed
of its processing cannot keep up with the speed at which it perceives speech. Contextual
associations not only inform the selection of operators but also influence their efficiency
of application. The processing rate is relative to the presentation rate of the task.
Therefore, models with different efficiency levels may either be able to handle the task
or result in partial processing due to omissions or inadequate procedures. This enables us
to capture behavioural focusing dynamics from a resource availability perspective
(Taatgen et al., 2021, described shortly).

3.1 Simulating early linguistic acquisition

Language acquisition can be viewed as the interplay between general cognitive abilities
and the specific environment in which speech can be perceived. The architecture consists
of a collection of sensory and central modules that process information relatively
independently and communicate through buffers. The collective content of all the buffers
determines the current context. The learning problem consists of discovering the right
procedure in terms of a sequence of operators to move information between the buffers
based on the context. For the purpose of this article, the modules depicted in Figure 1 are
relevant. The sensory modules make sensory input available to the central workspace.
Here we only focus on auditory input. The working memory module can be used to
temporarily store information that is needed later in the process. Thismodule is needed to
detect repetition patterns in the input. The declarative module serves as long-term
memory and stores previously perceived patterns. If partial patterns are placed in its
buffer, it attempts to retrieve themost probable patterns that complete the partial patterns
based on past experiences at the declarative retrieval buffer. Thismodule is able to account
for aspects of statistical learning. The goal module represents the current background
environment. For the purposes of this study, it can be considered the setting of the
experiment, but it can also represent a specific task that the model has set (described
shortly in detail). Finally, there is an operator module that determines the flow of
information through the central workspace. The directions of information processing
are determined by operators, selected by the operator module, within the central work-
space that connects all the buffers (see Figure 1).While not directly relevant to the current
study, the model can also process information within the buffers and translate it into
actions, such as vocalising the perceived or retrieved sequence of syllables.

When the cognitive architecture processes a novel speech stream, there is initially no
content that can be retrieved to the declarative retrieval buffer, and there is also no content
available in various buffers to be compared. During such a situation, the model may

1Note that a single set of context-operator associations, corresponding to a single procedural represen-
tation, can be easily leveraged to form skills involving multiple procedural representations and their (skill-
skill) interconnections (e.g., in complex grammatical processing). However, for simplicity, we focus on a
single set of context-operator associations in this study. This is because the targeted lab-based studies involve
only a single learning phase that can be sufficientlymodelled with the acquisition of simple procedures, rather
than complex multi-procedure skills.
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encounter retrieval failure and cannot issue comparison operators. Instead, it may
gradually learn to encode the automatically perceived input content consecutively into
the working memory buffer. The flexibly encoded sequence can then be stored in long-
term memory, for instance, when the model encounters utterance boundaries (or inter-
stimulus intervals). The stored content can then be made available in the declarative
retrieval buffer through memory retrieval. The automatic placement of stimuli into the
input buffer and the flexible application of encoding and retrieval operations allow
information content to be available in various buffers, allowing comparison of buffer
contents (e.g., input-workingmemory, input-declarativememory, andworkingmemory-
declarative memory comparisons). Based on previous literature (de la Cruz-Pavía &
Gervain, 2021), we defined an input-working memory or input-declarative match as one
that indicates sameness detection, while a working memory-declarative mismatch indi-
cates difference detection. The model can freely choose any operator sequence that leads
to these comparisons, and the final sameness or difference comparisons suggest that the
model has recognised the presented pattern in some way.

Additionally, PRIMs differs from conventional cognitive architectures in how it
handles operators. In conventional architectures, the operator triggered by a specific

Figure 1. The PRIMs architecture. The PRIMs architecture, following its predecessors (e.g., SOAR and ACT-R),
assumes that cognition can be decomposed into a set of specialisedmodules that are connected through a central
workspace (sometimes called the global workspace, see Anderson, 2007; Dehaene et al., 1998; Taatgen, 2013).
Eachmodule projects onto a so-called buffer to communicate information via the central system to othermodules.
Within this structure, the primitive operators involve either comparing the available contents between two buffer
slots (indicated by a double arrow) or encoding contents from one buffer slot to another empty buffer slot
(indicated by a single arrow).
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“if” statement is stored in a separate system called procedural memory. In contrast,
PRIMs utilises a general-purpose operator applicable in various scenarios, requiring only
minimal conditions (e.g., the lack of buffer content for encoding and availability of buffer
content for comparison). The selection of operators relies on associations with the current
context. The context consists of the information in all the buffers, including the context of
the experiment itself, which is assumed to be represented in the goal buffer. Immediate
contexts are gradually associated with the corresponding operator when the model
recognises the pattern based on sameness-based input-working memory or input-
declarative matches or difference-based working memory-declarative mismatches. These
learned associations gradually allow the model to select the right operator in immediate
future scenarios to recognise the pattern.

To illustrate the evolution of PRIMs’ context-based procedural learning from rule-
based approaches, we present concrete examples of procedural learning in an algebraic
pattern (see Figures 2 and 3).

3.2 Procedural learning in algebraic task

Let us lookmore closely at the information processing involved in an algebraic pattern, as
illustrated in Figure 2a. The figure depicts the steps involved in processing the three
presented syllables. In a conventional cognitive architecture, the processing sequence is
determined by the modeller through production rules, as exemplified in Figure 2b.While
production rules fulfil a similar role to operators, they achieve this by explicitly defining
task-specific conditions and corresponding actions through if-then pairings. This
example instead includes production rules with minimal conditions (only containing
the specific condition, goal1 = marcus), which makes them similar to general-purpose
operators. However, the approach remains rule-based, as the production rules cannot be
learned to associate with their corresponding context. Instead, their suitability is informed
by their utility frequency (Anderson, 2007). Furthermore, an operator sequence can be
compiled into a single specialised task rule (Taatgen & Anderson, 2002), as shown by the
solid arrows in Figure 2b.

Conversely, PRIMs employs a contextual learning mechanism that enables the model
to flexibly acquire operator sequences. Unlike conventional cognitive architectures,
PRIMs starts with a full set of general-purpose primitive operators that are not tied to
specific conditions (see Supplementary Appendix for details). These operators just move
one piece of information content from one buffer to another. The learning process
involves identifying the appropriate operator for a given model state or context. Initially,
operators are chosen through trial-and-error exploration. However, upon successful
sequence completion (identified by specific stopping operators), PRIMs updates the
association between each operator and the relevant context within that sequence (see
Figure 2c). This context can encompass various aspects, including both “lexical”
(i.e., current buffer content) and “syntactic” information (i.e., preceding operator), as
the architecture remains neutral to the specific nature of the context. In subsequent
encounters, the model leverages the learned contextual associations and the current
model state or context to select the next operator. PRIMs focuses solely on whether the
current context, regardless of its processing or lexical nature, is informative for guiding
operator selection. Besides, in PRIMs, primitive operators can be merged into more
complex ones, capable of performing multiple operations simultaneously. However, the
process of automatically compiling adjacent operators is not considered in this article.
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Instead, the extent to which operators are merged is determined by the strength of the
operator–operator association. In the next section, we will also look at how contextual
learning within a processing framework sheds light on preferential focusing dynamics.

While pre-defined rules might achieve the sequence described earlier, PRIMs is also
capable of learning alternative plausible operator sequences. Initially, the model lacks
stored declarative items to be retrieved. It may then encode input into working memory

Figure 2. The processing of an algebraic pattern. The upper panel provides an overview of the processing steps
within a cognitive architecture. The lower panel compares traditional cognitive architecture with PRIMs.
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Figure 3. Alternative processing steps for the same algebraic pattern. Note: the current model assumes that
workingmemory encoding occurs spontaneously with long-termmemory retrieval. Therefore, exogenous working
memory encoding operators 1, 2, and 3 are automatically followed by a retrieval request that endogenously
encodes content from long-term storage into the retrieval buffer slots.
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and compare input and working memory content to recognise patterns. However, as
learning progresses, the model gradually stores lexical forms and leverages past experi-
ences to infer patterns. In PRIMs, the declarative retrieval buffer facilitates lexical
inference by retrieving previously stored information from long-term memory when
presented with partial patterns. The enhanced capability in lexical inference introduces
another repetition procedure (sameness detection) illustrated in Figure 3a. Likewise, this
repetition procedure focuses on individual syllable features, disregarding their specific
order within the sequence. Consequently, processing patterns like “le-le,” “le-di-le,” or
“le-di-we-le” (all ending with “le”) trigger similarmatch operators, showing the limitation
of this procedure in capturing the overall lexical structure of the pattern.

Crucially, pattern inference further empowers the model to consider the perceived
sequences as lexical forms. This enables a direct comparison between the perceived
syllable sequence in working memory and the retrieved sequence from long-term
memory. This difference detection typically encountersmismatches at lexical boundaries,
reflecting the uncertainty in inferring the next word after a fixed one. However, the
specific location of the mismatch is irrelevant. As illustrated in Figure 3b, upon reaching a
specific encoded sequence position, anymismatch (e.g., wm1<>rt1) indicates a difference
at the pattern level between the perceived and retrieved sequences. This study investigates
how the detection of these position-specific differences relates to the formation of
corresponding n-grams. In this example, identifying a mismatch after perceiving the
second syllable creates a 1-gram. Similarly, detecting mismatches after perceiving the
third, fourth, and subsequent syllables corresponds to 2-gram, 3-gram, and n-gram
procedures, respectively. Moreover, details regarding the primitive encoding and com-
parison operators, as well as the predefined comparison operators that define the stopping
conditions, can be found in Supplementary Appendix.

3.3 Preferential focusing dynamics

We have previously mentioned that PRIMs utilises a contextual learning mechanism to
update the associations between contexts and the operators they trigger. In future
situations, the model uses these learned associations and the current contextual state of
the architecture to predict the most suitable operator to perform. This gradual strength-
ening of contextual associations allows the model to become more familiar with the task
environment by strengthening suitable context-operator associations. The following will
provide an alternative processing-based explanation (for discussions, see Houston-Price
& Nakai, 2004) for the U-shaped trajectory of preferential focusing dynamics (Hunter &
Ames, 1988) based on a resource availability perspective (Taatgen et al., 2021). A further
implication of the processing-based perspective is related to how we interpret strategy
acquisition based on preferential dynamics. From a contextual learning perspective,
ongoing changes in contextual associations influence the efficiency of task processing,
leading to differences in preferential focusing. Therefore, preferential focusing differences
do not necessarily indicate a binary state of strategy acquisition (either acquired or not; see
Alhama & Zuidema, 2019).

Processing-based interpretations. In familiar and repetitive task environments, the
model develops stronger expectations about the task by learning which operators to apply
in specific contexts. This learning process strengthens the contextual associations cor-
responding to repeatedly successful operators. A stronger context-operator association
leads to a higher total association, which ultimately influences the activation level
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(likelihood of selection) of the corresponding operator. Operator activation, in turn,
directly affects the time taken to select an operator (see Supplementary Appendix). As the
model becomes increasingly familiar with the task environment, a gradual shift occurs
from slower processing (due to lower activation) to faster processing (due to higher
activation). This increased processing speed enables the model to apply more operators
per unit of time, potentially allowing it to transition from frequent omissions or partial
procedures to more complex procedures that recognise the overall structure of the task.
This increasing allocation of task processing time may resemble the phenomenon of
familiarity preference, where attention is increasingly directed towards the task at hand
(Hunter & Ames, 1988).

However, once the model has achieved proficiency in processing the current task, it
may enter brief periods of inactivity (e.g., after encoding a syllable before the presentation
of a subsequent syllable). During these idle times, the model can potentially explore new
information or engage in processes unrelated to the immediate task. This shift away from
the primary task is similar to the observed decrease in preferential focusing towards familiar
stimuli and increase in preferential focusing towards novel stimuli (Hunter & Ames, 1988).
After sufficient training/habituation, familiar tasks benefit from faster processing, resulting
in reduced focusing times. However, encountering novel tasks in test conditions may again
alter operator activation, impacting immediate operator efficiency. For instance, a small
change (e.g., syllable change) in a learned sequence disrupts the established context,
reducing activation and efficiency. Similarly, new tasks requiring unfamiliar operators lack
strong contextual associations, again affecting activation and efficiency. This can then
explain preferential focusing under various task conditions.

In ourmodel, on-task processing time approximates focusing time, defined as the total
time spent on essential operators within a procedure. For example, in Figure 2, this would
involve only the integral operators 1, 2, and 3, excluding other operators that may be
applied flexibly. Efficient enhancement and reduced on-task processing time are closely
linked, which may lead to a further decline in overall focusing time due to competing off-
task processing (e.g., mind wandering or following alternative operator sequences, see
Taatgen et al., 2021). Nevertheless, disengagement can readily occur whenever operator-
level temporal resources allow for an attentional shift. At a finer level, preferential focusing
dynamics is thus related tomoment-by-moment operator latency, which reflects real-time
changes in temporal resources and the tendency to disengage. Note that for convenience,
the current study considers only on-task processing and does not account for attentional
competition, such as attentional disengagement or reorientation to off-task or novel
activities.

Developmental factors.Developmental factors also influence focusing dynamics. Due
tomyelination, older children processmore efficiently than younger children (see Dubois
et al., 2014). For example, Chen et al. (2016) demonstrated that younger children may
omit or incompletely process the middle tone when presented with a simple three-tone
sequence. Moreover, while meta-analyses do not show an age-related trend in the effect
sizes of preferential focusing differences (Isbilen & Christiansen, 2022; Rabagliati et al.,
2018), developmental evidence indicates that the speed of habituation (i.e., the decrease in
focusing across training trials) is faster in older infants compared to younger infants
(Dawson & Gerken, 2009; Frank et al., 2020).

Task-specific age-related trends have also been revealed. For statistical learning,
preferential focusing is positively correlated with age during infancy (Emberson et al.,
2019) but diminishes among older children or adults (Frost et al., 2019; Isbilen &
Christiansen, 2022). In contrast, for algebraic processing, preferential focusing is reduced
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among older children compared to younger children (Dawson & Gerken, 2009).
Although meta-analyses suggest such an effect is only marginal after controlling for
meaningfulness (Rabagliati et al., 2018).

In PRIMs, the differential age-related findings can be simulated by incorporating
models with fixed levels of efficiency. Note that we acknowledge that developmental
maturation is co-determined by learning (e.g., seeHuber et al., 2023) but assume that such
structural changes occur at a much slower rate than learning at a functional level. When
efficiency is low, the model may not be able to retrieve patterns from long-term memory
(declarative retrieval). This suppresses statistical learning, where long-term memory is
crucial (Figure 3b), but benefits algebraic processing, where having working memory
content available is sufficient (Figure 2). An extremely slow model can lead to syllable
omission, further hindering lexical learning. However, even with syllable omission,
repetition detection remains possible, for instance, when the middle token b in an a-b-
a pattern is omitted.

3.4. Research aim and questions

Simulation studies 1 and 2 first examine the lab-based statistical learning (Saffran et al.,
1996) and algebraic (Marcus et al., 1999) paradigms, along with their contrasting age-
related trends (Emberson et al., 2019; Isbilen&Christiansen, 2022; Rabagliati et al., 2018).
The study focuses on processing efficiency, moderated by parameters related to age-
related development and the learning experience (described shortly). In these studies, we
consider the question of whether preferential focusing dynamics provide evidence for all-
or-none explicit strategy acquisition or the continuous implicit learning of context-based
procedural representations (see Alhama&Zuidema, 2019). Beyond the simulation of lab-
based paradigms, we leverage themodel to exploremore naturalistic word learning (or the
acquisition of word-level phonological patterns) by exposing it to infant-directed speech.
We also simulate individual differences in word learning trajectories by moderating the
model’s efficiency levels.

4. Simulation results and discussion

The technical details of the PRIMs architecture and the key model parameters of this
study can be found in Supplementary Appendix. Please also refer to https://git.lwp.rug.nl/
y.ji/prims-contextual-learning for the software, model scripts, and analysis codes. Studies
1 and 2 focus on the aforementioned lab-based paradigms, while Study 3 focuses on
leveraging the model to simulate more naturalistic word learning from infant-directed
speech settings. For the simulation studies, the section begins with a description of the
task design and conditions.

In Studies 1 and 2, we further address the question raised by Alhama and Zuidema
(2019) of whether preferential focusing dynamics implies sufficient strategy acquisition.
Therefore, we begin with simulation results related to preferential focusing, such as
processing time and operator latency, to determine if they are consistent with the
observed empirical findings. This is followed by additional analyses of the procedures
learned and their corresponding proportions of application. These assess whether the
results support complete strategy acquisition or only partial learning and differentiation
of procedures. In Study 3, we do not consider preferential focusing and procedural
learning but instead focus directly on the word learning outcomes of the model. This
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involves examining which word-level phonological patterns have been acquired and how
the average activation trajectories of these patterns change over the learning phases.

Operator latency in all simulations is influenced by both developmental and learning-
based components. The developmental component reflects structural changesmediated by
myelination or brain maturation (e.g., see Dubois et al., 2014). Brain maturation, while
co-influenced by learning, has a slower rate than immediate learning experience. Our
current model simulates developmental change by manipulating the action time, which is
the time it takes to apply an operator. As depicted in Figure 1, an operator is the processing
element thatmoves or compares information content between buffers, representing long-
range connections between cortical areas based on the striatocortical system. By default, the
action time is fixed to 50 ms, but in our simulations, we increased the action time to
represent younger infants. The learning-based component reflects that with practice, the
operator sequences become more efficient and take less time. To isolate learning-based
efficiency from other factors, the model eliminates additional fixed base-level activation,
explore–exploit scaling of activation noise, prim- and operator-level compilation, along
with declarative retrieval latency (for more information, see PRIMs tutorial in Taatgen,
2023). Since context-based operator latency is transformed exclusively from activation (i.e.,
A) in the current model (based on F � e�A; see Equation (A7), Supplementary Appendix).
Thus, operator efficiency is higher when operator activation (i.e., total learned contextual
association of an operator) is higher. In all simulations, the latency factor scalar F is set to
200ms, resulting in an initial context-based latency of 200ms for all operators acrossmodel
runs ( 200 � e0 = 200ms).

4.1 Study 1: Lexical statistical learning

This simulated task is adapted from Saffran et al. (1996). The training involves exposing
the model to a set of fixed-token trisyllabic words following the X-Y-Z format. During
testing, the model has to distinguish these learned words from novel words constructed
using the same set of tokens.

Task material. The training phase consists of four trisyllabic words (e.g., “pa-bi-ku,”
“ti-bu-do,” “da-ro-pi,” and “go-la-tu”). These words are randomly linked together to form
a continuous stream of syllables without intervals between them. After the presentation of
continuous syllables, the trained model is each followed by a word, non-word, and part-
word test phase.2 The consistent word test condition selects two test words from the
training phase (i.e., “pa-bi-ku” and “ti-bu-do”). From the perspective of transitional
probability, as we mentioned earlier, the word condition fully converges with the
transitional probability of the training phase ( p= 1). The part-word condition combines
the last syllable of one word with the first two syllables of another, reflecting word
boundaries (e.g., “tu-da-ro” and “pi-go-la”). For an illustration of part-words, take the
phrase “pretty baby.”Apart-wordwould be a syllable sequence like “tybaby,”which spans

2Note that the original experiment applies a within-subject design when it comes to different test
conditions. This, beyond reducing between-subject variability, measures how focusing time differs between
conditions. This design would further require the order of the test conditions to be counterbalanced. In the
simulation study, however, a between-subject design is applied, where each training phase is followed by only
a single test condition. The approximate focusing preference is based on the differences in processing time
and is further informed by the moment-by-moment operation latency, as described earlier. Therefore, the
simulation study does not account for order effects or potential competition between different test conditions,
which might further influence preferential focusing.
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the word boundary between “pretty” and “baby.” The part-words partially converge with
the transitional probability of the training phase ( p= 1=3). The non-word test condition
still contains the syllable tokens of the training words (e.g., “da-pi-ku,” “ti-la-do”), but the
positional information of the syllable tokens within the training words is completely
disrupted, making the non-word condition completely differ from the transitional
probability of the training phase ( p= 0).

Presentation and processing rate. Each trisyllabic pattern is presented for 1500 ms,
resulting in a syllable presentation rate of 500 ms per syllable without any intervals
between patterns.3 The model includes two efficiency levels to model developmental
trends. The low-efficiency level allows the model to apply only a single operator during
the presentation of a single syllable (i.e., action time: 300 ms; latency factor: 200 ms). In
contrast, the high-efficiency level allows the model to choose more operators during the
unit time of a syllabic presentation (i.e., action time: 50 ms; latency factor: 200 ms). The
models with different efficiency levels represent processing rates that are comparable to
younger and older infants (formore information, see Chen et al., 2016; de la Cruz-Pavía &
Gervain, 2021; Di Liberto et al., 2023). Eachmodel run incorporated 200 training patterns
and 10 test patterns. The simulation study included 100 separate model runs for each of
the word, non-word, and part-word conditions.

Simulated preferential focusing. The dependent variables were examined at two levels.
Overall on-task processing time provided an approximation of preferential focusing time,
calculated as the sum of latencies from all essential operators throughout the entire test
phase. The second dependent variable was averaged operator-level latency, which captures
moment-by-moment changes in temporal resources relating to attentional disengage-
ment. Crucially, within our analyses, we focused only on the context-based component of
operator latency. This specific component is particularly important because, unlike the
fixed action time, it directly reflects the model’s learning mechanisms and its dynamic,
context-driven adjustments. In this study, we analyse two independent variables: test
condition (word, part-word, or non-word) and model efficiency (high or low), which
represents age-related development (younger versus older infants) and was operationa-
lised as high efficiency (low action time) versus low efficiency (high action time).

Linear regression analyses were performed in R (version 4.0.2) to examine the main
effects of test condition and model efficiency, and their interaction, on both the on-task
processing time and the context-based component of averaged operator latency. Our
approach for all analyses involved comparing four nested linear models: Model 1 and
2, respectively, incorporated the main effects of test condition and model efficiency;
Model 3 comprised both main effects; and Model 4 additionally included the interaction
effect. A forward-feedingmodel comparison approachwas utilised to analyze whether the
inclusion of a specific main effect (e.g., model efficiency in Model 3, while controlling for
test condition as in Model 1) enhanced model fit. This same approach was subsequently
applied to evaluate the contribution of the interaction (e.g., Model 4 in addition to Model
3’s main effects).

3Note that the presentation duration of syllables in the simulation is slightly longer than that in the original
experiment (i.e., 300 ms). This is to reduce the likelihood of the model ignoring syllables and resulting in
insufficient processing (see Chen et al., 2016). Furthermore, the trisyllabic patterns in the test phase of Saffran
et al. (1996) were separated by intervals. However, in our simulation experiment, we consistently adopt
continuous syllable presentation in both the training and test phases. The reason for this is that our model
depends on a potentially mismatched fourth syllable (i.e., X0 in X-Y-Z-X0-Y0) to identify the boundary of the
trisyllabic 3-grams.
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On-task processing time. A significant improvement in model fit is found when
considering the main effects of test condition (compare Models 2 and 3; F 2,596ð Þ = 23.17,
p < 0.001, ΔAIC = �40.93) and model efficiency (compare Models 1 and 3; F 1,596ð Þ =
1886.20, p< 0.001, ΔAIC=�854.00). Model fit is further enhanced when the interaction
effect is added (compare Models 3 and 4; F 2,594ð Þ = 8.46, p < 0.001, ΔAIC = �12.85).
Therefore, we decide that Model 4 is the best-fitting model.

Model 4 reveals a significant difference in on-task processing times between word,
part-word, and non-word conditions in high-efficiency simulations ( βw:‐p:w: = �0.44,
SE = 0.12, t = �3.58, p < 0.001; βn:w:‐p:w: = 0.52, SE = 0.12, t = 4.17, p < 0.001), a
distinction not revealed in low-efficiency simulations. This means, for high-efficiency
simulations, on-task processing time is 442 ms faster for words compared to part-words,
and 515 ms faster for part-words compared to non-words. On-task processing times are
3188 ms shorter overall for high-efficiency simulations than for low-efficiency simula-
tions ( βlow‐high = 3.18, SE = 0.12, t = 25.84, p < 0.001). Furthermore, the interaction
coefficients suggest that the differences between conditions in the high efficiency condi-
tions are reduced in the low efficiency condition ( β low‐high½ �: n:w:‐p:w:½ � =�0.44, SE = 0.17,
t=�2.52, p= 0.01; β low‐high½ �: w:‐p:w:½ �= 0.27, SE= 0.17, t= 1.56, p > 0.1). This means that
when the model is less efficient, the difference between non-word and part-word
conditions is 440 ms smaller than when the model is more efficient, basically reducing
the difference found in the high efficient simulation (515 ms). Similarly, the difference
between words and part-words, which was 442 ms in the high efficient simulations, is
reduced with 271 ms in the low efficient simulation. Note that the interaction coefficients
are associated with larger standard errors and therefore may not found to be significantly
different from zero. Nevertheless, the model predictions clearly show a strong interaction
effect: The test conditions are only resulting in different processing times in the
high efficiency simulations (95% CI for w.: [2290, 2630], p.w.: [2730, 3070], n.w.:
[3250, 3590])., but not in the low efficiency simulations (95% CI for w.: [5750, 6090],
p.w.: [5920, 6260], n.w.: [6000, 6340]).

Context-based operator latency. The model fit is significantly improved by incorp-
orating the main effects of test condition (compare Models 2 and 3; F 2,596ð Þ = 9.17, p <
0.001, ΔAIC=�14.18) and model efficiency (compare Models 1 and 3; F 1,596ð Þ = 706.99,
p < 0.001, ΔAIC =�467.30). However, adding the interaction effect did not increase the
model fit (compareModels 3 and 4; F 2,594ð Þ = 1.75, p= 0.17, ΔAIC= 0.47). Therefore, we
decided that Model 3 is explaining the context-based operator latency best.

Model 3 reveals that in low and high-efficiency simulations, context-based operator
latencies differ significantly between word and part-word conditions ( βw:‐p:w: =�0.0013,
SE= 0.0004, t=�3.18, p= 0.002), with word latencies being 1.3 ms faster. No significant
difference was found between non-word and part-word conditions in the low and high-
efficiency simulations. However, low-efficiency simulations show larger overall latencies
( βlow‐high = 0.0090, SE= 0.0006, t = 26.59, p < 0.001), indicating that averaged operator
latency was 9.0 ms faster in high-efficiency compared to low-efficiency simulations.

Summary. In this study, on-task processing time serves as an indicator of preferential
focusing, while operator latency reflects the moment-by-moment tendency of engage-
ment. In addition, the efficiency level in our study corresponds to an age-related factor.
Our simulation results show that in the high-efficiency simulations, on-task processing
time is fastest for words, followed by part-words and then non-words. Similarly, context-
based operator latency ismore efficient for words than for part-words and non-words (see
Figure 4). These simulated results align with novelty preferences observed in empirical
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literature (e.g., Emberson et al., 2019; Estes et al., 2007; Saffran et al., 1996) and indicate
that statistical learning effects typically emerge in older rather than younger infants (see
de la Cruz-Pavía & Gervain, 2021). In addition, higher efficiency leads to shorter on-task
processing time and operator latency compared to low-efficiency simulations. The
simulated results are thus consistent with the main effect of age on preferential focusing
time in general (e.g., Dawson & Gerken, 2009; Frank et al., 2020).

In the simulation study, the differences in on-task processing time and operator
latency between test conditions correspond to preferential focusing bias and immediate
engagement differences, respectively. The age-related levels of model efficiency only
moderately simulated preferential bias (the between-condition on-task processing time
difference). This is consistent with empirical findings that suggest an age-related
enhancement of preferential focusing in statistical learning (e.g., see Emberson et al.,

Figure 4. Simulated preferential focusing dynamics regarding statistical learning tasks. (a) Averaged processing
time under test conditions. Calculated as the sum of on-task operator latencies during the test phase. Note. y-axis:
average processing time (in ms); x-axis: test conditions; white bars: consistent conditions; various gray bars:
inconsistent conditions; error bars: ± 1SD; orange dots: data points from individual model runs. (b) Averaged
operator efficiency under test conditions. Calculated based on the average context-based latency (excluding fixed
default action time) of all operators acrossmodel runs.Note. y-axis: average latency (inms); x-axis: test conditions;
white bars: consistent conditions; various gray bars: inconsistent conditions; error bars: standard deviations;
orange dots: data points from individual model runs. The significance of regression coefficients is denoted by
brackets and indicators (sig., p < 0.001). Note that the overarching brackets denote the main effect of model
efficiency.
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2019). However, model efficiency does not influence the difference in engagement (the
between-condition operator latency difference), which corresponds to meta-analytical
findings that cast doubt on such developmental effects (see Isbilen & Christiansen, 2022).

Underlying procedural learning. Figure 5a and b illustrates the performance of the low-
and high-efficiency models. Figure 5a/b1 depicts the proportion of procedures applied
across learning blocks during the learning phase, while Figure 5a/b2 depicts the propor-
tion of procedures applied in a single block under various test conditions following the
training phase. Note that Figure 5a1/b1 depicts the training phase preceding the word test
condition only.

Training phase. The low-efficiency model fails to acquire the appropriate 3-gram
procedure (pale triangle, reaching 0.2%, see A1), while the high-efficiency model favours
the 3-gram procedure at the end of training (reaching 45.2%) along with 1-gram (pink
hourglass) and 2-gram (brown diamond) procedures applied during the initial training
phase (see Figure b1). The high-efficiency model’s initial transitions from 1-gram to
2-gram procedures correspond to learning from single syllables to predicting the imme-
diate next syllable (transitional probability). Once the trisyllabic pattern can be correctly
inferred, the model consistently applies the 3-gram procedure (phonological form).

The differential efficiency-related procedural learning results can be interpreted from
a resource availability perspective (Taatgen et al., 2021).When efficiency is low, themodel

Figure 5. The averagedproportion of procedures applied by themodel in the statistical learning task acrossmodel
runs. The n-gram procedures detect differences between the working memory and the retrieved pattern at the
n + 1th position. The first repetition procedures detect repetition of input syllables compared to an already
encoded working memory slot (slot 1) at the 3rd (orange diamond) and 4th (green square) syllable positions,
respectively. Note. y-axis: averaged trial proportion of each procedure (within each block); training-phase x-axis
(A1/B1): 20 blocks each consisting of 10 trisyllabic patterns; test-phase x-axis (A2/B2): test conditions; error band/
bars: ±1SD; transparent dots: data points from individualmodel runs. The sumof the trial proportions is not equal
to 1, as the model may not use any procedure or may use more than one procedure in a trial.
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can only use one operator for encoding and lacks the temporal resources to make the
necessary comparisons for n-gram procedures. In extreme cases, syllables might be
completely ignored without being encoded. Conversely, the high-efficiency model allows
the application of multiple operators in a single-syllable presentation window, which
supports the application of n-gram procedures.

The gradual shift from 1/2-gram to 3-gram procedures supports the involvement of
both transitional probability within adjacent syllables (Saffran et al., 1996) and the
learning of lexical forms (Estes et al., 2007). The discussion of such dynamic procedural
development will be elaborated in the general discussion section. The consistency of
arriving at the 3-gram procedure further provides the basis for the robustness of
behavioural results in statistical learning (with a moderate effect size for infants based
on a meta-analysis, see Isbilen & Christiansen, 2022). Nevertheless, the limited trial
proportions do not indicate consistent application of the learned procedure across trials.
These results thus support the alternative argument of Alhama and Zuidema (2019) that
continuous but incomplete learning of the pattern is sufficient for pattern differentiation.

Test phase. Given only two patterns in the test condition, in addition to the n-gram
procedures, repetition can be detected objectively at the fourth position. Across conditions,
the low-efficiency model only applies a low proportion of procedures that detect repetition
at the third position (16.7%–17.8%, orange diamond), suggesting syllable omission prior to
repetition detection. For the high-efficiency model, the 3-gram procedure (pale triangle) is
applied more often in the word condition (33.2%) than in the part-word (10.7%) and non-
word (11.4%) conditions, demonstrating the transfer of the learned 3-gramprocedure to the
consistent condition. The model favours the 1-gram procedure (54.3%, pink hourglass) in
the non-word condition, and both the 1-gram (32.2%, pink hourglass) and 2-gram (35.4%,
brown diamond) procedures in the part-word condition. This suggests that when the
trained transitional probability of the pattern shifts from part-word to completely scram-
bled non-word, the application of single-syllable 1-gram procedures increases. The high-
efficiency model occasionally correctly identifies syllable repetition at the fourth position
(16.3%–23.1% across conditions, green square).

Taken together, the results show that the models can flexibly apply various procedures
based on task changes, but the trial proportions of these procedures remain limited. The
results further support both the transfer and readaptation of procedures (see Taatgen,
2013), which aligns with open procedural learning rather than all-or-none strategy
acquisition (see Alhama & Zuidema, 2019).

4.2 Study 2: Syntactic algebraic processing

The simulated task is adapted from Marcus et al. (1999). The training includes the
presentation of a series of trisyllabic patterns. However, these patterns are composed of
variable tokens that follow a certain syntactic rule. For example, in a-b-a, class a and bmay
change constantly, but the identity repetition of the first and the third a remains the same.

Taskmaterial.The training phase presents a-b-a or a-b-b patterns. Specifically, class a
is instantiated as “le,” “wi,” “ji,” or “de,” and class b is instantiated as “di,” “je,” “li,” or “we,”
creating 16 possible trisyllabic patterns for each rule. The test phase presents two
conditions, c-d-c and c-d-d, which are either consistent or inconsistent with the training
patterns.4 The syllable tokens in the test trisyllabic patterns do not overlap with those in

4Note that the original experiment used a within-subject design, while we adopted a between-subject
design consistent with our approach for the lexical statistical learning task.
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the training patterns. Therefore, at the lexical level, the test patterns and the training
patterns are completely different lexical forms. Specifically, class c is instantiated as “ba”
or “ko,” and class d is instantiated as “po” or “ga,” creating 4 possible trisyllabic patterns
for each rule. Note that the results corresponding to the two training conditions were
pooled together in the original study, and we have followed the same approach in this
study.

Presentation and processing rate. Each trisyllabic pattern is presented for 1500 ms,
resulting in a syllable presentation rate of 500 ms per syllable. Additionally, there is a
1000-ms inter-pattern interval between the trisyllabic patterns. The model incorporates
two efficiency levels, as described in Study 1, to simulate developmental trends. Each
model run incorporated 100 training patterns and 10 test patterns. The simulation study
included 100 separate model runs.

Simulated preferential focusing. Following Study 1, we analysed two dependent vari-
ables, namely overall on-task processing time and operator-level latency. We used linear
regression to assess whether the two independent variables test condition (consistent or
inconsistent) and model efficiency (high or low) influenced the on-task processing time
and operator-level latency, again applying a forward-fittingmodel comparison procedure
(see Simulated preferential focusing).

On-task processing time.While no significant improvement in model fit is observed
when considering the main effects of test condition (compare Models 2 and 3; F 1,797ð Þ =
0.97, p = 0.32, ΔAIC = 1.02), a substantive enhancement in model fit occurs upon the
inclusion of the model efficiency factor (compare Models 1 and 3; F 1,797ð Þ = 3084.60, p <
0.001, ΔAIC = �1264.53). The interaction is only improving the model fit marginally
(compare Models 3 and 4; F 2,796ð Þ = 2.80, p= 0.09, ΔAIC=�0.81), thus we select Model
3 as the best-fitting model.

Model 3 shows no significant difference between consistent and inconsistent task
conditions in either high- or low-efficiency simulations. Nevertheless, low-efficiency
simulation exhibits longer on-task processing times ( βlow‐high = 5.155, SE = 0.09, t =
55.54, p < 0.001), indicating they are 5155 ms slower than high-efficiency simulations.

Context-based operator latency. The model fit is significantly improved by incorp-
orating the main effects of test condition (compare Models 2 and 3; F 2,797ð Þ = 10.71, p <
0.001, ΔAIC=�8.68) and model efficiency (compare Models 1 and 3; F 1,797ð Þ = 1062.40,
p< 0.001, ΔAIC=�675.74). After adding the interaction effect, model fit is, however, not
improved (compare Models 3 and 4; F 1,796ð Þ = 2.35, p = 0.13, ΔAIC = 0.36). Thus, we
choose Model 3 as the best-fitting model.

Model 3 reveals a significant difference in context-based operator latencies between
consistent and inconsistent conditions across both high- and low-efficiency simulations
( βcon:‐inc: =�0.0031, SE = 0.0009, t =�3.27, p = 0.001). Specifically, the context-based
operator latency is 3.1 ms faster in the consistent condition compared to the inconsistent
condition. Operator latencies are 30ms slower in low-efficiency simulations than in high-
efficiency simulations ( βlow‐high = 0.030, SE = 0.0009, t = 32.60, p < 0.001).

Summary. In this study, on-task processing time and operator latency correspond to
preferential focusing and immediate engagement, respectively. We observed differences
only in operator latencies, not on-task processing times, between consistent and
inconsistent conditions (see Figure 6). Thus, the simulated tendency of engagement
corresponds to empirical literature indicating preferential focusing in algebraic tasks
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(Marcus et al., 1999; Rabagliati et al., 2018). In contrast, simulated preferential focusing is
consistent with more recent replication studies that cast doubt on any effects of algebraic
learning (Geambaşu et al., 2022; Visser et al., 2021). Similar to Study 1, higher-efficiency
simulations lead to shorter on-task processing and operator latency. This is consistent
with the general main effect on preferential focusing time (Dawson & Gerken, 2009;
Frank et al., 2020).

Underlying procedural learning. For both Figures 7 and 8, figures (a) and (b) illustrate
the performance of the low- and high-efficiencymodels. Appending number 1 depicts the
proportion of procedures applied across learning blocks during the learning phase, while

Figure 6. Simulated preferential focusing dynamics regarding algebraic tasks. (a) Averaged processing time under
test conditions. Calculated as the sum of on-task operator latencies during the test phase. Note: y-axis: average
processing time (in ms); x-axis: test conditions; white bars: consistent conditions; various gray bars: inconsistent
conditions; error bars: ± 1 SD; orange dots: data points from individual model runs. (b) Averaged operator
efficiency under test conditions. Calculated based on the average context-based latency (excluding fixed default
action time) of all operators across model runs. Note: y-axis: average latency (in ms); x-axis: test conditions; white
bars: consistent conditions; various gray bars: inconsistent conditions; error bars: standard deviations; orange
dots: data points from individualmodel runs. The significance of regression coefficients is denoted by brackets and
indicators (sig., p < 0.001). Note that the overarching brackets denote the main effect of model efficiency.
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number 2 depicts the proportion of procedures applied in a single block under various test
conditions following the training phase. Note that figure (a1)/(b1) depicts the training
phase preceding the c-d-c test condition only.

Training phase. a-b-a training (see Figure 7). Both low- and high-efficiency models
learn 1-gram and repetition procedures suitable for processing a-b-a. The low-efficiency
model reaches a higher proportion for the repetition procedure (33.4%, orange diamond)
than the 1-gram procedure (15.2%, pink hourglass; see (a1)). In contrast, the high-
efficiency model reaches a higher proportion for the 1-gram procedure (73.4%, pink
hourglass) than the repetition procedure (19.0%, orange diamond; see (b1)). Only the
low-efficiency model detects repetition at the second position due to syllable omission
(21.1%, purple cross; see (a1)). a-b-b training (see Figure 8). Both low-efficiency and high-
efficiency models learn only very limited procedures, with the exception that the high-
efficiency model learns a high proportion of the 1-gram procedure. The low-efficiency
model reaches a slightly higher proportion for the repetition procedure (10.7%, blue dot)
than the 1-gram procedure (9.7%, pink hourglass; see (a1)). In contrast, the high-
efficiency model reaches a high proportion for the 1-gram procedure (98.2%, pink
hourglass) and a low proportion for the repetition procedure (1.1%, blue dot; see (b1)).

Figure 7. The averaged proportion of procedures applied by themodel after training a-b-a acrossmodel runs. The
first two repetition procedures detect repetition of input syllables compared to a already encoded working
memory slot (slot 1) at the 2nd (purple cross) and 3rd (orange diamond) syllable positions, respectively. Repetition
at the 2nd position is due to the omission of the middle token d in c-d-c. Another repetition procedure detects a
match between the input and a different encoded working memory slot (slot 2) also at the 3rd syllable position
(blue dot). Alternatively, the 1-gram procedure detects differences between the working memory pattern and the
retrieved pattern immediately at the 2nd position (pink hourglass). Note. y-axis: averaged trial proportion of each
procedure (within each block); training-phase x-axis (A1/B1): 10 blocks each consisting of 10 trisyllabic patterns;
test-phase x-axis (A2/B2): test conditions; error band/bars: ± 1 SD; transparent dots: data points from individual
model runs. The sum of the trial proportions is not equal to 1, as themodel may not use any procedure or may use
more than one procedure in a trial.

Journal of Child Language 25

https://doi.org/10.1017/S0305000925100159 Published online by Cambridge University Press

https://doi.org/10.1017/S0305000925100159


Based on the resource availability perspective (Taatgen et al., 2021), the low-efficiency
model processes task patterns partially, allowing only the encoding of the current syllable
and preventing immediate comparison, or completely ignoring the syllable. The less
efficient model thus suppresses the lexical 1-gram procedure, which requires an add-
itional comparison operator after encoding during a single-syllable presentation window.
However, it can still encourage repetition procedures requiring only one input compari-
son operator without input encoding. Conversely, a high-efficiency model can quickly
apply the slightly more complex lexical 1-gram procedure thanks to sufficient temporal
resources.

Despite simulating preferential focusing dynamics at the operator efficiency level, the
model results at both efficiency levels do not support the rule-based interpretation of
Marcus et al. (1999). The low-efficiency model exhibits plural and limited procedural
learning, whereas the high-efficiency model instead learns the alternative 1-gram pro-
cedure that fails to infer the syntactic regularity. Neither model demonstrated consistent
repetition procedures. Our simulation results thus confirm the less robust findings of
algebraic performance (small effect, see Rabagliati et al., 2018). Nevertheless, this still

Figure 8. The averaged proportion of procedures applied by themodel after training a-b-b acrossmodel runs. The
first two repetition procedures detect repetition of input syllables compared to an already encoded working
memory slot (slot 1) at the second (purple cross) and third (orange diamond) syllable positions, respectively.
Repetition at the second position is due to the omission of the middle token d in c-d-c. Another repetition
procedure detects a match between the input and a different encoded working memory slot (slot 2) also at the
third syllable position (blue dot). Alternatively, the 1-gram procedure detects differences between the working
memory pattern and the retrieved pattern immediately at the second position (pink hourglass). Note. y-axis:
averaged trial proportion of each procedure (within each block); training-phase x-axis (A1/B1): 10 blocks each
consisting of 10 trisyllabic patterns; test-phase x-axis (A2/B2): test conditions; error band/bars: ±1 SD; transparent
dots: data points from individual model runs. The sum of the trial proportions is not equal to 1, as the model may
not use any procedure or may use more than one procedure in a trial.
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supports the alternative hypothesis that continuous, albeit incomplete, learning is suffi-
cient for producing the reported focusing dynamics (Alhama & Zuidema, 2019).

Test phase. a-b-a training (see Figure 7). The low-efficiency model performance
shows that the trained repetition procedure (orange diamond) is applied more frequently
in the consistent c-d-c condition (45.8%) but is not observed in the inconsistent c-d-d
condition (0.0%). While the 1-gram procedure is suppressed in both c-d-c and c-d-d
conditions (14.5/14.4%, pink hourglass), the inconsistent c-d-d condition also does not
reveal readaptation of another repetition procedure (5.7%, blue dot). The high-efficiency
model performance shows that the trained repetition procedure (orange diamond) is
enhanced in the consistent c-d-c condition (24.4%) but is not found in the inconsistent c-
d-d condition (0.0%). The repetition procedure suppresses the trained 1-gram procedure
in the consistent c-d-c condition (45.1%) compared to the inconsistent c-d-d condition
(85.7%). The model, however, does not exhibit readaptation of the alternative repetition
procedure (5.2%, blue dot) in the inconsistent c-d-c condition. a-b-b training (see
Figure 8). The low-efficiency model performance shows that both repetition (6.7% in
c-d-d, blue dot; 14.1% in c-d-c, orange diamond) and 1-gram (11.3/12.4% in c-d-d/c-d-c,
pink hourglass) procedures are applied with a low proportion across conditions. In the c-
d-c condition, the model occasionally detects repetition at the second position due to
syllable omission (14.1%, purple cross; see (a1)). The high-efficiency model maintains a
high proportion for the 1-gram procedure (83.7%, pink hourglass) and a low proportion
for the repetition procedure (9.8%, blue dot), in the consistent c-d-d condition. In the
inconsistent c-d-c condition, the 1-gram procedure is reduced (47.4%), with limited
readaptation of the alternative repetition procedure (16.4%, orange diamond).

In the test conditions, the tested patterns are changed in syllable content but maintain/
change abstract syntactic repetition patterns. This means the learned lexical 1-gram
procedure would become unsuitable. The shift in test patterns suppresses the 1-gram
procedure in the low-efficiency model. After a-b-a training, this encourages the transfer
of the repetition procedure to the consistent test condition, despite limited readaptation of
the alternative repetition procedure in the inconsistent condition. However, the limited
procedural learning of a-b-b training leads to very limited application of the repetition
and 1-gramprocedures in both test conditions. Note that after both training scenarios, the
low-efficiency model may misinterpret the c-d-c condition as c-c by omitting the middle
syllable. This then prompts the detection of second-position repetition. Likewise, the shift
in test patterns also suppresses the 1-gramprocedure in favour of the repetition procedure
in the high-efficiency model, although only in consistent conditions. Regarding the
procedures learned during the test phase, the simulation results present a picture of
how algebraic patternsmay be processed pluralistically. The results altogether support the
PRIMs theory (Taatgen, 2013) concerning the flexible transfer and readaptation of
procedures, and the argument favouring continuous procedural learning instead of an
all-or-none strategy acquisition (see Alhama and Zuidema, 2019).

4.3 Study 3: Word-level phonological learning

This study applies the model to more naturalistic contexts, providing a proof-of-concept
for developmental simulation. Thematerial is based on the phoneme sequences extracted
from theCHILDES infant-directed corpus (MacWhinney, 2000). Note that although each
word in a sentence utterance has a varying number of phonemes or phoneme length (e.g.,
the word-level utterance “Charlie’s” has a length of six phonemes, namely “CH,” “AA1,”
“R,” “L,” “IY0,” and “Z”), these words are embedded into a continuous syllable stream
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without clear word boundaries. The objective is to investigate whether the model learns
word-level phoneme/phonological patterns (e.g., “CH_AA1_R_L_IY0_Z”) at different
rates when adjusting the assumed developmentally related action time.

Taskmaterial and presentation rate. The trainingmaterial is obtained from 14 hours
of recordings of a mother’s speech towards an infant from 6 to 10 months (Soderstrom
et al., 2008). Mother’s sentence-level utterances were transcribed into individual phon-
emes using the CMU dictionary. Utterance boundaries are represented by four consecu-
tive phoneme-level “#” symbols. These phonemes were then unlisted to create moving
windows, each consisting of three phonemes. Themoving window sequence was uninter-
rupted, each lasting for 50 ms (based on the typical phoneme presentation rate, see Menn
et al., 2023). This continuous sequence is divided into 50 blocks (i.e., each contains 2263
windows).

Model adjustment. The primitive operators used in this study are a subset of those
applied in Studies 1 and 2. This simplification follows from Study 1 results, where n-gram
procedures are capable of learning multisyllabic patterns. We focus on such procedures
exclusively, without considering alternative repetition procedures and operators that are
irrelevant for lexical learning. Specifically, we exclude repetition-based match-detection
operators, along with other comparison operators (e.g., mismatch between input and
working memory, or match between working memory and declarative memory) that do
not lead to task recognition. For encoding triphoneme moving windows, the model now
simultaneously encodes a moving window (e.g., “CH_AA1_R”) into three working
memory slots (e.g., slots 1, 2, and 3). To accommodate longer word-level phoneme
sequences, we have increased the number of working memory slots (now up to the ninth
slot) an operator can encode maximally.

Processing rate. To model developmental differences in word learning, we adjust the
fixed action times, including a faster range (60, 80, and 100 ms) and a slower range
(200 and 300 ms). We hypothesised that the current model can still learn the phoneme
patterns when omitting three triphoneme windows (e.g., the first window “CH_AA1_R”
and the fourth window “L_IY0_Z” into slots 1, 2, and 3 and slots 4, 5, and 6 to learn
“Charlie’s”) without needing to successively encode all consecutive moving windows. In
other words, the currentmodel can learn the pattern when theminimumoperator latency
is below 200 ms (omission of three windows and a partial processing of the fourth
window; with a slightly longer latency, the model would instead learn “Charie’s”). Note
that our simulation specifically focuses on the assumed developmentally-relevant pro-
cessing rate. For convenience, allmodels underwent equivalent training on approximately
14 hours ofmaterial, regardless of any prior learning history an actual childmay have had.

Learning outcomes and trajectories. Linear regression analyses are conducted to inves-
tigate the relationship between the activation of word-level phonological patterns5

5This study utilizes ACT-R’s optimized learning equation for base-level activation (Anderson, 2007) to
inform the activation of phonological patterns (i.e., activation of chunks/declarative items). The equation

log fixed activation+N � Δtð Þ�d= 1�dð Þ
� �

simplifies to log Nð Þwhen fixed activation and decay parameter

d are set to 0. Note that the ACT-R decay parameter is most effective for short-interval forgetting (0–10 min)
but becomes overly pessimistic for long-interval forgetting (van der Velde et al., 2022). Additionally, we do
not scale the fixed activation, leaving the activation level arbitrarily valued. This simplification makes
declarative item activation solely determined by the frequency factor N. In standard PRIMs, N is referenced
by the number of pattern segmentations, where the specific pattern is placed from the working memory
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(dependent variable) and two independent variables: word frequency and phoneme
length. In this study, we only consider the learned phonological patterns that correspond
to the actual words (or word-level phonological patterns) applied in the trainingmaterial.
Word frequency is defined as the actual frequency of eachwordwithin the entire trained task
material. Phoneme length, as described previously, represents the number of phonemes
embedded in a word-level phonological pattern (e.g., the word “Charlie’s” has a length of six
phonemes). Separate linear regression analyses are conducted for eachmodel efficiency level
(i.e., fixed action time).Within each level, we run two distinctmodels: one to assess the effect
of word frequency on word activation and another for phoneme length. Simulation results
first revealed that enhancedmodel efficiency (characterised by a decreased action time range,
from200–300ms to 60–100ms) led to the learning ofmoreword-level phonological patterns
(63 and 91 patterns, or 99, 76, and 261 patterns). From Figure 9a, we can also see that when
model efficiency no longer supports learning phonological patterns beyond a single tripho-
neme window (i.e., slower than 200 ms), the model no longer learns phonological patterns
beyond three phonemes (fixed action time of 300ms, blue dot). Conversely, when increasing
model efficiency, the model learns longer phonological patterns (reaching five phonemes,
fixed action time of 60 ms, orange dot). Regression analyses indicated that higher word
frequency is associated with increased acquired pattern activation (300 ms, β=0.51; 200 ms,
β=0.43; 100 ms, β=0.57; 80 ms, β =0.49; 60 ms, β =0.54; ps < 0.01), while longer phoneme
length is associated with decreased acquired pattern activation (300ms, β=�0.28, p= 0.03;
200ms, β=�0.39, p<0.001; 100ms, β=�0.19, p= 0.07; 80ms, β=�0.26, p= 0.03; 60ms,
β=�0.23, p<0.001).Note that the activation value is collected at the end of the 50th learning
block and that in all regressions, activation, frequency, and phoneme length values are
normalised.

Previous large cross-linguistic findings suggest a strong effect of frequency on both
word comprehension and production (Braginsky et al., 2019). This link is evident in our
model, given that the frequency of pattern segmentation is directly linked to pattern
activation. Besides, a moderate effect of the number of phonemes on word production,
instead of word comprehension, is also identified across different languages (Braginsky
et al., 2019). Consequently, the number of phonemesmay be associatedwith phonological
learning, assuming production reflects phonological competence (see Fikkert, 2007). As
discussed, the learning of longer patterns is related to model efficiency relative to the
triphoneme moving windows. Thus, the simulated results, at a procedural level, may also
provide insights into why the phonological sequence of longer words is more difficult to
learn for younger or linguistically delayed children. Our model nevertheless cannot
provide explanations formore semantic-related factors such as babiness and concreteness
(Braginsky et al., 2019).

Linear regression analyses are also conducted to investigate activation change of word-
level phonological patterns over the training blocks. In this case, the block numbers (1 to
50 blocks) serve as the independent variable. Separate linear regression analyses are again
conducted for eachmodel efficiency level (i.e., fixed action time). Themodel shows training-
related enhancement of average pattern activation over the training blocks (slow range:
300ms, β =0.007; 200ms, β=0.006;moderate rage: 100ms, β=0.013; 80ms, β= 0.012; fast
range: 60 ms, β = 0.031, p s < 0.001). To determine if training-related enhancement
progresses in discrete steps across model efficiency ranges, we combined data from all

module to the declarativemodule. In this article, we do not explore whether the learning-curve-like logarithm
function could be alternatively explained by a contextual learning mechanism.
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efficiency levels and conducted pairwise contrast analyses on the regression coefficients
(emmeans package, Lenth, 2020). As Figure 9b illustrates, pairwise contrasts of regression
coefficients reveal that training-related enhancement increases with model efficiency, mov-
ing from slow (200–300 ms) to moderate (80–100ms) and then fast (60 ms) ranges (slow to
moderate range, betasm:‐s: = [0.0048, 0.0058], SEs = 0.0006, ts = [7.69,9.29]; moderate to
fast, betasf :‐m: = [0.0187, 0.0190], SEs = 0.0006, ts = [29.76,30.28]; ps < 0.0001). However,
regression coefficients within the same model efficiency range do not show significant
differences (ps < 0.05). The significant differences in training-related activation enhancement
between model efficiency ranges demonstrate young children’s capacity for word learning
even when their neural response rates (corresponding to model efficiency levels) are
considerably slower than the phoneme presentation rate (see Menn et al., 2023). Further-
more, the lack of significant differences in training-related activation enhancement within
each model efficiency range may explain the limited age-related differences observed in
statistical learning (see Isbilen & Christiansen, 2022) during developmental stages when
brain maturation results in a clear improvement of processing efficiency (see Dubois et al.,
2014). Note, however, that ourmodel only considers triphoneme features for demonstration
purposes. In reality, a child may also capture other slow-presenting, overarching features
(e.g., the voicing, sonorant, and continuant properties of words; seeMenn et al., 2023), other
than the faster-presenting syllable/phonemes.

5. General discussion

In the following discussion, we explore the interconnected levels reflected in our simu-
lations of lab-based phenomena and naturalistic word learning. These include the

Figure 9. Learning outcomes and trajectories of word-level phonological patterns. (a) Acquired activation ofword-
level phonological patterns at different model efficiency levels at the end of the 50th block. Note: y-axis: activation
of phonological patterns (i.e., chunk activation in ACT-R); x-axis: phoneme length of word-level phonological
patterns. The color coding fromblue to orange indicates increasing efficiency from 60 to 300ms (i.e., default action
time). Each mini-dot represents a word-level phonological pattern. The means and standard deviations are
highlighted by the larger dots and error bars. (b) The trajectory of word-level phonological patterns over the
50 blocks at differentmodel efficiency levels.Note: y-axis: activation of phonological patterns (i.e., chunk activation
in ACT-R); x-axis: 50 blocks; color coding as above. The dots represent the averaged phonological activation across
the blocks. They are either averaged from the shared patterns within the high (60–100 ms) or low (200–300 ms)
efficiency range.
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behavioural, procedural, and language development levels. At the behavioural level, we
consider whether the simulation results align with the observed preferential focusing
dynamics in lab-based studies and whether such behavioural outcomes guarantee the
explicit acquisition of strategies. At the procedural level, we examine how the various
phenomena of statistical and algebraic learning can be interpreted through differential
procedural learning within a unified cognitive architecture. We then briefly discuss the
potential of such a framework to connect phenomena across different language levels (see
Benders & Blom, 2023). Within the procedural level, we further discuss the dynamic
development from partial to more refined procedures and how diverse procedures can
emerge within a single task. At the more naturalistic level of age-related language
development, the study employs phonological learning as a proof-of-concept to demon-
strate how our model can contribute to understanding both typical and atypical language
development.

5.1 Preferential focusing and implicit procedural learning

Alhama and Zuidema (2019) argue that preferential focusing dynamics reflect an ongoing
learning process rather than all-or-none strategy acquisition. Our findings support this
interpretation. While our model simulated preferential focusing dynamics, especially in
high-efficiency conditions, both training and test performance in the two lab-based
phenomena did not consistently reflect procedural application across trials. Instead,
procedural application was either limited in terms of trial proportion (in statistical
learning task performance) or led to unexpected procedures (in algebraic task perform-
ance) during training. Additionally, test performance did not definitively indicate strategy
success or failure but rather demonstrated flexibility. Simulations revealed the model’s
ability to transfer learned procedures to consistent test scenarios and rapid re-adaption to
inconsistent ones. Therefore, our simulation results do not support the hypothesis that
preferential focusing dynamics imply strategy acquisition. In fact, preferential focusing
dynamics may result from a different pattern of strategy development than expected. One
example is the algebraic performance in high-efficiency models representing older infants
(action time = 500 ms), which produced mostly lexical learning, contradicting the inter-
pretation that differential looking patterns would signal algebraic or syntactic learning
(Marcus et al., 1999). However, this procedural learning outcome resulted in a directional
bias (based on average operator latency) that was consistent with the original findings.
Nonetheless, this directional bias is not robust, as evidenced by the extremely subtle
differences in both macro-level on-task focusing time and micro-level operator-level
latency. These simulated findings may then explain why it is difficult to replicate the
preferential dynamics in algebraic tasks, even with high statistical power (Geambaşu et al.,
2022; Rabagliati et al., 2018; Visser et al., 2021). Taken together, preferential focusing
dynamicsmay be better reflected as a continual learning process, where any learned pattern,
whether partial or unexpected, leads to differentiation of the various test conditions.

Further regarding the directional bias of preferential focusing, the Hunter–Ames’
model suggests that younger infants may have difficulty forming task representations,
even with sufficient trials. This can lead to a preference for familiarity, as they are less
likely to disengage from learning the tasks. In contrast, older children often exhibit a
novelty preference, disengaging from learned tasks more quickly and focusing on new
ones (see Hunter & Ames, 1988). Our simulated on-task processing time results, in
numerical values, align with these age-related preferential directions. By modifying the
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developmental aspect of operator latency, models representing the performance of
younger infants (action time = 300 ms) display a familiarity preference in algebraic
processing but no preference in statistical learning. In contrast, models representing the
performance of older infants (action time = 50 ms) show a novelty preference in both
statistical learning and algebraic tasks. Our overall simulation results are similar to the
anticipated directional trends of Hunter and Ames (1988). Nevertheless, the explanation
of preferential focusing dynamics differs between the Hunter–Ames’model and strategy/
processing-based accounts (see Introduction). Moreover, recent studies have challenged
the overall U-shaped trend proposed by Hunter and Ames (1988). This is evidenced by
meta-analyses demonstrating less consistent directional effects (Black &Bergmann, 2017;
Isbilen & Christiansen, 2022; Rabagliati et al., 2018).

One reason for this discrepancy is that infants may use different available strategies for a
given task (Houston-Price & Nakai, 2004). For instance, algebraic tasks are complicated by
multiple interpretations (Gerken, 2006, 2010). Furthermore, the meaningfulness of the task
features also moderates preferential dynamics (Rabagliati et al., 2018). For the statistical
learning task, while laboratory tasks using pseudo-words show an overall novelty preference
(Black & Bergmann, 2017), more naturalistic word learning (real versus pseudo-words)
consistently reveals a reversed familiarity preference (Bergmann & Cristia, 2015). In
naturalistic settings, familiarity preference may arise because infants continue to extract
information from real words or sentences. In contrast, a less meaningful task leads to more
rapid disengagement and a preference for novelty, as there is no further information to be
gained from the task (see footnote 3, Bergmann & Cristia, 2015). Note that familiarity
preference is not limited to naturalistic word learning (see Bergmann&Cristia, 2015) but has
also been observed in lab-based studies with task materials embedded in meaningful frames
(e.g., Saffran, 2001) or in cross-situational learning paradigms where lexical inference is
required (e.g., Smith & Yu, 2008). Clarifying “general information processing characteristics
in infants” (Bergmann & Cristia, 2015) is thus essential for a better understanding of their
focusing preferences. In this study, we show that the procedures openly discovered by the
model are diverse andmay contain operator sequences of different lengths (see Figures 5 and
8), which further influences processing duration and focusing time.

In contrast, when we would assume that the strategy/procedure that infants use is
consistent, the U-shaped trend may be preserved. This is, for instance, revealed in a task
where the familiar and novel test conditions are equivalent in task complexity (Kosie et al.,
2023). In this respect, the motivational account of Hunter and Ames (1988) can be
interpreted based on contextual learning within a resource availability framework
(Taatgen et al., 2021, see Introduction). Briefly, initially insufficient learning corresponds
to low information processing efficiency. At this point, the model gradually moves
towards sufficient processing of the task. During this phase, the length of the operator
sequence gradually increases, leading to an increasing focus on the current task
(familiarity preference). However, when the processing efficiency of the appropriate
procedure continues to increase, the overall on-task processing time decreases, leading
to disengagement from the current task and longer engagement with a novel task (novelty
preference). Note that the overall processing efficiency of the model, corresponding to a
developmental factor, also moderates this trend. Importantly, this U-shaped trend
(Hunter & Ames, 1988) hinges on the assumption that the procedures (or strategies)
acquired during different test conditions are consistent, which is clearly not the case in our
simulation results. This echoes the recent evidence that casts doubt on the prediction of
Hunter and Ames’ model (e.g., see Geambaşu, 2018; Geambaşu et al., 2022; Raz et al.,
2023; Visser et al., 2021). The moderation of multiple factors on preferential focusing,
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including the trial-by-trial trend of focusing on familiar and novel tasks, has been
investigated in greater detail in a separate simulation study.

5.2 Open procedural learning within unified architecture

Our model demonstrates the potential to unify theoretical accounts across linguistic
phenomena. We show how different patterns, such as statistical learning and algebraic
tasks, can be gradually recognised from the bottom-up. This involves gradually inferring
procedures, resembling the hypothesis space of rules (see Frank et al., 2016; Frank &
Tenenbaum, 2011). Rather than predefining these rules, they are assembled from a
constrained set of processing elements through trial and error (inspired by de la Cruz-
Pavía &Gervain, 2021, in this study). Themodel can flexibly discover n-gram procedures,
similar to memory-based models (see French et al., 2011; Mareschal & French, 2017;
Thiessen&Pavlik, 2012). It can also apply repetition procedures related to processing that
does not require long-term memory. Our simulation study revealed lexical n-gram
procedures in the statistical learning task (e.g., Estes et al., 2007) and the plural inter-
pretation in the algebraic task. (see Gerken, 2006, 2010). Moreover, the time constraints
imposed by the model’s efficiency levels contribute to the simulation of developmental
trends in the two targeted phenomena. Only high-efficiency models enable lexical
learning, facilitated by their temporal resource to make declarative retrieval (i.e., n-
gram procedures). However, suppressing lexical interpretation benefits repetition detec-
tion, which relies solely on input working memory comparison. When considered from a
developmental perspective, the acquired underlying procedures further demonstrate why
statistical learning likely has a much later onset compared to algebraic processing (see
Bergmann & Cristia, 2015; de la Cruz-Pavía & Gervain, 2021; Wilson et al., 2018).

Overall, our simulation findings support the efficacy of n-gram procedures that favour
chunking- and memory-based mechanisms in linguistic acquisition (see Isbilen &
Christiansen, 2022). This core memory-based mechanism (i.e., chunking and declarative
retrieval) aligns with other cognitive architecture-based models that simulate real-life
grammar learning phenomena, such as reflexive-pronoun inference (van Rij et al., 2010)
or past-tense learning (Taatgen & Anderson, 2002). The open procedural learning within
a unified computational framework described in this article allows for the reconstruction
of these models (among other cognitive architectural models that previously relied on
predefined production rules) when supplemented with the necessary primitive operators.
Furthermore, while this article focused on simple phenomena at the level where operators
form a certain procedure, the framework can be leveraged across language levels
(as mentioned in Benders & Blom, 2023). For instance, we have just mentioned the
additional requirement of the lexical inference process during naturalistic or cross-
situational word learning (Bergmann & Cristia, 2015; Smith & Yu, 2008). To model
these more complex language learning phenomena, the model needs to move beyond
single-procedure learning and instead acquire procedure-procedure associations, utilis-
ing a similar contextual learning mechanism. The model’s capacity to address other more
complex language phenomena has been detailed elsewhere (Ji et al., 2025a, b).

5.3 Emergence of procedures over learning phase

Our study also indicates that young children may not consistently employ a single
procedure to process patterns but may gradually transition between procedures as they
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become more familiar with the task. For example, in statistical learning, there can be a
progression from learning adjacent syllables (Saffran et al., 1996) to lexical forms (Estes
et al., 2007), whereas in algebraic processing, the model may develop a procedure from
two equally plausible interpretations (Gerken, 2006, 2010).

The dynamic development and the gradual emergence of procedures may provide a
resolution to the debate regarding whether early language is based on chunking of small
tokens to form word-level patterns (e.g., Saffran & Kirkham, 2018) or segmenting from
larger utterance boundaries to form smaller units (e.g., Arnon, 2021). Initially, when
encountering an unfamiliar pattern, whether statistical or algebraic, the model treats it
concretely as a lexical pattern and encodes as many syllable tokens as possible. This
process generates random n-grams of varying lengths, which are gradually stored in long-
termmemory for future reference. This is consistent with the findings that young children
initially segment speech based on larger utterance boundaries (Soderstrom, 2003), rather
than their smaller units. This very initial phase, therefore, aligns with the “start big” theory
(Arnon, 2021), where the presented utterance is gradually segmented and placed into
memory.

However, when the learned longer patterns are incomplete or inaccurate due to
processing limitations or syllable omissions, the model may be restricted to predicting
any following syllable (1-gram procedure) or only the next syllable (2-gram procedure).
This marks the stages of learning transitional probabilities between adjacent syllables. As
training progresses, the model then accurately identifies the lexical boundary of the
trisyllabic pattern (3-gram procedure). When the transitional period is prolonged, the
pattern inference phase aligns more closely with the chunking perspective (Saffran &
Kirkham, 2018). Nevertheless, when the model is sufficiently efficient at rapidly identi-
fying lexical forms, the transitional period becomes so brief that it is difficult to detect (see
Figure 5). This learning trajectory would once again support the “start big” perspective
(Arnon, 2021). Supporting this view, a meta-analysis has revealed that the strength of
transitional probability is not as decisive in determining the extent of auditory statistical
learning as previously thought (Isbilen & Christiansen, 2022).

The dynamic perspective is also applicable to the algebraic task. In the initial phase, the
model possesses no declarative knowledge and would therefore be incapable of pattern
inference. Consequently, the model initially only identifies repetitions between the input
and the encoded working memory content (repetition procedure). In a later phase, where
declarative retrieval is possible, themodel would then start to infer the lexical pattern. Due
to the variability of the token classes, however, the model cannot predict any adjacent
syllable (1-gram procedure). This mismatch detection would suppress repetition detec-
tion as anticipated by Marcus et al. (1999). Therefore, the model would detect repetition
only during the initial learning phase but would rapidly transition to n-gramprocedures if
declarative retrieval becomes possible. Our study thus highlights the dynamic nature of
young children’s learning. Their learningmechanismmay evolve over time, shifting from
initial segmentation (see Christiansen et al., 1998) or repetition (see repetition rule in
Frank & Tenenbaum, 2011) to later memory-based chunking (see French et al., 2011;
Perruchet & Vinter, 1998) or memory-based pattern mismatch (see French et al., 2011;
Thiessen & Pavlik, 2012). Therefore, young children’s learning process cannot be
restricted to a single computational model.

Furthermore, our simulations of lab-based phenomena may provide implications for
the changing cognitive processes involved in more naturalistic language learning (e.g.,
cross-situational word learning). Although our research only examined phonological
learning, semantic aspects are readily anticipated. When the model has not formed stable
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lexical/phonological patterns, semantic inference would be unstable. Similar to the
findings in Estes et al. (2007), infants struggle to learn the relationship between novel
non-word/part-word phonological patterns and corresponding image referents. The
model therefore implies that the sufficient learning of phonological patterns (referred
to as procedural learning in Walker et al., 2020) precedes the semantic pairing of the
referent (referred to as declarative learning in Walker et al., 2020), aligning with recent
results in cross-situational word learning. Specifically, using correlational analyses
between cross-situational word learning performance and cognitive measures, Walker
et al. (2020) found that initial word learning performance (e.g., learning nouns, adjectives,
and markers) is related to phonological learning (serial reaction performance), whereas
later performance (second-day follow-up) is related to semantic inference (pair associ-
ation performance). Thus, the anticipated performance of our model and existing
literature indicate that phonological/procedural learning precedes semantic/declarative
learning (Goffman & Gerken, 2023), rather than the reverse (compare Ullman et al.,
2020).

5.4 Procedural learning and language development

To demonstrate the current model’s relevance to naturalistic language learning, this
simulation study focuses on word-level phonological learning from infant-directed
speech as a proof of concept. Learning the phonological form of words is a crucial aspect
of language acquisition. In Study 3, we demonstrate how amodel with a slower processing
rate can still learn phonological patterns, addressing a question raised by Menn et al.
(2023). By progressively increasing the model’s efficiency levels, the model correctly
segments longer word-level phonological patterns at the end of training and exhibits
faster enhancement of corresponding phonological activation over the training blocks.
Moreover, analyses of simulated results further support the relevance of word frequency
and phoneme length in word learning outcomes (see Braginsky et al., 2019).

In addition to typical development, phonological learning is also implicated in
developmental language disorder (DLD, Bishop et al., 2017). Children with DLD exhibit
developmental delays, primarily characterised by difficulties with the encoding of syllable
and prosody patterns, while other aspects of word learning, such as semantic association,
remain unaffected (Goffman & Gerken, 2023; Ullman et al., 2020). However, recent
studies suggest that while DLD children may not be impaired in all procedural abilities,
they struggle specifically with those requiring the organisation of sequences, both
linguistic-specific and beyond (Goffman & Gerken, 2020, 2023). Although our analysis
did not include cases of phoneme omission or substitution (such as producing “Charie”
instead of “Charlie”), the model’s developmentally induced encoding errors are impli-
cated in the reduced ability to correctly segment longer word-level phonological patterns.
These results demonstrate the crucial role of encoding in phonological learning, offering a
procedural interpretation of DLD.

Furthermore, our model aligns with the notion that procedural learning typically
begins before declarative knowledge acquisition. This finding is consistent with treatment
studies involving individuals with DLD. For example, learning materials that implicitly
emphasise particular grammatical patterns of word-meaning relationships can help
children with DLD, whereas direct instruction may impede their learning (e.g., Ferman
et al., 2019; Plante & Gómez, 2018). While semantic processes are not included in this
study, they would likely require extra temporal resources to process. For example, van Rij
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et al. (2010) demonstrated that a slower presentation pace was effective in helping
children acquire reflexive pronouns, especially those struggling with faster rates. Never-
theless, explanations for processing efficiency, both developmental (i.e., myelination) and
experience-based (i.e., learning), rely on the distributed connections between cortical
areas (represented by cognitive modules in our model). This distributed nature may
explain why DLD cannot be pinned down to a single brain structure or function (see
Bishop et al., 2017). Consistent with the contextual learning account applied in this study,
recent studies have identified the corticostriatal circuit as relevant for DLD (Abbott &
Love, 2023; Ullman et al., 2024).

6. Conclusion

This simulation study proposes a learning-driven cognitive architecture that models
representative lab-based statistical learning and algebraic processing phenomena, as well
as naturalistic phonological learning from child-directed speech. Our analysis examines
behavioural preferential focusing, underlying procedural learning, and the dynamic
evolution of procedures in lab-based tasks, along with age-related trends in both lab-
based and naturalistic word learning. These findings support an implicit procedural
learning perspective, suggesting that the specific task (lexical or syntactic) is less critical
than the task-induced distributional model contexts that dynamically shape information
processing and procedural representation.

Supplementary material. The supplementary material for this article can be found at http://doi.org/
10.1017/S0305000925100159.
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