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Abstract

The Complex Emergent Model of Language Acquisition (CEMLA) offers a new perspective on how humans
acquire language, drawing on principles from complexity theory to explain this dynamic, adaptive process.
Moving beyond linear and reductionist models, CEMLA views language acquisition as a system of
interconnected nodes, feedback loops, and emergent patterns, operating at the edge of chaos. This framework
captures the fluidity and adaptivity of language learning, highlighting how understanding and fluency arise
through self-organisation, phase transitions, and interaction with diverse linguistic input. By embracing the
complexity of language acquisition, CEMLA provides a comprehensive model that reflects the true nature of

human communication.

Introduction

Language acquisition is one of the most complex and fascinating
processes that human beings undergo. However, it is often reduced to
oversimplified models and theories. Traditional approaches have
attempted to dissect language learning into linear stages, but these
models frequently fall short of capturing the dynamic, adaptive, and
emergent nature of how we truly come to understand and use language.
There is a dire need in the scientific community to stop treating language
acquisition as a process. It is, for all matters and purposes, a living,

evolving system.
This is the core reason for why I created the Complex Emergent Model of

Language Acquisition (CEMLA). CEMLA is a framework that embodies the

chaotic, non-linear, and adaptive aspects of language learning. Rather
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than viewing language as a static set of rules to be mastered, CEMLA

presents it as a complex system.

Over the course of this article, we will explore how CEMLA brings
together various principles of complexity theory to form a cohesive
model that mirrors the real-world experience of language acquisition.
We’ll examine how individual linguistic elements act as nodes within an
adaptive network, how feedback loops refine and reshape this network,
and how moments of sudden clarity can indeed be understood as phase

transitions within this complex system.

A Complex System

When we think about language acquisition, it's tempting to reach for
models that fit neatly into step-by-step processes. First, you learn the
sounds, then the words, then the grammar, and so on. But language
acquisition doesn’t happen in a straight line. It’s chaotic, adaptive, and
deeply interconnected. In other words, it can be perceived from the lens

of a complex system.

In the simplest terms, a complex system is a network where many
individual elements (i.e., agents) interact with each other according to
simple rules. Through these interactions, incredibly intricate and often
unpredictable behaviours emerge. The human brain and its billions of

neurons is a perfect example of such a system.

Complexity in Language Acquisition

Language acquisition mirrors these dynamics. Each time we hear a new
word, a sentence, or even a subtle change in intonation, it’s not just a
piece of isolated information. It's a spark that triggers a cascade of

interactions across different regions of our brain. And every tiny piece of



Complex Emergent Model of Language Acquisition (CEMLA) | Mir H. S. Quadri | The Lumeni Foundation | 6th October 2024 3

linguistic input, contributes to a constantly evolving network of

connections that define our grasp of language.

If we consider every piece of linguistic input, i.e., sounds, words,
phrases, as individual variables 71,%2,73,...,%n, then the process of
language acquisition is about understanding the interactions between
them, which can be represented as a dynamic network where the nodes
N (representing different linguistic elements) and edges F (representing

the relationships between them) are constantly shifting.

In mathematical terms, we can define this system as a graph G =(N,E),

where,

o N={ni,no . ...y} represents the different linguistic components
(words, sounds, grammar rules, etc.)
o L ={(ni,n;):n;isrelated to n;}  represents the interactions

between these components.

This network doesn’t stay static. Each time you’re exposed to language,
new edges form, and existing ones either strengthen or weaken. Over
time, what emerges is a highly adaptive web that represents your

understanding of language.

Non-Linearity of Language Processing

One crucial aspect of complex systems is their non-linearity. In other
words, the whole is more than the sum of its parts. Learning one word
opens up a multitude of connections to other words, concepts, and
grammatical structures. This is what complexity theorists refer to as

emergence.

When a child learns the word "dog,"” they’re linking that word to a whole

range of sensory experiences, emotions, and associations. Every
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exposure adds new layers, and soon, "dog” turns from a word into a node

in a vast, interconnected web of meaning.

Dynamic, Adaptive System

The brain is constantly adapting, restructuring, and reorganising itself in
response to new inputs. This is exactly the way that a complex system
behaves. Each time you encounter a new word or grammatical structure,
your brain adjusts the entire network, strengthening some connection,

while weakening others.

To capture this mathematically, we could represent the strength of
connections between linguistic elements as a matrix W, where the entry
Wi; indicates the weight of the relationship between nodes i and "%.
Over time, as new linguistic inputs are processed, this matrix evolves,

reflecting the adaptive nature of language acquisition.
W(t)y=W(t—1)+ AW

Where AA represents the changes in connection strengths as a result of

new linguistic exposure at time .

Nodes and Networks

Now that we have a solid foundation for exploring language acquisition
as a complex system, let’s start with the fundamental feature of this

complex system, i.e., the network of nodes.

Mapping Linguistic Inputs

Each linguistic element we encounter, be it a sound, a word, or a
grammatical rule, can be represented as a node n in a vast neural
network. When two elements are related in some way, say, when they

frequently occur together or share similar meanings, a connection or
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edge e forms between them. These connections aren't static. They

change, adapt, and strengthen with repeated exposure.
Imagine we have a graph G where,

G = (N, E)

e N represents the set of nodes (linguistic elements).

e F represents the set of edges (connections between elements).

As we’re exposed to language, our brain continually updates this graph,

forming new edges and nodes, or strengthening existing connections.

Weighted Connections and Frequency of Exposure

Not all connections are created equal. The more often two linguistic
elements occur together, the stronger the edge between them becomes,
which we can represent as a weighted graph. Let’s assign a weight Wij to
the edge between nodes " and "%, reflecting the frequency or strength of

their relationship.

The weight matrix W, representing the entire network, would then be,

w11 W2 -+ Wip

Wo1 Wo2 -+ Wap
W =

Wp1 W2 - Wnn

Each entry Wi corresponds to the strength of the connection between
linguistic elements " and "%. Over time, as exposure to language
increases, this matrix evolves, reflecting the changes in how we

understand and relate different elements of language. This constant
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adjustment is what allows the brain to refine its understanding of

language, fine-tuning the connections based on experience.

Redundancy and Multiple Pathways

In the context of language acquisition, redundancy means that multiple
pathways exist to access the same linguistic information. For example, if
you forget the word "feline,” your brain can still retrieve the concept
through connections to related words like "cat,” "animal,” or even phrases
like "small pet." This redundancy is crucial because it makes the system
more robust, allowing for greater flexibility and adaptability, especially

when dealing with ambiguous or incomplete information.

In complexity theory, this redundancy is akin to having multiple
pathways in a graph that lead to the same node. It’s what makes the

network resilient and capable of handling disruptions.

Self-Organisation

As you continue to encounter linguistic input, your brain’s network
reorganises itself, adjusting the weights Wij, forming new connections,
and pruning unnecessary ones. The brain doesn’t follow a fixed path or
set of instructions. It adapts in response to the input, constantly

recalibrating itself.

We can model this self-organisation using Hebbian learning, often
summarised as "cells that fire together, wire together." If two nodes 7 and
nj are frequently activated together, the weight Wi between them
increases over time. We can express this as

Aw;j =n-; - x;

Where,
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o Awi isthe change in weight between nodes " and 7%,
e 7l is alearning rate,

e Z; and ¥; are the activation levels of nodes i and ;.

Feedback Loops and Adaptivity

A feedback loop occurs when the output of a process feeds back into the
system as input, influencing future outcomes. In language acquisition,
every attempt at using or understanding language serves as a form of

output, which then gets assessed and either reinforced or corrected.

If we consider the activation level = of a particular linguistic node in our
network, this activation isn’t static. It changes based on feedback
received from the environment. We can represent this with a simple

differential equation

P = f(z) + B-g(z)
Where,
o [f(z) represents the internal processing of linguistic input,
o 9(%) represents the external feedback from the environment,

e [ is a scaling factor that adjusts how much weight is given to
feedback.

Positive vs. Negative Feedback Loops

Positive Feedback Loops occur when the output reinforces the system's
behaviour. In language acquisition, this might look like successfully
using a new word in a sentence and receiving validation or
comprehension in return. The brain registers this success and
strengthens the connections associated with that word, making it more

likely to be recalled and used correctly in the future.
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Negative Feedback Loops work in the opposite way, correcting and
refining the system’s behaviour. Think about the times when you've
mispronounced a word, and someone corrected you. That correction
serves as negative feedback, prompting your brain to adjust the
weightings in your linguistic network, reducing the likelihood of making

the same mistake again.

Adaptivity

Adaptivity refers to the system’s capacity to change its structure or
behaviour in response to external stimuli. This means that as you'’re
exposed to more language, your brain will reorganise itself, creating new

pathways and strengthening existing ones to become more efficient.

In terms of a learning rate 7, as we had discussed in our previous
representation of self-organisation, it determines how quickly the system
adjusts in response to feedback. If we revisit our earlier weight matrix W,
adaptivity means that the weights Wi are constantly updated based on
feedback.

Where,

o wi;(t) represents the weight between nodes " and " at time ¢,
e 7] is the learning rate (a measure of how responsive the system is to
feedback),

o Awi jsthe change in weight due to feedback.
The beauty here is that the learning rate itself can adapt over time. In the

early stages of language learning, the brain is more malleable, and 77 is

relatively high, allowing for rapid adjustments. As you become more
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proficient, 77 decreases, making the system more stable but less prone to

change. Learning tends to slow down as we gain expertise.

Emergence and Pattern Recognition

In human language, meaning seems to emerge from seemingly unrelated
fragments of sound, structure, and context. This phenomenon, where
complex behaviour arises from simple interactions, is a core principle of

complexity theory known as emergence.

The core idea of emergence is that a system's global behaviour can’t be
fully predicted or understood by examining its individual components in
isolation. Complex patterns and behaviours emerge from the interactions

between these components.

Consider a set of linguistic elements S = {s1.52,..., sz}, Individually,
each element S; represents a distinct piece of linguistic input, i.e., a word,
a sound, a grammatical rule. But as these elements interact, they form

complex patterns that can be represented by higher-order combinations.

C:U(sixsj) for i # j

=1

This means that meaning isn’t derived solely from S; or $i but from the
interaction between them. These interactions give rise to emergent
properties like sentence structure, idiomatic expressions, or even the

subtle way tone can change meaning.

Emergent Grammar

Grammatical rules in human language aren’t explicitly taught. They’re

discovered through exposure. Children, for instance, don’t start with a
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comprehensive grammar manual. They interact with language, and over

time, patterns emerge that reveal the underlying structure.

The brain, as a complex system, is exceptionally skilled at identifying
patterns within linguistic input, even when these patterns aren’t overtly

clear.

Neural Networks and Pattern Formation

Imagine a simplified neural network where each neuron represents a
linguistic element. When you’re exposed to language, certain neurons
activate in response to specific inputs. Over time, as the same inputs are
encountered repeatedly, the connections between these neurons

strengthen, forming a patterned response.

In complexity theory, this can be understood through the lens of
attractor states, i.e., stable configurations that the system naturally
gravitates toward. These attractor states represent grammatical
structures, common phrases, or even the natural cadence of speech. The
more frequently you’re exposed to a particular pattern, the stronger the
attractor state becomes, and the more easily your brain can recognise

and reproduce it.

We can represent this process using a system of differential equations

that describe how the activation of each neuron 7: changes over time.

dl’i
dt =f (xiazwijxj>
J

Where,
e ;i isthe activation level of neuron i,

e Wij represents the weight of the connection between neurons i and

7,
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e [ is a nonlinear function that governs how interactions between

neurons lead to emergent patterns.

Emergence in Real-Time Language Processing

Emergence happens in real-time whenever you process language. Take
idiomatic expressions, for example. When you hear the phrase “time is
money?”, your brain doesn’t interpret it literally but rather as an emergent
meaning, i.e., time is valuable and finite. This emergent meaning is

inferred from countless exposures in varied contexts.

How Emergence Drives Fluency

Fluency occurs, in large part, due to this ability of the human brain to
exhibit emergent behaviour. We do not memorise every possible sentence
you could ever say. We simply internalise the underlying patterns that
allow us to generate novel sentences. As your brain recognises more
patterns and forms more attractor states, it requires less conscious effort

to produce or comprehend language.

This phenomenon is why advanced language learners often experience a
leap in understanding after reaching a certain threshold of exposure. It’s
not that they’ve suddenly memorised more words or rules. It’s that the
emergent properties of language have become more deeply embedded in

their neural network, allowing them to navigate the language with ease.

The Edge of Chaos

Language requires both order and chaos. It’s not rigidly structured like a
mathematical equation. At the same time, it is not completely random
like static noise. It exists somewhere in between. Complexity theorists
call this the edge of chaos. This is where systems, like the human brain
learning a language, are most adaptable, flexible, and capable of

evolution.
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The concept describes a fine line between total order and complete
randomness. It’s the sweet spot where a system has enough structure to
maintain stability but enough flexibility to adapt and evolve. In terms of
language acquisition, this means that the brain isn’t locked into rigid
patterns, but it’s also not drowning in a sea of unstructured input. It’s
precisely this balance that allows us to pick up new words, phrases, and

grammatical structures while still holding on to what we already know.

Systems at the edge of chaos often display properties of criticality, where
small changes in one part of the system can lead to significant, system
wide shifts. If we think of language acquisition as a complex, adaptive
network, then operating at the edge of chaos means being in a state
where the brain can rapidly reconfigure connections in response to new

linguistic input without losing the overall structure.
H(X) = - ZP(%) log p(z;)
=1

Here,

o H(X) represents the entropy of the system, a measure of

uncertainty or randomness,

e P(%i) is the probability of a particular linguistic element %

occurring within the system.

When H(X) is low, the system is highly ordered (predictable but rigid).
When H(X) is high, the system is chaotic (random but unstructured).

The edge of chaos lies somewhere in between, where 7 (X) maintains a
balance, allowing the brain to be both adaptable and stable in processing
language.

In the early stages of learning, you might feel overwhelmed by the

randomness of unfamiliar sounds, grammar, and vocabulary. But as you
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continue to expose yourself to the language, patterns start to emerge.
Your brain begins to organise this chaos into a more structured system,

forming connections and associations.

However, if the process were entirely orderly, learning would become
inflexible, and adapting to exceptions, idiomatic expressions, or
irregularities would be almost impossible. By operating at the edge of

chaos, your brain remains open to these nuances.

Imagine you’re learning a new language, and you encounter an unfamiliar
idiom. Your brain doesn’t immediately reject it as nonsense. Instead, it
assesses whether it fits within the broader linguistic patterns you've
already internalised. If it doesn’t, you adapt, maybe by adjusting your
understanding of grammar, expanding your vocabulary, or integrating
this new expression into your mental lexicon. We can express this

adaptability with a function that allows for flexible adjustment.
fE+1) = f(t) +a- (I = f(1))

Where,

o [(1) represents the current state of the system (your existing
understanding),

e [ isthe new input or information,

e « is an adaptivity factor that determines how much weight is given

to new information versus existing knowledge.

The value of a fluctuates at the edge of chaos, enabling the system to
adapt without losing stability. When « is high, the system is more open
to change (chaotic but adaptable). When « is low, the system is more
resistant to change (ordered but inflexible).

Fluency, in many ways, represents mastery at the edge of chaos. It’s that

state where you’re comfortable enough with the language's rules to
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express yourself freely, but you’re still flexible enough to navigate
exceptions, idioms, and nuances without being thrown off course. At this
point, your brain’s network of linguistic connections is highly adaptable,

capable of self-correcting and evolving as needed.

Phase Transitions

If you have ever tried learning a new language, then surely you have
experienced those sudden bursts of clarity, i.e., the “aha” moments when
everything just seems to click. These moments don’t occur randomly.
When considered from the perspective of complexity theory, these

moments can be defined as phase transitions.

In complexity theory, a phase transition is a sudden change in the state of
a system when it reaches a critical threshold. It’s the point where water,
when heated to 100°C, suddenly shifts from a liquid to a gas. Phase
transitions emerge from the gradual accumulation of changes. But when

they do occur, they’re abrupt and transformative.

In language acquisition, phase transitions manifest when your brain,
after accumulating enough exposure and experience, reaches a tipping
point where disparate pieces of knowledge suddenly coalesce into a
coherent understanding. One moment you’re struggling with a grammar

rule or vocabulary set, and the next, it feels like second nature.

Modelling Phase Transitions

Let’s say that your language proficiency level as a variable L(t), where 1

represents time or exposure to the language. As you accumulate

linguistic input, L(t) gradually increases, but this growth isn’t linear. It
resembles a sigmoid function, i.e., a curve that starts slow, accelerates

rapidly at a critical point, and then plateaus.
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L(t)
Where,
e [k is a constant that determines the steepness of the curve,
e l. represents the critical threshold or the point of the phase

transition.

Before a phase transition occurs, the brain often experiences a state of
cognitive overload, where the sheer volume of linguistic input feels
overwhelming. It’s that sensation of being on the verge of grasping a
concept but not quite getting there. This overload is a crucial precursor
to a phase transition, as it signifies that the system is accumulating the

necessary potential energy to shift into a new state.

The Role of Feedback Loops

Earlier, we discussed feedback loops and their role in refining language
understanding. These loops become particularly significant as you
approach a phase transition. Each correction, reinforcement, or exposure
serves as a micro-adjustment, nudging the system closer to that critical
tipping point. When enough adjustments accumulate, the phase

transition occurs.

We can think of this process in terms of the cumulative effect of feedback
loops on the weight matrix W as we discussed earlier. As the weights Wi;
between linguistic nodes are repeatedly adjusted, they eventually reach a

critical configuration that triggers a global shift in understanding.

Input Variability

Language is deeply influenced by the environment in which it’s learned

and the variability of the input we’re exposed to. The richer and more

o
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varied the linguistic environment, the more robust and flexible the

resulting language network becomes.

The environment is essentially the dataset your brain uses to build its
linguistic model. Every interaction, conversation, or piece of written text
we encounter adds new nodes and connections to our neural network.

In complexity theory, systems exposed to a wider range of input tend to
develop more resilient and interconnected networks, capable of handling

ambiguity and adapting to new information.

We can model this with a concept known as input entropy which
measures the unpredictability or diversity of input. The higher the

entropy, the more varied the linguistic exposure.

H=— Zp(l’z) log p(x;)

=1

Where,
e [ represents the Input Entropy,

o P(;) represents the probability of encountering a specific

linguistic element ;.

When input entropy is high, the brain is exposed to a wider range of
linguistic elements, encouraging the formation of diverse connections
within the network. Conversely, low input entropy leads to a more rigid
and less adaptable network, as the brain becomes accustomed to a

narrow set of linguistic patterns.

Redundancy and Noise

Redundancy refers to the repetition of linguistic elements across
different contexts, which reinforces connections within the brain’s

language network. Noise, on the other hand, introduces variability and

o
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forces the system to adapt. In language acquisition, noise might take the
form of accents, dialectal differences, or even background chatter during
a conversation. While noise can be confusing at first, it’s what pushes
your brain to refine its predictions, making it more adept at handling

ambiguity and unexpected input.

Perturbations in Learning

The variability of input acts as a series of perturbations, i.e., small
disruptions that nudge the system toward greater adaptability. These
perturbations can be anything from a new slang word you hear on the
street to an unexpected grammatical structure in a novel you’re reading.
Each perturbation challenges the stability of your existing language

network, prompting it to reorganise and adapt.
W(t+1)=W({t)+~v-P

Where,

o W(t) represents the state of the weight matrix at time ¢,
e 7 isascaling factor that determines the impact of the perturbation,

e P isthe perturbation introduced by new input.

Over time, repeated perturbations lead to a more flexible and resilient
language network, capable of adapting to a wider range of linguistic
scenarios. This adaptability is what enables fluent speakers to handle

variations, inconsistencies, and even errors in language with ease.

Structure and Variability

Input variability doesn’t mean exposing yourself to random, chaotic
language use. There’s still a need for structure, especially in the early
stages of learning. However, as you progress, embracing variability

becomes increasingly important. This balance between structured

o
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learning and exposure to diverse input allows your brain to handle the

edge of chaos, where it can adapt, evolve, and ultimately achieve fluency.

Complex Emergent Model of Language
Acquisition (CEMLA)

Now we will consolidate everything into a coherent framework. At its
core, language acquisition involves the following key elements from

complexity theory.

1. Nodes and Networks

Each linguistic element, whether a sound, word, or phrase, acts as a node
within a vast, interconnected neural network. The connections (edges)
between these nodes change and adapt based on exposure and

experience.

2. Feedback Loops

As you interact with language, positive and negative feedback loops
guide the strengthening or weakening of these connections. The brain
uses this feedback to refine its understanding, constantly adjusting

weights within the network.

3. Emergence and Pattern Recognition

Through repeated exposure, linguistic patterns emerge. Your brain
doesn’t learn rules explicitly. It recognises them as they form through
countless interactions. This emergent behaviour is modelled by the way
the system gravitates toward attractor states, i.e., stable patterns of

understanding that gradually form through interaction and exposure.
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4. Operating at the Edge of Chaos

Language acquisition thrives at the delicate balance between order and
randomness. This edge of chaos allows the brain to remain adaptable
while still maintaining the structure needed to make sense of language. It
explains why learners can adapt to irregularities and variations without

becoming overwhelmed or rigidly attached to strict rules.

5. Phase Transitions

The moments of sudden clarity, where a learner leaps from confusion to
understanding, can be understood as phase transitions. They occur when
the system reaches a critical threshold, allowing disparate elements to

reorganise into a coherent whole.

6. Input Variability

The environment and diversity of linguistic input serve as catalysts for
learning. The variability of input ensures that the language network
remains resilient, capable of adapting to new contexts, nuances, and

changes over time.

Impact

Understanding language acquisition through a complexity theory lens
has major implications for how we approach language learning and
teaching. Rather than treating language as a static, rule-based system,
this framework encourages us to view it as an organic, adaptive process

that requires diverse, immersive, and real-world input.

Instead of focusing solely on grammar drills or vocabulary lists, language
learners should be exposed to authentic, varied linguistic input. This
variability nurtures the adaptivity and resilience needed to navigate the

edge of chaos effectively.



Complex Emergent Model of Language Acquisition (CEMLA) | Mir H. S. Quadri | The Lumeni Foundation | 6th October 2024 20

Recognising that frustration and confusion are natural parts of the
process can be empowering. These moments are indicators that the
system is on the brink of a phase transition, ready to leap into a new level
of understanding.

Complexity theory offers insights into how languages themselves grow,
transform, and even fade away. By viewing language acquisition through
the complexity theory framework, we gain a holistic understanding that
transcends the limitations of linear, traditional models. It’s a reminder
that language learning is not just about reaching fluency or mastering
rules. It’s about engaging with a living, evolving system that’s constantly

in flux.
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