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‘Yes, a key can lie forever in the place where the locksmith
left it, and never be used to open the lock the master forged
it for.’
– Ludwig Wittgenstein, Culture and Value (1977, 54)

‘I fear those big words, Stephen said, which make us so
unhappy.’
– James Joyce, Ulysses (1998, 31)
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Preface

This book is the culmination of a five-year effort to develop a series of linking
hypotheses between components of the language faculty – principally, its
computational basis – and components of neurobiology, namely oscillatory
behaviour. First conceived in November 2014, I began researching ways to
approach a monographic treatment of this topic. In order to achieve this, it
would first be necessary to discover a feasible means to decompose ‘narrow
syntax’ considerably further than it has typically been in the literature. For
instance, the generative grammar literature mostly takes Merge to be an
elementary operation rather than a complex of, at least, search, combine,
categorise and maintain. Next, one would need to identify neural mechanisms
(and not purely regions) putatively capable of carrying out these operations.
This gradually developed into an effort to go beyond what soon became the
field’s go-to neural mechanism for phrasal comprehension, oscillatory ‘entrain-
ment’ – what is regarded in this book as only the first step in a complex
network-level process of endogenous cross-frequency couplings (based on
ideas proposed in Murphy 2015b, 2016a).

Soon after, my aim became to distinguish between theoretical formulations
in the neurolinguistics literature that don’t really carry much explanatory
weight (and are used to re-describe the output of statistical analyses performed
on neuroimaging datasets, rather than account for them) and forms of theore-
tical formulations that really don’t carry much explanatory weight. A general
trend has emerged whereby – to take a common example – amplitude increases
in a particular, canonical frequency band are coded as underlying complex
cognitive processes, and yet there are no neurobiologically realistic computa-
tional roles being ascribed to such frequencies. Or, when we reach a moment
when even the decidedly specific process of δ-β phase–amplitude coupling is
being associated with both motor control inhibition during the processing of
task-relevant abstractions and the effects of paternal (but not maternal) car-
egiving behaviours on the brains of preschool children, it seems clear that
a momentary departure from data collection is required. Successful model
formulation is not achieved by constructing new labels for well-established
abstractions, as whenHagoort (2019, 55) proposes a re-naming of operations to
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‘elementary linguistic operations (ELOs)’ and a re-naming of representations
to ‘elementary linguistics units (ELUs)’, a move which brings with it no new
insights into the nature of operations and representations.

Although certain studies have begun to show that particular linguistic opera-
tions are indexed by specific neural behaviour in certain cortical regions, what
is currently lacking in the field is a comprehensive explanatory account for why
we find the neural signatures that we do. For instance, why do γ oscillations
appear to index successful semantic composition? Pointing to the fact that γ
typically indicates local cortical processing is not sufficient, since the gap in
abstraction level between semantic processing and high-frequency action
potential firing is not something that will be bridged automatically or
seamlessly.

As I began developing preliminary versions of an empirically and theoreti-
cally defensible oscillatory model of phrase structure building throughout
2014–2019, similar spectres emerged: an unjustified cortico-centric emphasis
in standard neurolinguistic models, sidelining the crucial role of subcortical
structures in language; an inability for standard models to account for neuro-
plasticity; a neurobiologically unrealistic insistence that a specific subregion of
Broca’s area is the ‘seat of syntax’; and a hidebound focus on localisation of
function (as when, in his Foreword to Friederici’s recent monograph, Chomsky
claims that ‘it is the ventral part of B44 [sic] in which basic syntactic computa-
tions – in the simplest case Merge – are localized’; Friederici 2017, x), as
opposed to the construction of a more dynamic neural code for language,
potentially realisable across multiple neural systems.

Early on in this process, a more fundamental goal had been achieved:
isolating the components of language suitable for potential neurobiological
grounding. Having reviewed existing ethological research into non-human
cognitive capacities, I isolated primarily the labelling component in natural
language as being of sufficient granularity (being a form of categorisation and
object maintenance) to map onto postulated computational properties of certain
oscillatory processes. Other components, such as representational storage in
a derivational workspace and intrinsic representational complexity, were pro-
posed as candidates for neural mapping. In brief, the goal has been to accom-
modate language-specific components postulated by theoretical syntax within
a particular framework of neural computation.

By 2020, it became increasingly clear across a number of fields in the
neurobiology of cognition that cellular and oscillatory mechanisms, once
believed to be highly domain-specific, are in fact recruited in the service of
computationally analogous processes operating over distinct representational
domains. This book has attempted to apply this insight to language, pushing
this approach as strongly for the ‘broad’ faculty of language (e.g. the
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sensorimotor system, representational storage) as it does for the ‘narrow’
faculty (phrase structure building via labelling).

It is my sincere hope that by turning away from rhetorical re-formulations
and towards theoretical neurobiology, and synthesising the wealth of currently
available empirical findings concerning the oscillatory nature of language, this
book can encourage others to pursue the paramount task of model formulation,
and thereby ground the computational nature of language within intrinsic
neural processes.
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Introduction

There are numerous neurobiological models of language, ranging from those
concerned with speech perception, white matter structure and the function of
dorsal and ventral streams. Departing somewhat from typical neurolinguistic
terrain, this book is aimed to serve as a comprehensive, state-of-the-art com-
pendium on the oscillatory basis of language, with the central focus being on
phrase structure building. Along with providing an extensive overview of the
theoretical and experimental work done in recent decades into the electrophy-
siological basis of language, it will also formulate a number of novel hypoth-
eses concerning the potential relationship between neurobiology and linguistic
computation, and will propose a specific neurocomputational model of lan-
guage comprehension argued to be empirically justifiable and neurobiologi-
cally feasible. Much of the book is formulated as a literature review, and
theoretical discussions and evaluations of this literature are ideally aimed at
graduate students and experts in the field of psycholinguistics, neurolinguistics
and evolutionary linguistics. Advanced undergraduate students could follow
the core arguments and narrative while stepping over some of the more
technical details concerning, for instance, phase-coupling and migrating oscil-
lations. For the experts, this book provides a synthesis of current knowledge in
a new format, centred on the perspective of theoretical linguistics, and executed
alongside the presentation of novel theoretical proposals and research direc-
tions. In particular, the latter half of the book will suggest a theory of the
mapping between oscillatory activity in different frequency bands (e.g. delta,
theta, alpha, beta and gamma) and syntactic and semantic primitives. The book
will assume audience familiarity with some general notions from linguistics,
but will foreground much of this discussion (further explanation of key terms is
presented in the Glossary).

While a core motivation will be to review the literature, this will not be
a purely dispassionate process. The range of empirical overviews presented in
each chapter will also be used to embed oscillatory discussions of language
within an evolutionary framework in order to construct a series of hypotheses
concerning how language is implemented in the brain. Early parts of the book
will briefly explore the computational and evolutionary nature of language in
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order to properly set up the later discussion of the oscillatory nature of
language, given that this latter investigation will in turn impact our under-
standing of linguistic computation and language evolution – at least, that is the
hope.

From a biological perspective, language is a peculiar, complex form of
behaviour with a number of unique properties, where we can take behaviour
to mean the following, assuming an apt definition from Levitis et al. (2009):
‘Behavior is the internally coordinated responses (actions or inactions) of
whole living organisms (individuals or groups) to internal and/or external
stimuli, excluding responses more easily understood as developmental
changes.’ The question for neurolinguists then centres on what exactly the
‘internally coordinated responses’ are in the brain which produce language.
This book will suggest that these responses come in the form of neural
oscillations.

While perhaps novel to linguists and cognitive scientists, the potential
existence of a relationship between language and neural oscillations was
discussed as early as 1978 in O’Keefe and Nadal’s monumental work The
Hippocampus as a Cognitive Map (O’Keefe & Nadal 1978). Here, the authors
discuss Chomsky and Jackendoff’s work on syntax and the semantic represen-
tation of space, attempting to draw links between how the hippocampus
appears to represent vectors and how the language system appears to represent
space. O’Keefe and Nadal attempted to show how their theory of cognitive
maps could account for certain properties of linguistic ‘deep structure’ and
semantic long-term memory. In effect, this book is an attempt to expand on
O’Keefe and Nadal’s seminal suggestions, broadening both the neurophysio-
logical and computational landscape that these authors set down and discussing
a wide number of cortical and subcortical structures and how they might
implement elementary linguistic operations.

Neural oscillations (also commonly called brain rhythms) ‘have come of
age’, as Buzsáki and Freeman (2015, v) put it. They reflect synchronised
fluctuations in neuronal excitability and are grouped by frequency, with the
most commonly (and classically, based on clinical research) rhythms being
delta (δ: ~0.5–4Hz), theta (θ: ~4-8Hz), alpha (α: ~8–12Hz), beta (β: ~12–30Hz)
and gamma (γ: ~30–150Hz). These are generated by various cortical and
subcortical structures, and form a hierarchical structure since slow rhythms
phase-modulate the power of faster rhythms. Oscillations can fluctuate in
amplitude, and do so in a gradual (phasic) or rapid (tonic) manner, with this
behaviour potentially reflecting coordinated computations. It has been known
since at least Wilson and Bower (1991, 498) that ‘the phase and frequency of
cortical oscillations may reflect the coordination of general computational
processes within and between cortical areas’. Fast γ oscillations can be found
at different levels of complexity, ranging from single neurons to neural clusters
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to electroencephalography (EEG) recordings (Biasiucci et al. 2019), suggest-
ing that γ activity has a broad functional range. Moreover, slow rhythms below
10Hz have been found to dominate the cortex in both wakefulness and sleep,
suggesting that they have a clear role in global coordination and information
integration, not least because these slow rhythms were additionally found to be
coupled to the amplitude of faster rhythms across all cortical layers (Halgren
et al. 2017).

Relatedly, the slow-oscillating cortical layers mediate global processing
due to feedback connections and diffuse thalamocortical matrix afferents
(Rubio-Garrido et al. 2009). Berger (1929) first introduced α and β to,
respectively, denote any amplitude below and above 12Hz (his interest in
brain physics was ultimately grounded in his urge to verify his beliefs in
telepathy, a quite distinct motivation from the one behind this book), and his
demarcations have since been adopted and refined. This classificatory system
is in many ways too simplistic: a frequency band may be produced by
multiple, distant mechanisms, and a given region can also produce multiple
rhythms (Ainsworth et al. 2011). Brain rhythms are today studied not simply
via EEG, but also in vitro and in vivo electrophysiology, optogenetics and
magnetoencephalography (MEG). Signals measured via M/EEG reflect the
mean activity of medium-sized (thousands) or large-sized (millions) clusters
of neurons, and their activity is characterised by coordinated postsynaptic
fluctuations in the membrane potentials of pyramidal neurons which are
physically grouped in parallel cross-cortically. In general, slower rhythms
are thought to synchronise distant brain regions, while faster γ rhythms are
thought to activate local neuronal assemblies (Buzsáki & Draguhn 2004; Yan
& Li 2013).

Neural oscillations are increasingly being implicated in a number of basic
and higher cognitive faculties. Oscillations enable the construction of coher-
ently organised neuronal assemblies through establishing transitory temporal
correlations. These ideas will be explored in considerable detail here. After
exploring the elementary operations of the language faculty in Chapter 1,
Chapters 2–3 will comprehensively explore empirical work into the oscillatory
basis of language and propose an oscillatory model of linguistic computation. It
will be argued that the universality of language is to be found within the
extraordinarily preserved nature of mammalian brain rhythms employed in
the computation of linguistic structures. The extent to which brain rhythms are
the suitable neuronal processes which can capture the computational properties
of the human language faculty will be considered against a backdrop of existing
cartographic research (where ‘cartographic’ refers to the neuroimaging sense,
and not the syntactic sense, e.g. Cinque 1999) into the localisation of linguistic
interpretation, leading to clear, causally addressable empirical predictions.
More specifically, I will propose a model according to which a broad range

3Introduction



of migrating δ couplings with the amplitude of θ, β and γ rhythms constitute the
basis of phrase structure building.

Given this outline, why focus exclusively on oscillations? Their relevance
for cognitive neuroscience has been well established, and they are increas-
ingly being implicated in a wide range of functions. For instance, oscillations
seem to play a causal role in perception. When detecting visual targets, adults
are not aware of visual stimuli that is presented during the trough of an α
wave (i.e. the least excitable phase, when the fewest number of neurons are
firing) in the parietal cortex. They are most likely to detect targets at the peak
of the ongoing wave. Visual data arriving during the trough do not reach
conscious awareness.

With respect to language, oscillations have been implicated in speech per-
ception (Giraud & Poeppel 2012; Kayser et al. 2014) non-verbal emotional
communication (Symons et al. 2016) and, as we will see, a range of other
linguistic processes. According to Giraud and Poeppel’s temporal linking
hypothesis, oscillation-based decoding segments information into ‘units of
the appropriate temporal granularity’ (2012, 511). Oscillations may conse-
quently explain how the brain decodes continuous speech. The γ, θ and δ
rhythms, respectively, correspond closely to (sub)phonemic, syllabic and phra-
sal processing, as Giraud and Poeppel note, restricting their experimental
enquiry to the γ and θ bands. In addition, the neural dynamics implementing
basic elements of sentence comprehension may be obscured by the processing
of external sensory events like speech, and so different experimental designs
have since been deployed to control for this, as the following pages will
discuss.

Oscillations have also been linked to the timing of cortical information
processing (Klimesch et al. 2007). Synchronous oscillatory activity has been
suggested as a viable, neurobiologically feasible mechanism of top-down and
bottom-up information propagation across cortical levels (Bressler & Richter
2015). As Vaas notes, ‘[i]ntrinsic oscillatory electrical activities, resonance and
coherence are at the root of cognition’ (2001, 86), with the condensing and
dissolving of oscillatory bursts possibly explaining the ‘cinematic’ nature of
subjective experience (Freeman 2015) and providing some mechanistic basis
for experiencing what Fernando Pessoa called ‘the everythingness of every-
thing’. It is therefore not surprising that Henry Bergson’s (1911, 332) writings
also invoked the notion of a ‘cinematograph’ in relation to the role of the
oscillations in cognition:

We take snapshots, as it were, of the passing reality . . . Perception, intellection,
language so proceed in general . . . we hardly do anything else than set going a kind of
cinematograph inside us.

We conventionally view our eyes, writes McGilchrist (2010, 162):
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[L]ike the lens of a camera of a moving swivel, perhaps a bit like a film-maker’s
camera – just as our model of thinking and remembering is that of the computer, with
its inert memory banks. The image suggests that we choose where we point our
attention; in that respect we see ourselves as supremely active, and self-determining.

Yet the brain samples the environment periodically, in its own good time, and
so even sustained visual attention is never really sustained (Fiebelkorn et al.
2018, Helfrich et al. 2018). This suggests, amongst other things, that cognition
is far more complex than sustained neuronal spiking, and that something much
more dynamic is at play: chiefly, its oscillatory activity, which grounds and
perpetuates the brain’s dynamism. Expanding on Giraud and Poeppel’s (2012,
511) goal of establishing a ‘principled relation between the time scales present
in speech and the time constants underlying neuronal cortical oscillations’, one
of the central challenges will be to draw up relations between oscillatory time
constants and the time scales of linguistic computation.

Cognitive neuroscience research into oscillations was given a substantial
boost over a quarter of a century ago by Gray and Singer (1989), who
discovered that when multiple features of a visual scene were interpreted by
an individual as belonging to the same object, the neuronal temporal impulses
were synchronised in the regions assumed to subserve each featural compo-
nent. I think the potential for these mechanisms to shed light on, and perhaps
even constitute part of, the human faculty of language is considerable; indeed,
Gray and Singer were surprised by oscillatory coupling at neuronal groups
7mm apart, but by now it has been established that coupling can occur at much
greater distances, and so the potential explanatory scope of oscillatory activity
has dramatically increased over recent years.

Along with reviewing traditional topics in linguistics, this book will also be
concerned with emerging themes in neurolinguistics. From a researcher’s
perspective, neurolinguistics studies how language is implemented in the
brain, and uses the modern imaging tools of neuroscience to investigate the
neural basis of particular linguistic processes. Yet from a conceptual stand-
point, there are currently no direct connections between the structures posited
by neuroscientific theories (dendrites, ionic channels, nodes of Ranvier) and
those posited by linguists (lexical features, syllables, nouns). Indeed, a coherent
research programme has not been agreed upon by the field. When it comes to
the visual or olfactory systems, researchers largely agree on what the basic
components of analysis are – not so for the widely diverse and often contro-
versial approaches to the various subcomponents of language.

The human-specific feature of language will also be a recurrent theme in the
book. Although Darwin successfully managed to bridge many of the classical
gulfs separating humans and other animals, many of his contemporaries, such
as the linguist Müller (1866), complained that ‘language is the Rubicon, which
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divides man from beast, and no animal will ever cross it’. While Müller may be
correct to point to the ultimate species-specificity of language, it will be shown
throughout this book that non-humans have many of the core articulatory and
cognitive faculties required for language, and that it may simply be the way
these discrete faculties are arranged that gives rise to the heralded Rubicon.

But what precisely are the computational primitives of language that we
would like to investigate at the oscillatory level? This question is purely a task
for linguists, since only they can provide details about the structure of the
language system – and, furthermore, only they are in the business of appro-
priately decomposing notions like ‘grammar’ and ‘communication’. The
assumption of many contemporary linguists is that part of the complexity of
the world’s languages is encoded in the human computational system. In one of
the most prominent branches of linguistics, the Minimalist Program (the
current model of generative grammar; Chomsky 1995), the operation, to
which language’s human-unique aspects may reduce, is termed ‘Merge’. This
constructs a new syntactic object out of the two already formed. Assimilating
standard accounts (Chomsky 2013, 2019a) with more recent definitions which
assume elements are merged to a workspace (Chomsky et al. 2019), we can
define the operation as follows:

MERGE
Select two lexical items α and β and form the set {α,β} in a workspace.

This involves searching for discrete elements in the lexicon and then merging
them to a workspace. Merge is a computational operation in the traditional
sense that it is being described at a higher level of abstraction than algorithmic
procedures and the implementational level of neurons and dendrites (Marr
1982). Early minimalism (1990s) held that when Merge targets two syntactic
objects, α and β, forming a new object, Γ, the label of Γ is either α or β. That is,
when two lexical items (LIs) are merged, one of them ‘wins’ (so to speak) and
is projected as the head or label:M(α,β) = {α{α,β}} or {β{α,β}}. With red car,
the label is car since this word determines the category of the phrase (a noun
phrase, not an adjectival phrase). Narita (2011, 191) summarises this ‘old
intuition’ by writing that ‘it is simply an ordinary fact about language that
“noun phrases” are interpreted in a “nouny” way’. Or, as Narita and Fukui
(2016, 20) summarise, ‘major properties of a verbal phrase read a book are
determined by its head verb read, yielding its event-predicatehood and θ-roles,
among others’. Consider the structures [C [TP. . .]], [T [vP. . .]] and [V [nP]].
These ‘head-complement’ structures involve a prominent head
(Complementiser, Tense and Verb) determining the semantic characterisation
of the configuration: C determines the clausal force (e.g. declarative, interro-
gative), T feeds tense and modal properties, while V determines lexical and
aspectual properties of the event and assigns a θ-role to its complement. The
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label therefore indicates the structure’s meaning to what generative linguists
term the conceptual-intentional (CI) system (an axiom assumed in Chomsky
2013, Epstein et al. 2014 and much other work). To put it plainly, ‘labelling’ is
the operation that chooses what lexical features select the phrasal category,
yielding an unbounded array of hierarchically organised structures and the
capacity for discrete infinity. As Fitch (2010a, 105) notes, ‘many of the hotly
debated differences among syntacticians are not particularly relevant to ques-
tions in the biology and evolution of language’; such as the debates between
lexical functional grammar, generative grammar or head-driven phrase struc-
ture grammar. As such, we will focus on the elementary computational archi-
tecture, much of which is shared across frameworks (all of which, for instance,
rely on structure-dependent rules).

Due to the existence of labelling, a sentence cannot be analysed simply as
a linear combination of words. It rather possesses some form of hierarchical
structure. In a sentence like The man left, the words The andman are associated
in a way in whichman and left are not. The first two words are grouped together
as a single labelled phrase, since they can be substituted for a ‘pro-form’ like
He. This substitution operation cannot apply to man left. In addition, an adverb
like quietly can be inserted between man and left but the man cannot be broken
up in this way (Lasnik 2017).

Since human beings are the only species who seem capable of this phrase
structure building capacity, the structural information and interpretations which
emerge from phrase structure configurations amount to a uniquely human type
of thought. Certain patterns of long-distance dependencies, conceptual cate-
gorisations or recursively embedded hierarchical structures are a peculiar sub-
set of human cognition. This makes investigations of the neural basis of phrase
structure building pertinent to a range of fields, since it demands attention to
how the human brain organises itself to uniquely contribute these modes of
thought.

Computational models of syntactic, semantic and phonological knowledge
are likely not going to be reduced fully to neural tissue, but George Box’s
famous saying that ‘all models are wrong, but some are useful’ should remind
us that the ultimately ‘incorrect’ nature of neurocomputational models can at
least provide a useful function in directing future research. The study of
language should take advantage of whatever sciences could enhance its own
hypotheses and methodologies. In the Enlightenment period, developments in
philosophy of mind contributed to an understanding of some fundamental
linguistic concepts like self. In the 1950s, developments in meta-mathematics
contributed to an understanding of language’s grammatical architecture. Today,
with the proliferation of the brain sciences, it is likely that other features of
language can now be explored, such as the way different linguistic representa-
tions are combined together and maintained in memory.
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Yet this proliferation can come with certain risks, often not acknowledged by
researchers. Jonas and Kording (2017) used standard neuroscientific research
methods to try and understand the MOS 6502 microchip (the processor in,
amongst other things, the Commodore 64), which contains 3,510 transistors as
it is able to run only the most primitive, vintage video games. Their results
should generate a fair degree of humility: they discovered only that the chip has
a clock and is able to read and write to memory. Nothing else was uncovered
about it via the standard methods of neuroscience (‘lesioning’ transistors,
analysing individual transistors and local field potentials, performing Granger
causality analysis, and so forth). Jonas and Kolding discovered general-
purpose operations which transistors could perform, but they found no
‘Donkey Kong transistor’ or ‘Space Invaders transistor’, i.e. transistors essen-
tial and exclusive to a given game. And while the chip is purely deterministic,
neurons can exhibit random behaviour. The lessons are clear, with Jonas and
Kolding’s work serving as a further motivation for abandoning the classical
‘cartographic’ models of language comprehension, which propose one-to-one
mappings between brain regions and (often fairly complex) cognitive opera-
tions, fixating on the traditional ‘language areas’, Broca’s and Wernicke’s
areas. We are often told that certain linguistic operations ‘take place’ at
a given region, or are ‘interpreted’ along a particular pathway, yet the story
of what exactly the brain is doing to derive these localised interpretations is left
unanswered. Instead of the standard image of neuroscience being data-limited,
it appears that the field is rather theory-limited. The physical sciences place
a great deal of emphasis on the importance of theoretical physics, and not just,
for instance, experimental particle physics. There is no reason why neuroscien-
tists should not afford the same respect to theoretical neurobiology, yet the
drive for experimental innovation is currently by far the dominant force in the
field. Neurolinguistic research has often used violation paradigms, using sti-
muli which violate certain phonological, syntactic or semantic rules, using
these forms of atypical language processing to yield insights into its neurobio-
logical structure. In particular, there is an increasing interest in combining
techniques such as repetitive transcranial magnetic stimulation (rTMS) and
EEG to assess how distinct brain areas are coupled together via oscillatory
activity. Though illuminating, there is surprisingly little theoretical understand-
ing of how normal language comprehension proceeds (as Moro 2015 persua-
sively argues).

Jonas and Kording’s work hints at another major limitation of contemporary
computational neuroscience: We do not even have a solid conception of what it
would mean to understand the brain. The most sophisticated proposals amount
to, for instance, Marr’s (1982) and Marr and Poggio’s (1976) three-level
approach of the computational, algorithmic and implementational levels (see
also Neeleman 2013), and Lazbnick’s proposal that understanding arises at the
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moment when it becomes possible to fix a certain implementation in a system.
The multidisciplinary perspective adopted here (encompassing higher-order
psychological models of the language system and lower-order models of
neurophysiological architecture) is in line with Hochstein’s (2018, 1105) con-
clusion: namely that ‘[g]iven that no model can satisfy all the goals typically
associated with explanation, no one model in isolation can provide a good
scientific explanation. Instead we must appeal to collections of models’. Going
further, this book will attempt to satisfy the five (rough and not exhaustive)
criteria Hochstein (2018, 1106) associates with an explanatory scientific theory,
although even with this generous offering only four will be the major focus, and
three the minor focus:
1. Successfully conveying understanding about the target phenomenon, or

making it intelligible, to an audience or enquirer.
2. Determining when a given phenomenon is expected to occur, and under

what conditions.
3. Identifying general principles or patterns that all instances of the explanan-

dum phenomenon adhere to and/or constraints that the phenomenon must
conform to.

4. Identifying the particular physical mechanisms that generate and sustain the
target phenomenon.

5. Providing information sufficient to control, manipulate and reproduce the
target phenomenon.

This book, pessimistically enough, will therefore approach the problem of
implementing language in the brain with a number of crucial caveats. The
models and hypotheses put forward may not ultimately produce a degree of
understanding Marr or Lazbnick would appreciate, but enquiry needs to have
its limits, and being able to recognise these limits (whatever they may be) does
not as a result invalidate a given theoretical enterprise. For instance, a major
problem discussed in philosophy and the language sciences concerns how the
human mind is able to ‘detach’ itself from perceptual experience and generate
predictions and hypotheses about possible states of the world. This level of
independence of conceptual structures from sensorimotor representations (a
topic which closely relates to free will) is a topic this book will not even attempt
to explore through any mechanistic, lower-level approach. Instead, we will
focus only on the most primitive, elementary features of linguistic computa-
tion, leaving aside the realm of perceptual experience.

In a recent review article, Pylkkänen (2019, 64) poses a stark question for
contemporary neurolinguistics:

Is there a neurally implemented computation that builds syntactic structure and does not
compute any meaning – a mechanism that, upon encountering “angry bird,” composes
the representation of the adjective category with the representation of the noun category
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to yield a representation of a noun phrase, with no information about the meanings of the
elements that were combined?

A positive answer will be given to this fundamental question. Most notably, it
will be proposed that the MERGE function is grounded in particular interac-
tions (specifically, cross-frequency interactions) between θ and γ rhythms,
which in turn interact with δ rhythms. Although we will not present the specific
details until Chapter 2, to briefly summarise the model, the data structures
involved in linguistic computation (syntactic and semantic features, ranging
from Masculine to Third Person to Animate to Case features) are indexed by
discrete γ cycles which are ‘embedded’ within the slower θ and δ cycles, such
that oscillations are used to cluster these features together, as when MERGE
clusters certain features together within a local set during a syntactic derivation.
Aspects of the δ phase and its coupling with cross-cortical γ and parahippo-
campal and temporal θ are proposed to be responsible for indexing syntactic
categorial information, abstracted away from semantics. In addition, within the
context of our human-specific brain shape (i.e. a globular shape relative to other
primates), these oscillations can be shown to ‘travel’ across portions of cortex
and subcortex, and it is argued that this grants certain computational properties
to the language system’s more fundamental oscillatory basis. One of the
implications of this model is that the processing constraints imposed on the
language faculty arise ‘for free’ from the raw frequency bands that MERGE is
implemented through. In addition, the derivational workspaces will be decom-
posed into distinct oscillatory subroutines, such that interactions between δ and
θ will code for one workspace (namely, a maintenance workspace), and inter-
actions between θ and γ will code for another (namely, a ‘live’ construction
workspace which feeds to the maintenance space). All of these proposals, in
particular the latter concerning workspace architecture, will be motivated by
and grounded within contemporary theoretical linguistics, which is – and, as
will be argued, should always be – the core guide for neurolinguists.

One question which naturally arises for linguists, psycholinguists and neu-
rolinguists is ‘What is your evidence?’ This book will effectively present two
forms of empirical evidence in favour of the model ultimately developed:
(1) Indirect empirical support from non-linguistic neuroimaging work which

taps into cognitive processes hypothesised to be recruited by the language
faculty. This is a form of ‘bottom-up’ model construction.

(2) Direct empirical support from neuroimaging studies designed to expli-
citly explore how the brain executes the fundamental computational
operations of the language faculty, either through carefully controlled
experimentation or through naturalistic language stimuli calling upon
normal comprehension processes. This is a form of ‘top-down’ model
construction.
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In addition, a further motivating factor will come from pre-existing models of
neural computation, typically from the fields of computational neuroscience
and theoretical neurobiology. That is to say, a range of theoretical models have
already been used to motivate computations similar or analogous to aspects of
phrase structure building. Although the evidence presented for the model
constructed will inevitably come from a wide range of sources, the main
forms of evidence will include studies suggesting that delta-theta (δ-θ) inter-
actions are a computationally feasible means to generating, indexing and
maintaining sets of hierarchically organised linguistic features (‘phrases’),
and also research pointing to the existence of human-specific richness in
possible cross-frequency couplings in these slow frequency bands.

As mentioned, throughout this book we will be concerned with the topic of
brain dynamics. Complex, systems-level interactions have been observed
across the brain at a number of levels, from microscopic cells (Schroeter
et al. 2015) to macroscopic regions (Zalesky et al. 2014). Evidence for the
brain’s dynamism comes in many forms, such as the findings that focal changes
in neural activity via transcranial magnetic stimulation effect not only the
targeted region, but also between-system interactions (Cocchi et al. 2015). In
the following chapters, I will outline a number of hypotheses about the sys-
tems-level neural basis of language. These neurolinguistic hypotheses are
necessarily constrained by biology. For instance, the principles that explain
how changes in local neural activity alter communication with distant regions
remain a mystery, and knowledge of these principles is essential to under-
standing how information is sent across the brain (see Gollo et al. 2017 for
comprehensive discussion). Given the widespread nature of dynamic systems,
it is somewhat surprising that language scientists have only recently explored
the relevance of them for language processing in the brain. Despite these and
other glaring gaps in our knowledge of the brain, I will suggest that enough is
currently known to outline a large-scale neurocomputational architecture
accounting for elementary linguistic processes, even if an understanding of
how these systems-level computations arise from the cellular level is currently
lacking.

As Petersen and Sporns (2015, 207) emphasise, most accounts of cognition
have ‘focused on computational accounts . . . while making little contact with
the study of anatomical structures and physiological processes’. Since ‘[t]he
fact that a theory is computationally explicit does not automatically render it
biologically plausible’ (Bornkessel-Schlesewsky et al. 2014, 365), Chapter 1
will decompose the computational operations of language down to a small set
of (potentially generic) sub-operations, attempting to achieve an appropriate
level of granularity from which computational-processing connections can be
constructed. As such, we will hope to answer Genon et al.’s (2019, 362)
question positively: ‘Can currently available cognitive ontologies be mapped
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onto the brain? That is, will we find that specific cognitive concepts can be
mapped onto specific biological units?’

In order to be in a position to draw up a comprehensive neurolinguistic
model of language, this book will be concerned primarily with defending the
following three postulated principles:

Principle I
The functions of language can be decomposed into elementary sub-operations which
can adequately describe the computational properties of natural language grammars.

Principle II
The functions of the brain are manifested via oscillatory activity and information
transmission across the brain can be measured as a function of phase coherence.

Principle III
The computational operations of language can be explained through the oscillatory
activity of the brain and how our species-specific oscillatory profile evolved.

These principles are motivated by what Poeppel (2017, 164) terms ‘the desire
to identify the smallest, “primitive” or “atomic” representations and computa-
tions’ of mental life. If Alcalá-López et al. (2018) are right to conclude that
functional neuroimaging suggests that ‘no brain region or network is exclu-
sively devoted to social processes’, then it is reasonable to assume that, after
decomposing language into its elementary processes, we would expect to find
a similar state of affairs for other cognitive domains, and we would encounter
no such thing as a ‘language area’ to be targeted by subsequent evolutionary
and neuroanatomical hypotheses. Nevertheless, as Uriagereka (2012, 8) has
already pointed out, expecting a one-to-one mapping between higher-order
computational or psycholinguistic theories and neurobiology is similar to
expecting a one-to-one mapping between cosmic background radiation and
the Big Bang – certainly possible, but highly unlikely.

Exploring these principles will help neurolinguistics shift from a state of
description to a more desirable state of explanation, possibly shedding light on
a major, unanswered question: How do neurons code for syntactic structures?
The search for the neural code in animal neurophysiology has seen a marked
transition from the analysis of individual spike timings to larger patterns of
synchronisation (Siegel et al. 2015), and the study of language should readily
embrace these systems-level developments in the field. Ultimately, this book
will argue that if we do not have a story about the neural code for linguistic
computation, then we do not have a story at all; we will only have cartographic
directions for the approximate location of particular representations.

This book will also aim to extend the scope of enquiry into language
evolution by demonstrating the clear relevance of a number of fields in the
cognitive and life sciences which have previously not entered into most
discussions of the topic. As Karakaş and Barry (2017) argue in a recent review
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paper, oscillations can serve as robust biomarkers of a number of cognitive
faculties, and yet, as they put it, ‘the field of psychology is still making limited
use of neuro-oscillatory dynamics for a bio-behavioral understanding of cog-
nitive-affective processes’. As of May 2020, a PubMed search for publications
concerning neural oscillations published by scholars associated with depart-
ments of language yielded only sixty articles, and seventeen for departments of
linguistics. Friederici’s (2017) monograph, Language in Our Brain, devotes
five pages to the topic of neural oscillations. Yet Karakaş and Barry’s (2017)
point remains, as illustrated by the fact that cross-frequency coupling is
decreased in Alzheimer’s disease patients relative to healthy controls and that
this coupling is more strongly correlated to the scores of cognitive tests than
what the strength of functional connectivity is (Sotero et al. 2019), suggesting
that oscillatory coupling can provide greater explanatory insight into the neural
basis of cognition than functional connectivity measures (e.g. broadband inter-
actions as opposed to cross-frequency coupling).

The following chapters will be a language-centred attempt to correct for this
generally limited engagement, discussing a number of fruitful theoretical and
experimental directions for oscillatory research. Once we pass beyond the
divisive gates of cross-disciplinary terminology, we will find that a number
of important similarities between cognitive systems can be found. For instance,
the Select, Merge and Spell-Out operations of generative syntax (Chomsky
1995; Narita 2009, 2014a; Fukui 2017) are in many ways computationally
identical to the Load, Maintain and Read-Out operations discussed in the
working memory literature (Machens et al. 2005; Dipoppa et al. 2016), and
so it may be possible to draw legitimate inferences about the implementational
basis of one system given emerging findings concerning another. More funda-
mentally, I will assume with Sengupta et al. (2013) that ‘any transformation of
information can be regarded as computation, while the transfer of information
from a source to a receiver is communication’. Since oscillations seem capable
of indexing information transfer, we will explore the possible alignment
between abstractly formulated linguistic processes and endogenous brain
activity.

The general goals of this book are essentially exploratory (a comprehensive
review of the current state of the art) and explanatory (discussing the potential
particular aspects of brain dynamics have for explaining basic features of
linguistic cognition). It will be argued that only by adopting a pluralistic,
multidisciplinary perspective on the language system will biologically plausi-
ble and evolutionarily realistic models be developed. This interdisciplinary
perspective will complement a central philosophical assumption running
through the oscillatory investigation of language presented here: namely, the
suggestion in Bates et al. (1979, 3) that ‘language is a new machine built out of
old parts’.
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Otto Koehler (1951) was one of the first to realise that only a highly inter-
disciplinary investigation into the biology of language would provide serious
insights, and this perspective has been carried forward by most contemporary
researchers. In their recent, comprehensive review of the current state of
systems neuroscience, Bassett and Sporns (2017, 353) write the following:

Neuroscience is entering a period marked by a rapid expansion in the size, scope and
complexity of neural data acquired from large portions of nervous systems and spanning
multiple levels of organization. Much of these ‘big data’ represent networks comprising
the relations or interconnections that link the many elements of large-scale neurobiolo-
gical systems. Examples include . . . synaptic connections and anatomical projections
among brain areas, dynamic patterns of neural signaling and communication associated
with spontaneous and task-evoked brain activity . . . Notably, these data often cross
multiple levels of organization (neurons, circuits, systems, whole brain) or involve
different domains of biology and data types (for example, anatomical and functional
connectivity . . . [and] activity in distributed brain regions in relation to behavioral
phenotypes).

Pursuing this interdisciplinary goal, the chapter divisions in this book will take
the following format. Chapter 1 presents a brief introduction to the biological
study of language (biolinguistics) and will lay out the conceptual and philoso-
phical terrain to be covered in subsequent chapters. In particular, it will sketch
out the main set of evolutionary frameworks typically adopted by researchers,
arguing that any attempt to explore the oscillatory basis of language needs to be
properly embedded within an understanding of how certain oscillatory features
emerged.With respect to the philosophical topics of interest, some fundamental
issues in cognitive neuroscience are explored in order to properly ground what
the implications an oscillatory model of language might be for these domains.
Major topics in animal cognition and animal communication are explored in
order to narrow down possible language-specific components. The core com-
putational architecture of the language faculty is compared alongside existing
accounts of non-human primates, songbirds and a number of other species.
What is termed the ‘Labelling Hypothesis’ is put forward, which proposes that
the ability to generate hierarchical phrase structures is the defining feature of
the human computational system. This allows us to settle on a small list of
computational primitives to later be explored from an oscillatory perspective –
a necessary step for any explanatory neurolinguistic model.

Chapter 2 will explore functional neuroimaging and brain dynamics and
introducing core concepts from each domain, both theoretical and experimen-
tal. The chapter will provide the first major monograph treatment of the
oscillatory basis of language, as well as providing a thorough review of debates
in structural neuroanatomy. Classical frameworks, centred on Broca’s and
Wernicke’s areas, will be contrasted with more recent accounts embracing
elements of brain dynamics and hypotheses concerning the non-specialised
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nature of particular hub regions in language processing. Extensive experimen-
tal evidence will be put forward to support various novel claims about the
oscillatory implementation of linguistic computation; specifically, it will be
claimed that basic linguistic combinatorics involves (amongst other things) θ-γ
interactions, cyclic ‘chunking’ involves α-inhibition and β increases, and
phrase structure building involves the embedding of multiple oscillations
inside δ rhythms. The notion of a neural code will be argued to be highly
relevant to language. When Stanley (2013, 260) notes of the imperative to
‘identify a clear biophysical mechanism to propagate . . . codes across micro-
circuits and across regions’, we will point to oscillations as being representative
of these underlying mechanisms. It will additionally be argued that it was the
embedding of this specific neural code inside a uniquely globular braincase that
gave rise to hierarchical phrase structure. It is hoped that this satisfies a more
general point raised by authors such as Chen et al. (2019, 2), who note that
syntactic labelling ‘is proposed mainly within the framework of linguistics’,
and that ‘[t]he neural substrate of dynamically using . . . [labelling] to process
syntactic structures still needs to be explored’.

Chapter 3 elaborates on the hypotheses presented in the previous chapter by
refining the proposed neural code for language, with particular focus on
hierarchical phrase structure (as opposed to bare set-formation and semantic
combinatorics). A number of original hypotheses will be introduced concern-
ing the functional role of oscillations in language, supported by extensive
literature from across the cognitive and biological sciences. A more intensive
review of the computational properties of discrete oscillation bands is pre-
sented, and a number of attempts are made to reconcile the present neural code
with more traditional cartographic neurolinguistic models. The chapter will
expand on the notion that certain interactions between oscillations generated
via ‘cross-frequency coupling’ and oscillatory ‘migrations’ are responsible for
linguistic computation. It will be suggested that linguistic phrase structure
building is implemented not simply via sustained neuronal activity, but rather
via discretised, rhythmic pulses of coordinated neuronal firing. Other implica-
tions for future research are discussed, such as the possibility that the present
set of oscillatory hypotheses can serve as a model for the neural formatting of
human thought. An extensive number of language-relevant neuroanatomical
and oscillatory differences between humans and our closest relatives will be
presented, along with an evolutionary timeline of their likely development. The
chapter ends with a discussion of the neuroethological implications of the book,
returning to some concerns raised in the first two chapters.

Chapter 4 concludes and presents a number of future research directions.
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1 Theory and Praxis

Perhaps the most striking feature of language is how distinct and isolated it is in
the biological world. While thematic agent–patient relations (Reinhart 2002),
properties of general reasoning, and the capacity to count small numbers and
execute elementary arithmetical operations have all been documented in mon-
keys (Hauser et al. 1996), pigeons (Rugani et al. 2011) and a number of other
animals, the ability to construct hierarchically organised sets of representations
and combine themwith further sets of similar structural complexity remains the
exclusive property of humans. Humans seem particularly competent at con-
structing and interpreting hierarchies. Just as we can combine two sentences
into a larger one, we can also combine representations of social hierarchies into
larger units, combining multiple hierarchically organised political organisa-
tions (e.g. national governments) into larger structures (e.g. the European
Union), which themselves can be decomposed and altered (e.g. Brexit).
These forms of hierarchies seem to be subserved by distinct neural systems,
with the hippocampus and medial prefrontal cortex being implicated in proces-
sing visual, spatial and social hierarchies, and regions in the left inferior frontal
gyrus being implicated by many researchers in linguistic hierarchies. While
environmental stimuli play an important role in determining how language
develops in a child, the language sciences have also shown that there must be
a certain degree of ‘innateness’ to language design. The general research
programme geared towards exploring these and other topics (including the
implementation and development of language in the brain and language
pathologies) has been referred to as biolinguistics. This term was putatively
coined in 1974 at an interdisciplinary meeting at Dedham,Massachusetts, by its
organiser, Massimo Piattelli-Palmarini (1974), around the time that researchers
began exploring the neural basis of language using emergingmethods, focusing
on cerebral asymmetries (Jenkins 2000, LeMay & Geschwind 1975).

Although language evolution typically occupies centre stage, biolinguists
concern themselves with a wide number of different research questions,
employing frameworks general to evolutionary theory, typically (and reason-
ably) not claiming that language requires some special, new form of evolu-
tionary theory and can be accommodated by existing models (e.g.
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adaptationism, anti-adaptationism, saltationism, exaptation or spandrel mod-
els). For instance, language acquisition is assumed to undergo a ‘growth’
period from an innate, initial state (termed Universal Grammar, UG), which
proceeds through to an intermediate stage as the child fixes the parameters of
their grammatical principles, and finally reaches a level of mature grammatical
competence. UG is used to refer to the biological basis of whatever capacity is
deemed essential and unique to language, examining the nature of ‘I-language’
(the internal, individual and intensional structure of language – a purely cog-
nitive perspective) rather than ‘E-language’ (any other conception of language
distinct from I-language, typically ‘external’, extra-mental conceptions of
language like ‘English’ or ‘a collection of utterances’, something which
could not possibly exist in the physical world). While many claim to hold
views on the evolution of language, it is often the case that they are rather
exploring language change. For instance, Deutscher’s (2005) outstanding
monograph bears the title The Unfolding of Language: The Evolution of
Mankind’s Greatest Invention, but as is clear from the intentional language,
the text explores how (E-)languages themselves have changed over the cen-
turies (e.g. French, English), consulting no biological frameworks.

The extent to which properties of language are innate is often overlooked in
the literature. Considering the development of the lexicon, words involving
polysemy (book, newspaper, city, lunch) involve associating semantically
distinct senses for which there is no immediate evidence in the environment
(e.g. a lunch can be an abstract event or a physical item of food), and simply
associating a sound with a ‘thing’ in the world will not suffice to generate this
knowledge in children (Murphy 2017a). Yet a commitment to a certain number
of innate factors does not entail commitment to some form of gene-centrism,
since the environment also plays an important role. Language and cognition are
therefore thought to be parts of the natural world on a par with chemical, optical
and electrical aspects, being just as amenable to naturalistic enquiry (Ueda
2016). Seeking the biological basis of language is in this sense comparable to
exploring the visual system. As Epstein et al. (2017a, 51) make perfectly clear,
‘vision scientists are not directly engaged in trying to account for what people
might decide to look at’; rather, they are interested in explaining how we use
our eyes to see in the first place. While the classical nature–nurture debate
resulted in much division but little substantial progress, contemporary discus-
sions of nativism and empiricism typically focus on emerging paradigms that
employ this dichotomy in the service of certain continua, or particular spectra
of developmentally achievable states modulated by environmental pressures
and physical constraints, such that we no longer have to choose between either
nature or nurture.

Whichever research topic is pursued, there are by necessity three indepen-
dent factors which interact to generate the final state of any biological property
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related to language (Chomsky 2005): (1) genetic endowment, (2) environment
(‘stimuli’, ‘data’) and (3) principles not specific to language (general physical
law). As a subordinate concern, this book will occasionally discuss some of
these ‘third factors’ (general physical law) in language design, such as the
efficient wiring of the brain (e.g. dynamical system constraints) and electro-
physiological dependencies between brain waves. For instance, Fermat’s prin-
ciple of least time seems to apply to how light travels and also to how insects
such as fire ants navigate space (via the shortest path) (Oettler et al. 2013).
These principles of efficiency are based on natural law, not natural selection,
and it will be of interest to see if similar principles influence the design of
language and how much of the language system’s biology we can derive ‘for
free’, directly from physics. This motivation is closely aligned with the more
general goal of science, which the physicist Jean Baptiste Perrin defined as the
attempt to reduce complex visibles to simple invisibles; namely, explaining
large-scale phenomena in terms of general laws and principles. Another pos-
sible example of a third factor is the Input Generalization by Holmberg and
Roberts (2014), the learning strategy which generalises from detection of one
instance of a category to all future instances, for example, after seeing a black
bat, assume all bats are black until contrary evidence presents itself. Further
evidence for principles of efficient computation operating at the individual
level comes from Terzi et al. (2019), who show that five- to eight-year-old
children with autism spectrum disorder avoid the use of pronominal subjects,
which can be taken as evidence that they use a strategy to avoid infelicitous
reference.

Like these general laws, language becomes open for evolutionary study once
we acknowledge that it is not ‘embedded’ somehow in a speech community but
is rather part of a speaker’s mental life, and therefore part of their physical
existence. This internalist focus on the mental faculty of language (Berwick
2017) is in stark contrast to the externalist focus on the output of language, such
as speech and communication. Fisher (2016) and Fisher and Vernes (2015),
along with many others, have explored in admirable detail the genetics of
speech, but it is unclear whether this relates to language evolution if language
is understood in the computational/representational terms we will outline here.
Distinguishing speech from language (and from communication) is an essential
first step in exploring the biological basis of higher cognition. Not doing so
results in confusion, as when Bichakjian (2017, 119) claims that ‘[t]he fossil
evidence from the development of central and peripheral speech organs
provides . . . no support for the alleged existence of a fateful event that would
have dubbed a speechless ancestor into a speech-vested mutant’, and uses this
to make invalid claims about the evolution of language. ‘Minimalism’ and
‘internalism’ (which stress the importance of structural complexity over exter-
nal shaping effects) is also the standard position in physics: the solar system has
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no ‘function’, but it does have an internal structure, dictated by natural law.
Even in 1968 it was recognised by Sklar (1968) that linguistics ‘is really
theoretical biology’ – a perspective maintained throughout this book.

1.1 Language Architecture

The nineteenth-century philosopher Wilhelm von Humboldt stressed how
language is not a product (Ergon) but an activity (Energeia), or what linguists
today would call a process of syntactic combinatorics and not the work of
externalising them into products/words (Underhill 2009, 58). Humboldt
claimed that language makes infinite use of finite means, such that it can
construct an unbounded number of expressions from a limited number of
elements. After successfully popularising Humboldt’s formulation amongst
the linguistics community, Chomsky later proposed that a language user’s
knowledge amounts to a finite set of representations and a finite set of combi-
natorial operations (informally, grammatical rules). This systemwas embedded
within a broader architecture, according to which ‘a grammar contains
a syntactic component, a semantic component, and a phonological component.
The latter two are purely interpretive’ (Chomsky 1965, 141). Since we are
viewing language as a generative procedure relating sounds (or signs) and
meanings via syntax, we will be primarily concerned with what Trotzke (2015,
124) – following many others (e.g. Arbib 2006; Benítez-Burraco et al. 2014;
Kenneally 2007) – refers to as the ‘computational approach to language
evolution’. Adopting these ideas throughout the modern history of linguistics
involved what Freidin (2012, 893) calls ‘a shift in focus from the external forms
of a language to the grammatical system that generates it, a system that is
assumed to exist in the mind of the speaker’. While the ultimate range of
hierarchically organised syntactic structures is achieved most likely through
processes of cultural evolution (a main focus of what we might call the
‘communicative approach to language evolution’), the actual capacity to pro-
duce these structures in the first place is a separate topic, and the one taken up in
this book.

There is also a (regrettably coarse) distinction in the field between those who
believe language is mostly representational and innate, and those who believe it
is mostly communicative and learned. As will soon become clear, I will side
with the former position (see Fujita 2016, 2018 for arguments against the
common claim that language was originally, and remains, primarily an instru-
ment of communication, with Fujita arguing that language is, and likely
remains, primarily an instrument of thought). As Chomsky has reversed
Aristotle’s dictum, language is not sound with meaning, but rather meaning
with sound (i.e. externalisation is a secondary concern). With respect to innate-
ness, this will bear on the topic of oscillations insofar as it will be suggested that
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certain language-specific oscillatory behaviour is genetically determined, as
opposed to being learned in development via statistical analysis. With respect
to the representational, cognitive structure of the language system, this will
bear on the topic of oscillations insofar as the particular oscillatory model for
language defended here will be constructed to some extent out of non-linguistic
oscillatory behaviour putatively responsible for aspects of higher cognition like
memory, attention and combinatorial processing.

Many linguists assume that each human is endowed with a language faculty
(constructed from UG), a component of their mind/brain which permits the
generation of an unbounded number of hierarchically structured expressions.
Each expression is a pairing of phonological and semantic objects, which
determines an association of a sound (or sign) with a ‘meaning’ (the activation
of a given set of linguistic representations and semantic associations, e.g. First
Person, Masculine). These expressions are composed of individual lexical
items stored somewhere in the mind/brain. The procedures involved in current
language processing are extremely difficult to tease apart. The emergence of
phrase structure has no clear explanation and certainly requires more elabora-
tion than Bybee’s (2011, 536) proposal: ‘Once two words can be strung
together, the process of grammar creation can begin.’ It is possible that every
single subcomponent of language is shared with other species and that humans
have simply integrated a disparate range of cognitive capacities in novel ways.
This book will address this crucial topic and provide evidence that there are in
fact unique properties of the human brain responsible for the human-specific
subcomponents of language, although these neurobiological components are
indeed likely recycled and restructured in some fashion from pre-existing
components shared with a range of other species. Indeed, it is now understood
that even neural tissues did not create their abilities from scratch, but rather
optimised capabilities already present in ancestors: ‘Unicellular creatures and
non-neural metazoan tissues were already solving problems, maintaining phy-
siological and anatomical homeostasis, and constantly trying to improve their
lot in life – long before nervous systems evolved’ (Pezzulo & Levin 2017; see
also Burkhardt & Sprecher 2017). The molecular basis of development is
highly conserved (Carroll 2006), and so there are strong reasons to assume
that comparisons between species will reveal convergently evolved traits, such
as vocal learning.

1.2 The ‘Mechanical Power’ of Language

As mentioned, we will be concerned with the following core question: How is
language implemented in the brain? This book will have a strong computa-
tional, ethological and neuroanatomical content, necessary to explore these
broader, general principles structuring language processing, and also language
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evolution. The dominant focus will gradually shift towards neuroscience and
electrophysiology: a decision motivated by a number of factors to be discussed,
one of which being, as Aboitiz (2017, 2) puts it, the fact that all accounts
concerning language, ‘including genetic, cultural or linguistic accounts, will
eventually have to be subordinated to an explanation of how our brains con-
struct language’.

Long before such advances could even be imagined, David Hume (1902,
108) wrote the following concerning human knowledge:

But though animals learn many parts of their knowledge from observation, there are also
many parts of it which they derive from the original hand of nature; which much exceed
the share of capacity they possess on ordinary occasions; and in which they improve,
little or nothing, by the longest practice of experience. These we denominate Instincts,
and are so apt to admire as something very extraordinary, and inexplicable by all the
disquisitions of human understanding. But our wonder will, perhaps, cease or diminish,
when we consider, that the experimental reasoning itself, which we possess in common
with beasts, and on which the whole conduct of life depends, is nothing but a species of
instinct or mechanical power, that acts in us unknown to ourselves; and in its chief
operations, is not directed by any such relations or comparisons of ideas, as are the
proper objects of our intellectual faculties.

What is the ‘species of instinct or mechanical power’ underlying language?We
can think of the species of instinct as the genetic basis of language, while the
mechanical power can be referred to as the real-time implementation of
language in the brain. Exploring these domains demands a careful decomposi-
tion of language into a number of subcomponents, as well a careful focus on the
individual language user as the output of a long evolutionary history rather than
simply focusing on their linguistic output. For instance, in the vision sciences
an exploration of eye morphology and maturation, rather than simply indivi-
dual differences and environmental factors, has resulted in remarkable
advances.

This leads us to a central topic of contemporary linguistic research, one
which brings with it a number of evolutionary implications: language variation.
Linguists have recently discovered that it is highly likely that all of language
variation can be reduced to morphophonological changes: different languages,
‘dialects’ and so forth differ only insofar as they have distinct morphophono-
logical implementations. This idea, that all variation is post-syntactic, has been
formalised by Boeckx (2011):

Strong Uniformity Thesis
Principles of narrow syntax are not subject to parametrisation: nor are they affected by
lexical parameters.

Recent work in ethology gives credence of the idea that variation in externa-
lisation – dynamically ranging between generalisation and specificity – is not
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human-specific, being found also in birdsong (Farias-Virgens & White 2017;
Tian &Brainard 2017). Generalisation in this context is the ability to identify or
articulate a motor gesture in multiple sequential contexts, while specificity
refers to the ability to do so in a certain sequential context. We will return to the
implications of these findings below.

1.3 Language Evolution: Conflicting Models

As soon as we recognise that language is a biological capacity which must be
accounted for in biological terms, we are forced to frame our investigation
within a particular evolutionary model. Beginning with a major late twentieth-
century framework, the neo-Darwinian synthesis (closely related to function-
alist and adaptationist models of evolution, which use a biological system’s
putative function to direct enquiry into its origins) has great power with regard
to explaining survival, but it provides few insights when investigating the form
and structure of organic systems. Indeed, functionalism and the neo-Darwinian
synthesis, by focusing on function rather than form, face certain difficulties
even with supposedly simple structures like bones, which simultaneously
provide bodily support but also store marrow and calcium for producing red
blood cells, and so could be regarded as part of the circulatory system. As Zeder
(2017) summarises:

In the [modern neo-Darwinian synthesis] natural selection is recognized as the pre-
eminent and ultimate causal force in evolution that sorts variation arising through
random mutation, and passes on adaptive variations at a higher rate than less adaptive
ones, resulting in an evolutionary process that proceeds at a gradual pace made up of
small microevolutionary changes in the composition of individual genes and alleles
within genes.

Moving beyond these strictures, Fuentes (2016) pushes for an ‘Extended
Evolutionary Synthesis’, which takes into account the full range of biological,
cultural and psychological factors underpinning the evolution of the human
condition. Certain strands of evolutionary biology have moved beyond the
‘micro mutational’ gradualist perspective best symbolised by the ‘hill-
climbing’ metaphor (derided by William James as ‘Pop-Darwinism’ in his
critique of Herbert Spencer). Separate research programmes generate separate
research methods, and in evolutionary psychology (aligned to a large extent
with functionalism) assuming a priori that a given trait is an adaptation is an
experimental heuristic, an assumption not always made in other strands of
evolutionary theory. Adaptationism assumes that language has evolved to fulfil
a particular function given some form of pressure/requirement. But what are
often viewed as adaptive problems are also not necessarily so, but rather the
‘regularities of the physical, chemical, developmental, ecological,

22 Theory and Praxis



demographic, social, and informational environments encountered by ancestral
populations during the course of a species’ or population’s evolution’ (Tooby&
Cosmides 1992, 62). Adaptationism at times seems to hearken back to August
Weismann’s (1893) argument for the Allmacht, or omnipotence, of natural
selection over other evolutionary forces.

In addition, phylogenetic evidence suggests that language does not necessa-
rily evolve from simple to complex stages. Di Sciullo et al. (2013) present
a range of evidence from the phylogeny of several Indo-European languages
that while prepositional phrases can indeed become complex by hosting post-
positions, adpositions or circumpositions, this variety of complexity is in fact
minimised as a given language changes over time. Under a non-adaptationist
view, language likely constitutes a spandrel, namely a feature not directly
selected for but a by-product of evolution (Piattelli-Palmarini 1989).

As a result of the conclusions drawn from this brief foray into evolutionary
biology, we will not stick purely to adaptationist and functionalist explanations.
These models may be useful in exploring certain aspects of language evolution
(for instance, imitation and speech perception), but we will also see that relying
on lower-level accounts derived from general laws of form can provide novel
insights into the evolution of mental faculties. As we will see, both neo-
Darwinian and formalist accounts are useful in constructing theories of lan-
guage evolution. Viewing the mind not just as a modular system (in which
various modules collaborate to solve various tasks) but also as a product of
adaptive pressures can shed light on certain aspects of language that the
formalist account can provide little insight into, and vice versa. We will see
how far the view that language is an array of distinct computational machinery
can take us, and to what extent positing the innateness of language-specific
computations within certain neural processes can improve on neighbouring
accounts. The competition between functionalism and ‘formalism’ (to use
nineteenth-century terminology, focusing on physical form and structural com-
plexity independent of environment) will be ever present, as it is in much of
biology: Discussing the physical genesis of multicellular forms, Newman et al.
(2006, 290) conclude that, ‘rather than being the result of evolutionary adapta-
tion, much morphological plasticity reflects the influence of external physico-
chemical parameters on any material system and is therefore an inherent,
inevitable property of organisms’. While functionalism is concerned with
structural use, formalism stresses the importance of physical principles deter-
mining organic structural complexity. Whereas many have characterised the
central debate in nineteenth-century biology as being between evolutionists
and creationists, a more accurate classification (as Darwin himself noted)
would distinguish teleologists (who regarded adaptation as the single most
important aspect in evolution) with morphologists (who held that commonal-
ities of structure were the defining biological characteristic) – a dichotomy
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stressed by E. S. Russell’s Form and Function (1916). These internalist con-
cerns are also found in the perceptive words of the seventeenth-century German
physician Daniel Sennert (1650, 765):

Always in vain does anyone resort to external causes for the concreation of things; rather
does it concern the internal disposition of the matter . . . On account of their forms . . .
things have dispositions to act . . . They receive their perfection from their form, not
from an external cause. Hence also salt has a natural concreation . . . not from heat or
cold, but from its form, which is the architecture of its domicile.

L. T. Hobhouse remarked in his classic studyMind in Evolution that the chaotic
motion both of long grass and of ‘the white blood-corpuscle’ are ‘only very
complicated results of the same set of physical laws in accordance with which
the grass bows before the wind’ (1901, 11–12).

Lewontin’s ‘Triple Helix’ (of environment, genes and the organism),
Gould’s (2002) ‘historical’, ‘functional’ and ‘formal’ causal influences on the
creation of natural objects, and Chomsky’s ‘three factors’ in language design of
data, genetic endowment and natural law lead to a familiar approach in biology:
examine organism-internal constraints, with any analysis of environmental
events taking place only within these constraints. We should not ignore the
possibility (even likelihood) that there exist ‘fourth factor’ effects currently
unknown and which may altogether lie beyond the grasp of physical enquiry.

In brief, the evolutionary linguist seeks to investigate the properties of
a natural system, largely ignoring questions of ontology or disciplinary labels
like linguistics, psychology or biology, which are purely honorific. As Peter
Kropotkin (2010[1908]) put it:

And to the question once asked by the Russian physiologist, Setchenov: ‘By whom and
how should psychology be studied?’ science has already given the answer: ‘By physiol-
ogists, and by the physiological method.’ And, indeed, the recent labors of the physiol-
ogists have already succeeded in shedding incomparably more light than all the intricate
discussions of the metaphysicists, upon the mechanism of thought; the awakening of
impressions, their retention and transmission.

In modern linguistic theory, assumptions of computational efficiency regarding
the computational system of language embrace the possibility that an ‘inher-
ently global principle of computational optimisation further forces syntactic
derivation to adopt some sort of computational cycles, such as phases, con-
stituting a kind of heuristic “computational trick” that syntax uses for restrict-
ing computational domains locally and thus reducing the computational load’
(Narita & Fujita 2010, 385; see also van Gelderen 2018 and Cecchetto &
Donati 2015 for the implications of cyclicity for contemporary linguistic
theory). This leads to a number of questions, addressed in subsequent pages:
How has the brain evolved the capacity to chunk information across modal-
ities? How do other species do this? Is there anything unique about linguistic
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‘chunks’, or does the novelty reside in the procedure of constructing and
relating these chunks?

The popular focus on natural selection is of course justified to some extent,
since positive selection is well known to have acted on the human genome
(Sabeti et al. 2006), and brain areas putatively advantageous or crucial for
language processing (such as the frontal lobe and Broca’s and Wernicke’s
areas) are under substantial genetic control and are highly heritable
(Thompson et al. 2001). But focusing on natural selection should not lead to
the exclusion of other evolutionary forces. Many contemporary philosophers
and intellectuals like Daniel Dennett and Steven Pinker propose a stark choice
between God and natural selection (e.g. Dennett 2018, 277), which somewhat
misses the point for the purposes of constructing accurate evolutionary the-
ories. As Hinzen (2006, 96) points out, the functionalist doctrine articulated by
Pinker (‘[H]ow well something works plays a causal role in how it came to be’
(1999, 162)) ‘flies in the face of the Darwinian doctrine that neither adaptation
nor natural selection are sources of genetic change.Mutations are the sources of
novelty, their causes are internal, and they are crucially undirected, hence not
intrinsically functional’. These Spencerian distortions have been revived by
Dennett, who regards Spencer as ‘an important clarifier of some of Darwin’s
best ideas’ (1995, 393), despite the fact that Darwin himself favoured
a Kropotkin-style view of human nature in which concepts like mutual aid
play a central role, and believed wholeheartedly in ‘the intimate connection
between the brain, as it is now developed in us, and the faculty of speech’
(Darwin 1871, 58). Every individual in a given population possesses genes,
many of which will be shared with others. Yet for evolution to take place, some
genes must differ between individuals, with distinct chemical variants of genes
(alleles) providing this variation. Parents pass their genes to offspring, and the
procedure of recombination merges parts of each parent’s chromosome, yield-
ing genetic variation; mutations also produce variation. Evolutionary linguists
over the past decade or so have begun to stress the need for addressing the
evolution of language from a highly interdisciplinary perspective, avoiding
just-so stories of the kind found in evolutionary psychology – what William
Blake would have called ‘the Science, of Imaginary Solutions’ (Bloom
1997, 42).

More recently, Dennett (2018) has put forward perhaps his most clear and
well-developed theory of language evolution in his monograph From Bacteria
to Bach and Back: The Evolution of Minds. The two chapters largely dedicated
to this topic (2018, 176–204, 248–281) do not provide a detailed model of
language evolution. Dennett’s theory effectively reduces to the idea that lan-
guage evolution involved discovering different ‘ways of speaking’ (forms of
learned behaviour) modified from the time of proto-languages to modern
languages, involving refinements of our vocal apparatus and various cognitive
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capacities involved in speaking to conspecifics, which Dennett in turn explains
solely through natural selection. For Dennett, weighing up the role of natural
selection against other evolutionary forces constitutes proof that linguists (in
particular those who he derides as formulating their ideas ‘in typicalMITstyle’;
2018, 188) have ‘staunchly resisted evolutionary thinking’ (2018, 187). He
adds that ‘Chomskyans . . . want to dismiss all evolutionary approaches to
language as mere “just-so stories” unfit for scientific assessment’ (2018,
248); where ‘evolutionary approaches’ refers only to adaptationist, neo-
Darwinian frameworks.

Other texts concerning language implementation and evolution currently
explore a range of topics such as physiology, genetics, and functional neuroi-
maging. One landmark text, Fitch’s The Evolution of Language (2010a),
explored ethology, palaeontology, musical protolanguage and the evolution
of the human vocal tract – but no subsequent text has moved far beyond
these domains. For instance, Fitch (2017, 597) himself argues that Berwick
and Chomsky’s (2016) monograph ‘offers a biased and faulty guide to the large
and rapidly growing literature on language evolution’. Further, many texts
including Berwick and Chomsky’s have made assumptions about the concep-
tual capacities of non-humans based purely on communication data (call
sequences, gestures, etc.), and not data from studies of animal cognition.
Indeed, one of the core innovations of generative grammar was the observation
that the complexity of human cognition is not limited to the serial output of
linguistic externalisation. It is odd, then, that many generativists follow Bolhuis
et al. (2014) and Hauser et al. (2002, 2014) and draw their conclusions about
non-human primate cognition based on discoveries concerning their commu-
nication systems, not affording bonobos and chimpanzees the same privileges
they afford humans (we will return to this point in Chapter 3). This constitutes
an unusual double standard, considering how generativists claim that externa-
lisation is only secondary to mind-internal syntax.

Pinker and Bloom (1990, 717), in their paper which has largely and rightly
been credited with reviving the study of language evolution, critique certain
anti-adaptationist stances of the time by pointing out that they could not explain
‘how any specific aspect of grammar might be explained, even in principle, as
a specific consequence of some developmental process or genetic mechanism
or constraint on possible brain structure’. This was arguably a legitimate
criticism in 1990. But, three decades later, we are now seeing signs that certain
components of anti-adaptationist critique are bearing fruit.

1.4 Past, Present and Emerging Terrain

One of the major divisions in the scientific world is between the natural and
cognitive sciences. The aspiration of many in both domains is to breach the gap
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between them, to the extent that the ‘mental’ world is explained to the same
degree of empirical precision achieved by those who study the ‘external’world.
Advancing the cognitive sciences will require grounding them within the
natural sciences, bridging the divide between a number of descriptive levels,
ranging from neural implementation to algorithmic execution to general beha-
viour. As Pinker (2015, 85) notes, any theory attempting to bridge the imple-
mentational level of biology and the computational level of linguistic theory via
some form of neurocomputational algorithm ‘faces a formidable set of criteria:
it must satisfy the constraints of neurophysiology and neuroanatomy, yet
supply the right kind of computational power to serve as the basis for cogni-
tion’. It is increasingly being recognised that cognitive processes are emergent
properties of the brain’s eighty-six billion neurons. Advances in computational
neuroscience have provided some answers concerning how particular neural
networks give rise to firing patterns and what computational properties can be
ascribed to them (i.e. what function these networks appear to have). The
evolution of cognitive science into a natural science – that is, one that makes
causal/explanatory connections with lower-level physics (see Chomsky 2001a,
2001b for related discussion) – is something that Başar (2006) sees as pivotal to
the contemporary scene:

Due to its breadth and impact, Newtonian dynamics has become the metaphor of all
natural sciences. The relevance of the prestimulus EEG as a causal factor in attention,
perception, learning and remembering has important parallels with Newton’s . . . first
law of motion where the state of a moving body is a causal factor for the further
evolution of its movement. The application of this law to electrophysiology is the
following: The state of the brain as reflected in the prestimulus EEG is the causal factor
for the later brain responses.

Language is undoubtedly one of the most complex and well-examined cogni-
tive faculties. It has been argued by some to be the origin of complex thought
and imagination. Tattersall (2017) writes:

This symbolic capacity of ours resonates in every realm of our experience, and in
combination with the complex ancestral foundation of intuitive intelligence and asso-
ciation-making on which it is superimposed . . . it is the fount not only of our imagina-
tion and creativity, but of all those other cognitive peculiarities that set us apart from
even our closest living relatives in nature.

As Tattersall’s words suggest, the study of the neural basis of language (neu-
rolinguistics) concerns the biological basis of internalised syntactic, semantic
and phonological structures, and not more complex, cultural phenomena. It
should be noted, though, that it is possible (as will be discussed later) that
language is not in fact the necessary centre of complex thought, even if it does
enhance it (another candidate includes the Multiple Demand system; Duncan
2013). Rather, it is likely that language is at the centre of a particular format of
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complex thought: namely, hierarchically organised and cyclically structured
representations (e.g. phrases). One major tradition in contemporary linguistics,
arguably founded by Chomsky (1957), proposes that humans are genetically
endowed with a mental computational system that can generate an infinite
number of hierarchical expressions, contributing to human-specific mental
powers. This system interfaces with conceptual systems (for meaningful inter-
pretation) and articulatory systems (for expression).

A range of novel findings support the claim that part of this knowledge
concerning syntactic structures is biologically innate. For instance, Goldin-
Meadow and Yang (2016) studied a deaf child who had received no linguistic
input and who had consequently acquired no spoken language. Instead, they
used gestures (‘homesigns’) to communicate, and the authors discovered that
these gestures were in fact combinatorial in nature, implementing recursive
procedures such that the child could create an unbounded number of expres-
sions. Instead of applying rote memorisation operations to the signs they
received, the child was able to use their homesigns creatively – the hallmark
of human syntactic combinatorics. In contrast, non-human primates exposed to
linguistic input can only memorize certain symbols and do not generate
a productive computational system. The authors comment:

The urge to communicate using a productive combinatorial system is so weak in
chimpanzees that they do not even see productivity in the combinatorial communication
systems to which they are exposed. In contrast, this urge is so strong in human children
that they will create a systemwith combinatorial productivity even if not exposed to one.

Experiments with English-speaking children also indicate that ‘children are
genetically predisposed to rule out structure-independent options’ when form-
ing yes/no questions involving auxiliary inversion (Sugisaki 2016, 126).
Language differs from animal systems of communication in that it is not
stimulus-driven, nor does it have a specialised function like alarm calls or
seduction songs. Hauser and Watumull (2017) have recently argued that the
more fundamental generative capacity is equivalent to a universal Turing
machine (in principle, given unlimited memory) which interfaces with
a number of different conceptual systems: morality, mathematics, music and
language. Each of these systems has a unique representational base (numbers
for mathematics, notes for music, action patterns for morality, lexical features
for language) and imposes distinct interface demands. Linguists study ‘event
structure’, moral theorists study ‘moral structure’; both generated using the
same recursive computational procedure. This framework of assuming the
existence of this core computational system (what Hauser and Watumull call
the Universal Generative Faculty, UGF) produces a mental architecture
through which distinct representational domains access a universal Turing
machine which provides a number of generative procedures, which differ

28 Theory and Praxis



based on which representational domain interfaces with UGF: recursion for
language and music, iteration for motor routines, and the successor function for
mathematics. As the authors put it (Hauser & Watumull 2017):

Computability is common to all generative systems, and definition by induction is
ubiquitous in the generation of hierarchical structure. Thus it is possible for a system
to be computable but not generative of hierarchy (e.g., Lashley’s motor routines), as well
as computable and generative of hierarchy but not unbounded (e.g., birdsong or human
phonology).

What this suggests is that the generative procedures of UGF are available to
different representational domains in humans, though not in other species.
Since cognitive faculties are generated by the brain, it follows that there
must be something unique about the human brain that gives rise to this
‘sharing’ of UGF with representational domains which are predominantly
spread out across a range of cortical and subcortical structures. For instance,
morality seems to access concepts which are only derived from content
words like nouns and verbs, with most moral judgements involving certain
actors doing things to others. Functional elements, like determiners, aux-
iliaries and copulas, seem language-specific, and indeed the combination of
content and functional elements seems to be the core representational
feature of human language syntax (Miyagawa et al. 2013). Indeed, while
function words are very often derived from content words, content words
are virtually never descended from function words, suggesting a clear
evolutionary trajectory for the complexity and organisation of language
(Hurford 2014).

In line with the notion of UGF, Collins (2015a, 740) discusses a similar
hypothesis and rightly notes that ‘nonhuman animals might possess something
akin toMerge, or some device falling under the Chomsky hierarchy, which fails
to be integrated with other systems so as to be unused for general cognition or
communication, or is restricted in some fashion’. Milne et al. (2018, 44) have
also compared structured sequence learning across sensory modalities in
humans and, in line with the proposed existence of UGF, conclude that ‘humans
do not possess a single, domain-general system that operates identically over
all auditory and visual sequences. Rather the system appears to be more
complex and operates under modality and stimulus-specific constraints.’ For
independent reasons, Gallego and Orús (2017, 18) come to a similar conclu-
sion, writing that ‘the human abilities of language, mathematics, and probably
others, may actually be different manifestations of a fundamental single ability
of the human brain, namely, the ability to organize and process information
according to different physical scales’. The notion of physical scale will be
returned to throughout this book, in particular with respect to discussions of
brain oscillations.
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Of clear relevance for us is an important finding discussed by Petersson and
Hagoort (2012, 1977), pointing the way to particular dynamic perspectives on
neural activity to account for linguistic computation (see also Siegelmann
1999):

[A]ny Turing computable process can be embedded in dynamical systems instantiated
by recurrent neural networks that are closer in nature to real neurobiological systems.
The fact that classical Turing architectures can be formalized as time-discrete dynamical
systems provides a bridge between the concepts of classical and nonclassical
architectures.

An assumption of the ‘cognitive revolution’ of the 1950s and 1960s was that
many forms of human behaviour rely on mind-internal representations and
processes which are performed highly efficiently by the brain. As Lobina
(2017, 4) puts it, ‘Chomsky’s whole oeuvre can be seen as an attempt to follow
the rather sensible view that it is a prerequisite of cognitive science to under-
stand the nature of the organism . . . before analysing the behaviour it pro-
duces.’ Relatedly, the standard approach in evolutionary psychology is to
search for genetically determined cognitive solutions to environmental chal-
lenges. As a result, emphasis is often placed on special-purpose, domain-
specific neural modules. Yet, the evolutionary and neuroscientific evidence
increasingly points towards a more nuanced account, revealing a set of limited,
generic procedures which can be reused in dynamic ways. Indeed, the perva-
sive nature of neural ‘reuse’ should lead us to reject the neural version of the
modularity thesis, or the idea that the brain is composed of segregated, func-
tionally dedicated modules. As Anderson (2016, 2) explains:

Not every cognitive achievement – not even achievements as central to the life of
a species as natural language is to ours – need be supported by a specific targeted
adaptation. In fact, the principle of parsimony would appear to dictate that, ceteris
paribus, we should prefer accounts that show how ‘higher-order’ cognitive processes
(such as language and mathematics) marshal existing neural resources and behavioral
strategies in unique ways over accounts that posit unique adaptations.

Mechanisms such as neural reuse are also likely responsible for the recently
discovered shared substrates between language and spatial navigation systems.
Vukovic and Shtyrov (2017) used electroencephalography (EEG) to monitor
activity in subjects performing spatial navigation and sentence-picture match-
ing tasks. They identified a common network consisting of ‘frontal, motor and
premotor, temporo-occipital and extrastriate regions associated with the com-
putation and maintenance of allocentric and egocentric perspectives at an inter-
individual level, which mediate integration of perceptual features into sen-
tence-derived semantic representations’ (Vukovic & Shtyrov 2017, 130). Upon
the emergence of the human-specific feature of phrase structure building, it
appears to have exploited existing networks to perform certain computationally
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similar tasks. Neural reuse also likely explains the existence of the visual word-
form area in left occipito-temporal sulcus, since writing systems are only 7,000
years old. This area seems consistent across the world’s language users, and
therefore orthography is likely constrained by visual working memory –which
indeed seems the case, given Dehaene and Cohen’s (2007) finding that indivi-
dual characters in alphabetic systems across the globe consist on average of
three strokes, with the intersection contours of these strokes adhering to the
same frequency distribution (e.g. Y, N, K, Z).

While the revolution in linguistics emerging in the 1950s and 1960s firmly
placed the field within the broader, emerging domain of cognitive science, this
brought with it a certain cost, substantially alienating the study of language
from neuroscience. Proponents of generative grammar have always stressed
their core belief that language is an organ of the mind and hence linguistics is
biology at a higher level of abstraction, but concrete linking hypotheses with
biology have been lacking. If more theories of linguistic behaviour made
predictions and generated hypotheses about brain circuits, then a richer field
of neurolinguistics would surely emerge. The development of a mechanistic
theory of elementary linguistic computation requires more than data from
correlational functional neuroimaging studies concerning where in the brain
particular operations appear to be implemented; it requires an understanding of
how the brain in fact functions. As Ramón y Cajal said, ‘To observe without
thinking is as dangerous as to think without observing.’

Many linguists have recently claimed that they are beginning to engage
much more with the biology literature at various levels. But this almost always
amounts to literature reviewing, rather than genuine engagement. The impor-
tance of a broad, multidisciplinary approach to the neural basis of language
cannot be underestimated. Welch (2017, 263) succinctly and powerfully sum-
marises some of the core problems of evolutionary biology, which we can
generalise to the study of language and the brain:

[T]he variety of living things and the complexity of evolution make it easy to generate
data that seem revolutionary (e.g. exceptions to well-established generalizations, or
neglected factors in evolution), and lead to disappointment with existing explanatory
frameworks (with their high levels of abstraction, and limited predictive power). . . .
[T]his research needs distinct tools, often including imaginary agency, and a partial
description of the evolutionary process. This invites mistaken charges of narrowness
and oversimplification (which come, not least, from researchers in other subfields), and
these chime with anxieties about human agency and overall purpose.

The issue of evolutionary complexity, and what it can tell us about appropriate
ways to theorise about the biological basis of language, should be front and
centre of the biolinguistics enterprise (Samuels 2011, 2015). Yoshimi (2012,
373) notes that ‘physical systems aggregate into increasingly complex structures,
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existing at different levels of organization’. Perhaps reacting to a similar intui-
tion, Plato believed intelligibility was to be found only in the world of geometry
and mathematics, with the complex world of sensation being unapproachable.
An effective study of astronomy, in his view, requires that ‘we shall proceed, as
we do in geometry, by means of problems, and leave the starry heavens alone’
(1945, 248–249; see also O’Meara 1981). In more recent times, Plato’s belief in
the importance of higher-order abstractions to properly characterise complex
behaviour echoes in Krakauer et al.’s (2017) analysis of the current state of
neuroscience. These authors propose that behavioural experiments are vital to the
field, providing a level of computational understanding lower-level approaches
cannot. Neuroscientific experiments can give us interesting data, which can
indicate what level we need to be investigating: the same level, a higher level
or a lower level. We might find out that we need to go lower, into the ‘con-
nectome’ (the set of neural connections in a given nervous system; Sporns et al.
2005) from brain dynamics, for instance.

1.5 Simplicity and Neural Organisation

Aguiding theme throughout this bookwill be that neural functional localisation
(typically via functional magnetic resonance imaging (fMRI) and electroence-
phalography (EEG)) is an inadequate paradigm in developing neurolinguistics
theories. Different parts of our brain may well selectively respond to different
aspects of our sensorium, but as Jackendoff (2007, 13) has already noted, ‘even
if we know where a structure is localized in the brain – the sort of information
that neural imaging can provide – we do not know how the brain initiates the
structure’. A neurolinguistic theory is ‘incomplete if it does not offer genuine
solutions to the problems of combinatoriality, structural hierarchy, and binding
among structures’ (2007, 15). Summarising a large number of neuroimaging
studies, Grimaldi (2012, 318) provides some general conclusions about the
linguistic importance of certain regions: ‘[T]he temporal lobe controls memor-
izing operations (learning new and retrieved stored linguistic primitives), the
parietal lobe controls analysing sublexical linguistic units and converts sensory
subunits to motor subunits, and the frontal lobe integrates linguistic units in
motor sequencing with the lateral prefrontal cortex, and Broca’s area in parti-
cular is specialized to process complex linguistic hierarchies efficiently.’ How
these regions actually implement the analysing and integrating of linguistic
units remains less well understood.

The urge to map linguistic modules (e.g. binding, movement operations) to
specific areas of the brain is a common one, but the project has been, from
a neurocomputational perspective, a failure. As discussed later, the brain has no
dedicated networks for complex cognitive and linguistic modules like theta-
role assignment (Reinhart 2002), and its computational and representational
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primitives seem far more fine-grained. Complicating matters, a number of core
linguistic components can arguably be eliminated in favour of a core set of
elementary operations impacting external memory, interpretive and articula-
tory systems (see, for instance, Hinzen 2016 for an attempt to eliminate
binding, in the traditional sense in which a binds b iff a and b are coindexed
and a c-commands b).

Along with Lenneberg’s 1967 Biological Foundations of Language (see also
Lenneberg 1964), Chomsky’s 1965 Aspects of the Theory of Syntax hinted at
a minimalist-style approach to language, noting the importance of ‘principles
of neural organization that may be even more deeply grounded in physical law’
(1965, 6). Unfortunately, those looking for robust connections between lin-
guistics and such principles have been repeatedly disappointed. For instance, in
a recent special issue on the biology and evolution of language, Friederici
(2016) points solely to neuroanatomical studies of functional correlations
between linguistic manipulations and BOLD responses on fMRI scans. These
correlational studies are doubtless informative, but are couched in a necessarily
delimited, restrictive theoretical framework. Likewise, Friederici’s monograph
Language in Our Brain comes to the conclusion that species-specific brain
differences may be at the root of language evolution (Friederici 2017). Yet the
picture she presents is undeveloped from a neurocomputational perspective,
focusing on cartographic hypotheses such as the claim that a white matter
dorsal tract connecting syntax-relevant regions may be the missing link afford-
ing human language. Instead of placing rather heavy explanatory burdens on
individual regions, this book will rather argue that species-specific structures
such as this dorsal tract are only a small part of the missing link.

In addition, Chomsky’s comment in Aspects about organisational principles
is a very general one, effectively a kind of programmatic statement. Indeed, in
2017 similar comments were made (Bassett & Sporns 2017, 356): ‘[T]he brain
is inherently a spatially embedded network, and physical constraints resulting
from that embedding underlie functionally important network characteristics,
such as efficient network communication and information processing.’ These
comments are accurate, but moving beyond generalisations requires particular
hypotheses about individual levels of complexity.

The limitations of the cartography-without-rhythmicity approach (i.e. brain
imaging without any electrophysiological or neurocomputational direction)
cannot be underestimated. Recent work (Blank et al. 2016a) has shown that
left hippocampus is involved in hierarchical linguistic interpretation (indivi-
duals with hippocampal amnesia also display particular language deficits; Duff
& Brown-Schmidt 2012). Yet even if it transpired that a substantially greater
number of cortical and subcortical structures were deeply involved in recursive
phrase structure building, this would only tell us something about anatomical
functional distribution. The problem of how these regions neurally implement
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these computations remains. Unless theoretical advances are made on this
front, the emerging field of oscillatory research into language could soon slip
into the same mistakes made by the previous generation of functional neuroi-
maging studies, fixating only on correlations between brain states and cognitive
tasks rather than drawing any neurocomputational conclusions from such data.

As such, I will consequently approach the problem of implementing lan-
guage in the brain with a number of crucial caveats. Neurolinguistics has been
awash with new data over recent years but it has also seen a lack of conceptual
or theoretical innovation to account for this data. Many researchers continue to
apply the intuitive cartographic mindset to newly emerging levels of analysis,
with Bastiaansen and Hagoort (2015) coming to the neurobiologically implau-
sible conclusion that γ rhythms are responsible for something as complex as
‘semantic unification’ because they detected γ increases during semantically
well-formed structures. Notice that this theory is in fact purely a redescription
of the data, and an explanation for why we see γ increases is a separate issue,
which Bastiaansen and Hagoort (2015), to their credit, do attempt to provide, if
only briefly. Brown (2014) summarizes the current situation well in a brief
report:

If we really care about the question of how the brain works, we must not delude
ourselves into thinking that simply collecting more empirical results will automatically
tell us how the brain works any more than measuring the heat coming from computer
parts will tell us how the computer works. Instead, our experiments should address the
questions of what mechanisms might account for an effect, and how to test and falsify
specific mechanistic hypotheses.

Filling the gap between new data and neurobiological and evolutionary theory,
I will argue, is a particular neurocomputational multiplexing algorithm sup-
ported by an understanding of how the brain dynamically operates in real time.
This will be presented in Chapters 2 and 3. Helfrich and Knight (2016) review
how non-linear dynamics such as cross-frequency coupling, phase resetting
and exogenous entrainment can contribute to the transmission of information
through multiple information streams to be reconstructed downstream (the
essence of multiplexing), all of which will be implicated in phrase structure
building in the discussion to follow. More broadly, Helfrich and Knight (2016,
916) summarise that ‘the functional architecture of cognition is profoundly
rhythmic’, and the implications of this for theories of higher cognition are just
beginning to come to fruition. Currently, the most sophisticated attempts to
theorise about the oscillatory basis of language amount to claims related to how
certain slow rhythms such as δ ‘reflect chunking processes’ (Bonhage et al.
2017). Reflect is a metaphor and does not specify anything concrete; chunking
is ill-defined in much of the literature (what is the size of a chunk?); and
processes leaves open the neural mechanisms of parcellation. Phrases like
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‘reflect chunking processes’ should be treated with scepticism when not backed
up with modelling (they are at best examples of reverse inference), and it is
unfortunate that rhetorical constructions such as these often constitute
attempted explanations for experimental data.

What are the other underlying motivations for approaching the study of
language in this manner? General concerns over simplicity factor here. The
search for elegance and simplicity in science has its roots in classical thought.
Olympiodorus claimed that ‘nature does nothing superfluous or any unneces-
sary work’. Formulating his first rule of reasoning in ‘natural philosophy’
(early modern science), Newton wrote that ‘nature is pleased with simplicity,
and affects not the pomp or superfluous causes’ (1687, ii. 160ff). A recognition
of the limits of naturalistic science can also be found during Copernicus’s
exposition against the geocentric theories of Ptolemy (1952, I.8, 519):

Why therefore should we hesitate any longer to grant it the movement which accords
naturally with its form, rather than put the whole world in a commotion – the world
whose limits we do not and cannot know? And why not admit that the appearance of
daily revolution belongs to the heavens but the reality belongs to the Earth?

The pluralism discussed by Giere (2006, 34) adds further impetus for linguists
to embrace the field of neural dynamics and investigate the computational
properties of brain rhythms:

If one is studying diffusion or Brownian motion, one adopts a molecular perspective in
which water is regarded as a collection of particles. . . . However, if one’s concern is the
behavior of water flowing through pipes, the best-fitting models are generated within
a perspective that models water as a continuous fluid. Thus, one’s theoretical perspective
on the nature of water depends on the kind of problem one faces. Employing a plurality
of perspectives has a solid pragmatic justification. There are different problems to be
solved, and neither perspective by itself provides adequate resources for solving all the
problems.

Simplicity of theory may be a desirable outcome (as in Friederici’s hypotheses
about white matter dorsal tracts), but in all likelihood an explanation for the
human capacity for sentence comprehension will have to be distributed across
a number of brain regions, time scales and levels of neural interconnection (as
Friederici has also noted in a number of places). Following Lakatos (1970, 69),
we should maintain that ‘the history of science has been and should be a history
of competing research programmes . . . the sooner the competition starts, the
better for progress’. What does this mean in practice? To take an example of
competing programmes, Aboitiz (2017) claims that language evolved due to
the expansion of the phonological loop. This can likely explain the object
maintenance aspect of phrase structure generation (i.e. the need to hold a set
of lexical items in memory during sentence comprehension), but not the
property attribution aspect (i.e. the existence of hierarchically organised

351.5. Simplicity and Neural Organisation



sets). Yet Aboitiz’s observations can also assume a different rationale. What
syntacticians term Internal Merge (reorganising objects within an already-
existing set) places greater demands on working memory than External
Merge (placing two objects into a workspace), with the former involving
a mildly context-sensitive grammar and a linear-bounded automaton, but the
latter requiring only pushdown memory. Hence, Aboitiz’s account of an
expanded phonological loop in humans could go some way to explaining the
emergence of certain components of Internal Merge – a highly desirable move.
Research into this question is only just being initiated, yet even this account is
insufficient for reaching the full range of syntactic complexity universally
displayed by human languages.

Departing from this somewhat, Chomsky (2019b) argues that External
Merge involves ‘massive search’ given that it involves searching the lexicon,
whereas he argues that Internal Merge is a less computationally intensive
operation since its units of manipulation are already present in the workspace.
However, this sidelines the role of workspace maintenance, which given the
internal complexity of most lexical items would be considerable in cases of
Internal Merge, whereas External Merge involves maintaining fewer items for
a shorter period. In addition, and as already mentioned, the distinct formal
grammar profiles of these operations lead me to depart from Chomsky’s
(2019b) claim about Internal Merge simplicity. In brief, Chomsky’s (2019b)
account only addresses Search-related computational cost, and not other forms
of computation distinguishing External and Internal Merge.

An expanded phonological loop can also potentially account for the rapid,
cyclic implementation of certain elementary phonological computations,
which must be constantly active during language processing. For instance,
consider the need to compute identity. Reiss (2003) notes that a number of
phonological processes require an operation which detects whether two seg-
ments (e.g. two consonants surrounding a vowel) are identical or not, since
there are procedures which apply only if two segments are identical and there
are other procedures which apply only if they are different. This requires
a function with two arguments, identical(x, y), with the variables being
one of the segments. In reality, this operation must apply simultaneously at
multiple phonological levels, since the aforementioned procedures apply at
both the segment and subsegment level. An expanded phonological loop could
likely deal with this burden.

In this connection, Sedivy (2019) provides interesting, albeit indirect,
insights into whether the phrase structure mechanism or the expanded phono-
logical loop emerged first. Sedivy concludes that complex syntactic construc-
tions emerged only recently, and that throughout most of human history very
simple (yet still hierarchically organised) structures were employed in oral
production. I think this suggests that any sensitivity found in the brain to
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complex syntax (e.g. in Broca’s area) is most likely the result of cultural
evolution involving language change and selection for greater phonological
loop memory load. Picking up on earlier concerns, natural selection can here
explain the recent emergence of this particular human-specific feature of
language. But it cannot explain the seemingly rapid, initial emergence of phrase
structure, which is required to generate and interpret any phrase at all, simple or
complex; the title of a recent paper by Idsardi (2018) summarises it best: ‘Why
is phonology different? No recursion.’ This also exposes why many debates
about natural selection and third factors are highly contentious – researchers are
not decomposing language down to a sufficient level of granularity. Other
important considerations when exploring language change, and when investi-
gating why language’s syntactic structures have only recently become more
elaborate, include the relatively increased range of contexts for language use
since the cultural shifts brought about by the Upper Paleolithic Revolution (i.e.
a broader range of social scenarios), the faster rate of technological innovation
(more inventions lead to new names for objects and processes) and an increase
in non-iconic language.

But before turning to broader issues, it is necessary to introduce more
thoroughly the architecture of the language faculty.

1.6 A System of Discrete Infinity

Having set the scene with respect to the general cognitive architecture, I will
now suggest that asymmetric hierarchy is created by labelling such that the
process of establishing a phrasal identity automatically produces a hierarchical
relation between phrasal elements, and furthermore that this process is species-
specific. To briefly illustrate the latter point, even though it has been well
established that birds can chunk song units, these do not appear to contain the
properties out of which the chunks are composed. The warble-rattle chunks of
chaffinches (Riebel & Slater 2003) do not host the properties of either of the
individual song units. There are no ‘warble phrases’ or ‘rattle phrases’, just
sequences of warbles or rattles. In contrast, EEG studies have shown that
children utilise prosodic boundaries for phrase structure building at around
three years of age (Männel & Friederici 2011), while adult-like phrase forma-
tion develops at around six years of age (Wiedmann &Winkler 2015). Nothing
remotely similar occurs with non-humans. Labelling is thus a true example of
autapomorphy, a derived trait existing only in our lineage.

Tomalin (2007, 1784) observes in his account of the development of the
theory of recursive functions that ‘even if a label-free system is proposed, the
essential constructional process remains the same’; that is, set-formation and
labelling are essential for the construction of ‘a potentially infinite set of
hierarchical structures’. The concerns of linguists also bear directly on
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Tinbergen’s (1963) seminal ethological research programme, which aimed to
explore development (ontogenesis), how a behaviour develops in an organism,
and evolutionary history (phylogenesis), how it developed in the species. By
following his ‘aims and methods’, what ethology has revealed about the
cognition of non-human animals has been highly instructive (see Boeckx &
Grohmann 2007). Relatedly, many other researchers have called for an inter-
disciplinary approach to language evolution, but with some caveats. For
instance, Christiansen and Chater (2017) call for a broad, ‘integrated science
of language’, calling on all scientists to contribute, with the notable exception
of one camp: generative linguists. Christiansen and Chater provide no moti-
vated reasons for rejecting generativism (indeed, their paper includes not
a single citation from generativism, while their monograph, Christiansen &
Chater 2016, uses the phrase ‘language itself’ to refer to an externalised
conception of language as a shared sociocultural construct, rather than an
internal generative system).

As Hochstein (2016) notes of neuroscientific history, ‘the assumption that
there is a single ideally correct way of classifying or categorizing mental
phenomena, and that neuroscience and psychology should adhere to this
correct scheme, runs counter to productive scientific practices in these
domains’. Distinct categorisational schemes require distinct goals and meth-
odologies (hypothesis testing, design, pattern identification and prediction are
just some of their uses), and so there is simply no way of showing a priori that
linguistic concepts should be abandoned, to be replaced in full by implementa-
tional processes. Similarly, many generative linguists have misinterpretedMarr
(1982) through prioritising computational and algorithmic investigations over
implementational research (e.g. Abels 2013) and believing that the three levels
should be explored independently, despite the absence of anything in Marr
which suggests this; indeed Marr’s programme was geared towards bridging
these levels of analysis, not segregating them.

1.6.1 Concatenation

Having rejected certain frameworks for interpreting the notion of ‘language
itself’, we will now briefly present the core computational architecture of
language assumed in this book.

The operation Merge, presented earlier, can be decomposed into a number of
suboperations, including Concatenation and Label (Hornstein 2009). Hornstein
and Pietroski (2009, 113) elaborate that combine(a,b) consists of label
[concatenate(a,b)]. Concatenation takes two objects and forms from
them an unordered set, {α β}. This is a case of what Epstein et al. (2014,
471) call Simplest Merge, noting that ‘composite operations are in general
unwelcome as we search for the primitive, minimal, undecomposable
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operations of NS [narrow syntax]’. Labelling then imposes order after search-
ing for a head, say β. The ‘copy’ of β, <β>, is also typically assumed to be left
after β has been concatenated in a new position: {β α β}→ {β β {β α <β>}}. This
can represent certain forms of question formation, where a copy of the wh-
phrase is left in its initially concatenated position, for reasons of interpretability
during semantic interpretation: ‘What did you see <what>?’

1.6.2 Agree

Consider the sentences in (1):

(1) a. There seems likely to be a man in the house.
b. There seem likely to be men in the house.

In such there-expletive constructions, the main verb exhibits long-distance
number agreement with an associate noun phrase. This featural covariation
cannot be delivered by pure set-formation, and so an independent operation,
Agree, has often been appealed to, in which a Probe with an unvalued feature
searches its domain for an eligible Goal with a valued feature to match (e.g.
Number). The value of the Goal is copied onto the Probe, establishing syntactic
covariance. Another perspective deems Agree reducible to what is termed
minimal search, through which it is framed as a top-down process which
simply relates matching features to generate a degree of symmetry between
syntactic objects, such as in cases where X and Y share a matching feature that
is equally prominent in both X and Y (Chomsky 2015b; Narita et al. 2017). The
main thesis presented in this book will not be dependent on the adoption of
either of these specific claims, and so this matter will be left for the syntacti-
cians. Indeed, it will soon become clear that linguistic features are difficult to
currently embed neurobiologically; hence, my focus will largely be on compu-
tations (but see Chapter 3.6.4).

1.6.3 Natural Numbers

If Chomsky (2012) and Hinzen (2009) are right that Merge yielded the natural
numbers via the successor function (a claim often adopted in generative
circles), then it must be free of ‘triggers’ and should be executed freely. The
natural numbers do not appear to require labelling, as Tomalin (2007, 1795)
notes: ‘[T]he objects generated by the repeated application of Merge are not
associated with labels . . . and therefore the computational processes of arith-
metic do not seem to require the same information concerning hierarchical
structure that is required by the computational procedures that generate syn-
tactic objects.’ It is also possible that the acquisition of number concepts
employs linguistic mechanisms; the successor function is ‘a generative
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procedure that recursively assigns semantic meanings to number concepts’
(Yang 2018, 2), yielding a productive numeral system. Despite exhibiting
some competence for a number sense, ‘non-human species never develop an
infinite number system precisely due to the absence of a linguistic system’
(Yang 2018, 16). Nevertheless, Hiraiwa (2017) notes that grammatical number
and numerals do not in fact exhibit the successor function, but he acknowledges
that the computation of natural numbers possibly does.

In terms of their neuroanatomy, mathematical knowledge and language
appear to involve distinct cortical networks (Amalric & Dehaene 2019).
Despite this, it may be that the computational similarities between aspects of
syntax and aspects of mathematics can be explained by shared oscillatory codes
operating over distinct networks (i.e. same computation, distinct representa-
tions); we will briefly return to this issue later.

1.6.4 Adjuncts

If Concatenate/set-formation is not human-specific (Scott-Phillips 2015, 43,
discusses how ‘there is no particular reason to think that combining existing
signals is in any way cognitively challenging’), the sentential structures formed
by it may effectively be residues of ape cognition. Since Concatenate is
a simpler computational operation than Merge, we would expect its semantics
to be simpler. This prediction seems to hold true, as Pietroski (2002, 2005,
2008, 2018) discusses in the context of Neo-Davidsonian event semantics. If
Concatenate generates no hierarchy, simian cognition may be capable of
processing modificational structures like ‘(the) [brown [heavy [stick]]]’. Non-
hierarchical adjuncts may have arisen from pre-existing combinatorial capa-
cities, while argument structure requires a labelling mechanism. Language
provides certain formats for structuring concepts, which suggests that when
these concepts do not enter into linguistic computations – in their rudimentary,
‘bare’ form – they are likely shared with other animals which either do not have
complex syntax or do not establish an interface between syntax and their
various conceptual systems. Humans are likely unique in being able to con-
struct concepts like the object second to the left of the brown

chair, but are not unique in having the discrete concepts which make up this
structure.

Building on these and related insights, Blümel (2017) presents a rich array of
evidence from comparative syntax demonstrating that unlabelled structures
created via adjunction can participate in ongoing derivations. This suggests that
adjoined unlabelled structures remain unlabelled when the rest of the generated
material is transferred to the conceptual and articulatory interfaces from the
syntactic system. Adjoined structures are therefore ‘exempt from requiring
a label’ (Blümel 2017, 284). Thus, the mental representations derived from
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ancient simian cognition appear to have been left substantially intact, not being
required to undergo the recent transformation into a form of labelled existence
of the kind exhibited by most other linguistic structures. This also potentially
speaks in favour of a rapid, saltationist and non-adaptationist model of lan-
guage evolution, since clearly the influence of the core human-specific feature
of language (labelling) has only spread so far across the computational land-
scape of the human mind.

Finally, labelling alone is sufficient to account for morphological Spell-Out:
Taking the ambiguous sentence ‘Visiting relatives can be dangerous’, ‘visiting’
can be labelled a verbal noun in ‘Visiting relatives is a nuisance’ or a verbal
participle in ‘Visiting relatives are a nuisance’, depending on the meaning. In
this sense the different projections required for compositional semantics can
directly explain the different patterns in agreement (‘is’/‘are’) in morphology
(Huybregts 2017; see also Oseki & Marantz 2017). This leads us to the
computational properties of labelling.

1.6.5 Labelling

Some linguists (notably Hornstein 2009, Adger 2013) have suggested that the
headedness/endocentricity generated by labelling (through which one element
determines the identity of the larger phrase) is a language-specific feature.
Chomsky (2013, 2014, 2015a, 2015b) likewise proposes that head detection
can be reduced purely to minimal search, while labelling must take place at the
point of transfer to the interfaces from syntax (Chomsky 2015a), obeying least
effort principles. Narita (2012, 156) terms this minimal head detection. The
notion of prominence here refers to those aspects of a lexical item which allow
the labelling algorithm (Chomsky 2013) to identify it as an atom to be headed
(Narita 2011, 190).

Minimal Head Detection
For any syntactic object Σ, the head of Σ is the most prominent LI within Σ.

We will return to other components of labelling later, but we can conclude that
a supposedly simple operation like Merge in fact requires considerable break-
down into (at least) the following components: generate a feature, select the
feature, enter the feature into a workspace, generate, select and enter another
feature into the workspace, concatenate the two through attributing the con-
structed set some form of identity, and transfer the information cluster to
a particular cognitive system for labelling.

Recent proposals have suggested that even <φ, φ> and <Q, Q> structures can
be labelled (e.g. Chomsky 2015a), in which an object exhibits agreeing φ-
features or Q-features, as when one member is from the Q-feature of awh-word
and the other is from the Q-feature of the interrogative complementizer. The
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labelling algorithm is assumed to search not only for categorial features of
heads but also any agreeing features shared by two heads. Yet, as Shim (2018)
demonstrates, postulating the latter type of search process by the labelling
algorithm (i.e. locating agreeing features) adds computational burden by for-
cing the language system to ‘perform two different types of search, namely,
a “comparison search” in addition to the widely agreed-upon Minimal Search’.
Shim presents an alternative analysis under which only minimal search is
required, such that the empirical facts about acceptability can be derived
through only invoking categorial head detection. A more conceptual difficulty
for the ‘dual search’ model of labelling, Shim notes, is that <φ, φ> structures
likely do not contribute to semantic interpretation at the conceptual interface,
being non-categorial. How exactly are <φ, φ> structures interpreted?

A possible rebuttal to Shim (2018) is that <φ, φ> and <Q, Q> structures may
still be able to be labelled as such, and that the language system simply recruits
a more ancient search computation (namely, comparison search, which is
found across a number of cognitive domains and pre-exists the evolution of
labelling) to establish a phrasal identity. An interesting question then arises
concerning how these two search procedures interface. Still, Shim’s (2018)
rebuttal of dual-labelling appears empirically convincing, allowing us to likely
keep to the minimal search conception proposed in standard labelling theory.

1.7 Animal Syntax

What are the computational capacities of non-human animals, and do they in
any way approximate those of humans? Any neurobiological programme
aiming to explore human-specific features of language will need to at least
have some coherent response to this question. The following sections will
present a selection of interesting examples to more forcefully ground the
language system within broader ethological research.

1.7.1 Formal Languages

To begin with, consider that birdsong notes of Zebra finches often combine into
multi-element syllables, which combine into motifs, which string together into
song bouts (Cynx 1990). They are sung in response to potential mates or rivals,
and the order of notes becomes increasingly jumbled as the singer becomes
more agitated. Grey parrots demonstrate processing capacities in some ways
comparable to those of five- to six-year-old children, being able to learn simple
vocal patterns and referential elements – but only through social interaction
(Pepperberg 2007). Birdsong seems to be a holistic communication system,
rather than a compositional one like human language (Okanoya 2012, 2013).
Song bouts exhibit hierarchical structure, but there is no labelling, no mapping
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of complexes into lexical equivalence classes. Okanoya (2013, 515) proposes
a reasonable evolutionary scenario according to which natural selection would
have favoured a simpler syntax for wild birdsong since ‘songs are needed to
identify species in the wild, requiring that songs avoid phonological and
syntactic complexity’. It would follow that mutations leading to greater song
complexity would not have become fixed.

We can interpret any findings about animal communicative complexity from
the perspective of the traditional hierarchy of formal languages (see Jäger &
Rogers 2012):

Chomsky Hierarchy (Chomsky 1956b, 1957, 1963)
Type 0: Unrestricted systems (Turing machine)
Type 1: Context-sensitive systems (linear-bounded automaton; sets of sets of
symbol sequences)
Type 2: Context-free systems (pushdown automaton; sets of symbol
sequences)
Type 3: Regular systems (finite-state automaton; symbol sequences)

Formal language theory can be a useful tool in exploring the computational
resources of and patterns from different cognitive domains. For instance, Type
2 context-free phrase structure grammars were proven insufficient for human
language in the 1980s (Shieber 1985). Human language is thought to lie beyond
Type 2 as mildly context-sensitive (MCS) but below Type 1 languages (Joshi
1985), which cannot be parsed in polynomial time. MCS languages are dis-
tinguished from Type 3 languages by their narrow number of overlapping
dependencies and their ability to nest clauses inside clauses of indiscriminate
depth. Phrase structure grammars assume a counting mechanism, implemented
by pushdown stack memory, and so can generate AnBn structures of the kind
AiBi i ≤ 4, a finite subset of this language in which n is no greater than 4. Finite-
state grammars cannot achieve this (Chomsky 1956a), although they can
generate (AB)n languages. AnBn languages are thus not necessarily Type 3,
but can make use of Type 2 computations. Type 1 and 2 grammars require
a working memory space, dealing with dependencies between constituents.
Song sequences are usually non-random but are also non-deterministic, with
the probability of a song type depending on one or more preceding types
(Catchpole & Slater 2008, 208–209). If dependents are further back than the
immediately preceding type, then a higher-order Markov chain is required
(Dobson & Lemon 1979), not a context-free grammar.

What are the uses of this framework? To give a clear example, European
starlings (Sturnus vulgaris) can supposedly distinguish AnBn auditory
sequences from those with an (AB)n structure, at least according to an influen-
tial study by Gentner et al. (2006) (returned to later), and nightingales can sing
motifs with notes embedded within looped chunks (Todt & Hultsch 1998). An
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(AB)n structure is a case of a regular/finite-state grammar and is in the Strictly
Local class, SLk, being constructed from a finite alphabet with a beginning (⋉)
and end (⋉). (AB)n is an SL2 stringset definable by a set of two factors (Rogers
& Hauser 2010, 9–10): D(AB)n = {⋊A,AB,BA,B⋉}. Set-formation and the
atomisation of call units are displayed, then, but a labelling operation is absent.
Call unit α can be concatenated with unit β, forming the linear sequence <α, β>,
but this structure is never given an independent structural identity. Abe and
Watanabe (2011, 1070) claim that finches can distinguish syllable strings
constructed by context-free grammars, supposedly being sensitive to centre-
embedded structures.

It is important to stress that embedding and recursion are not equivalent
(Fitch 2010b; Watumull, Hauser & Berwick 2014; Watumull, Hauser, Roberts
et al. 2014), even if memory constraints permit and motivate recursion and
chunking. Chomsky (1959, 148) defined self-embedding as in the following
(where I is the identity element, zero, and ⇒ refers to a rewrite operation):

A language L is self-embedding if it contains an A such that for some φ, ψ (φ ≠ I ≠ ψ),
A ⇒ φAψ

Mastering AnBn structures involves comparing two sequences of elements,
which is potentially achievable by competent short-term memory and not
necessarily Type 2 (Ojima & Okanoya 2014, 166–170, present critical com-
mentary). MCS languages also go beyond this by generating AnBmCnDm

stringsets with cross-serial dependencies; no human language is known to
require further power. Consequently, any ethological model which attempts
to show the context-freeness of non-human syntax needs to demonstrate that
the As and Bs are paired together. Merely showing that the number of distinct
elements is equal, as in the Gentner et al. (2006) model, does not entail
a dependency. In this vein, Fitch and Friederici (2012, 1943) document that
counting and comparing across phrases, the computation required to recognise
AnBn, is ‘difficult or impossible for most tested non-human species’. They also
suggest that the concept of bilateral/mirror symmetry requires a context-free
grammar capable of recognising AnBn structures and, as a result, able to engage
in mirror symmetry detection (2012, 1943–1944). AnBn languages, though
context-free, can still be recognised by some finite-state automata augmented
with a simple counter (Jäger & Rogers 2012, 1962, Zimmerer et al. 2014),
bringing into question what computational capacities ethologists are in fact
investigating. As Zuidema (2013) observes, Gentner et al. (2006) presented
stimuli to teach starlings to distinguish AnBn from (AB)n, but no stimulus was
presented which would allow them to exclude AnBm, leading to ambiguities
over whether the starlings could actually learn Type 2 languages.

Repeating these errors, Suzuki et al. (2016) also claim that the Japanese tit
(Parus minor) possesses a compositional syntax since in their experiments the
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birds responded to novel sequences of calls in particular call orderings. Yet, as
Fukui (2017) notes in his critique, ‘their experiments show at best that bird
syntax is only narrowly based on linear order, whereas it is well attested that
human language is dependent on hierarchy instead of (or in addition to)
linearity’.

A further problem with many experiments (e.g. Abe & Watanabe 2011; Ten
Cate & Okanoya 2012) is their lack of specificity about the object of investiga-
tion, not clearly distinguishing between the ability to implement, learn and
exhibit a preference for a Type 2 language. The mild context sensitivity of non-
humans has not been well tested, with ethologists typically favouring the search
for identification of nesting. Work by Kershenbaum et al. (2014) suggests only
that non-Markovian dynamics like the ‘renewal process’ (a strong tendency to
repeat elements) may characterise the vocalisations of seven taxa including
Bengalese finches, rock hyraxes and killer whales, rather than Markovian
processes or, indeed, context-free grammars. Further research is needed to
determine whether birds can recognise Type 2 languages and which family of
Type 2 or 3 languages matches their auditory cognition; for instance, can
finches recognise a more complex finite-state pattern such as A1(BA1)1,
where 1 indicates paired elements?

For now, it at least seems clear that, lacking a lexicon or identifiable
semantics (Catchpole & Slater 2008), birdsong is best characterised as ‘pho-
nological syntax’ (Marler 1998), resembling most strongly human sound
structure. Birdsong might turn out to be linked to some form of complex
semantic system, and it would be worthwhile investigating this, but no evi-
dence currently exists to support this notion. Although human phonological
structure is characterisable via finite-state machines (Johnson 1972; Rogers
et al. 2010), there the similarities appear to end with birdsong syntax. Gentner
and Hulse (1998), for instance, proved that a first-order Markov model serves
to describe the majority of starling motif sequences, with every motif being
predictable by its immediate predecessor. Producing sequential vocal elements
is certainly a strong behavioural parallel that birdsong shares with human
speech, but there appear to be no other legitimate parallels involving combi-
natorial syntactic complexity. The inherited acoustic signals of songbirds
appear to be mediated by the dorsomedial subregion of nucleus intercollicularis
and the central mesencephalic grey (Dubbeldam & Den Boer-Visser 2002).
Low-threshold microstimulation of the nucleus intercollicularis elicits simple
call-like vocalisations in adult male zebra finches and canaries (Vicario &
Simpson 1995).

Concerning the evolutionary basis of these capacities, Wilson et al. (2013)
studied two species which differ in their evolutionary distance from humans;
marmosets and macaques, with the latter enjoying a closer distance. Both
species learnt an artificial grammar with non-deterministic word transitions.
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While marmosets displayed a sensitivity to simple violations, macaques were
sensitive to more complex violations, suggesting that closer relatives to
humans demonstrate a more sophisticated artificial grammar processing capa-
city. Chapter 3 will return to these issues and discuss them within the electro-
physiological context provided in Chapter 2.

1.7.2 Hierarchy

A brief clarification should be presented here about the nature and scope of
hierarchy. As mentioned, the songs of Bengalese finches are markedly
predictable in that each sequence is constructed purely from concatenating
a new subsequence to the end of another (see Dawkins 1976 for
a discussion of the efficiency of hierarchical organisations of common
subroutines). This constitutes a form of trivial tail recursion (Fitch 2010a).
Bengalese finches are also capable of segmentation and chunking, basic
processes thought to be involved in human language acquisition (Takahasi
et al. 2010, 481). As with phonological syntax, labelling is not necessary
for hierarchy. There is no endocentric labelling in syllables which have
a nested [σ[onset] [ρ [nucleus] [coda]]] structure; further, there is no
repeated nesting (syllables within syllables).

It has been claimed that wild mountain gorillas appear to prepare nettles for
eating in a hierarchical procedure (Hurford 2011), free of endocentricity:

Nettle preparation (adapted from Byrne & Russon 1998)
Find patch → Collect leaf-blades; Enough? ↺ → [Strip stem; Enough? ↺ → Tear-off
petioles] → Clean → Fold blades. [Eat nettles]

Byrne and Russon conclude that ‘great apes suffer from a stricter capacity limit
than humans in the hierarchical depth of planning’ (1998, 667). Indeed, as Fitch
and Friederici (2012, 1936) comment, ‘as our understanding of neural compu-
tation in vertebrates progresses, it seems likely that different hierarchies will
arise’. Pulvermüller (2014) even suggests that locality conditions in syntax
may impose constraints on the ‘syntax of actions’ and motor planning (see
Moro 2014 for objections, and Boeckx & Fujita 2014 for a review).

Be that as it may, what appears to be hierarchical may simply be automated,
with the brains of wild mountain gorillas possibly having created a looped
routine characterisable in Markovian terms (see Penn et al. 2008, 117, for
criticisms of attributing hierarchical forms of cognition to non-humans).
Furthermore, while motor routines may implement concatenative functions, it
is inaccurate to describe this as true recursion, which defines its output value in
terms of the values of all of its previous applications, grounded in the initial
application. This self-referential quality of recursion is clearly found in lan-
guage, but there is nothing homologous in motor routines. As Bolhuis et al.
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(2018) review, there is currently no serious evidence of syntax-determined
meaning in non-humans.

1.7.3 Compositionality

Language and primate vocal calls share many features, being forms of coordi-
nated activity relying to a large extent on similar neural mechanisms, and also
involving an extensive array of pragmatic inferential processes (Seyfarth &
Cheney 2017). Returning to issues of combinatorics, free-ranging male
Campbell’s monkeys have been shown to respond to disturbances with around
twenty loud calls and six call types: krak, krak-oo, hok, hok-oo, wak-oo and
boom (Ouattara et al. 2009). The majority of sequences include a series of krak-
oo calls which are occasionally concatenated with other types, while the tempo
is modulated by the sense of emergency (i.e. krak is uttered in emergencies,
krak-oo in non-emergencies). The contact calls of female Campbell’s monkeys
can be externalized as single units (ST1, SH2 etc.), combined (e.g. Concatenate
(ST1,SH2) = {CT}) or distinguished by a suffix (e.g. Concatenate(SH2,fre-
quency-modulated-arch) = {CH6}). These sequences are used to communicate
narrow contextual information, the content of which can be strongly modified
by slight changes (Lemasson et al. 2013, see also Zuberbühler 2019 for a brief
review).

The computational capacities required for such concatenation do not seem to
extend beyond Type 3 systems, and it appears that the monkeys are restricted to
a single application of concatenation. Schlenker et al. (2014) have developed
a formal semantic analysis of the calls of free-ranging Campbell’s monkeys,
proposing that krak and hok are ‘roots’ which independently convey informa-
tion (and can have attributed to them a propositional semantics, ‘type t’) and
which can be optionally affixed with -oo, whilst calls which begin with boom
boom indicate a non-predatory context. Krak appears to have different ‘lexical
entries’ (conceptual content) for two different groups of monkeys in Tai forest
(Ivory Coast) and on Tiwai island (Sierra Leone), and so seems to be ‘under-
specified’ in the way that many human language constructions require prag-
matic strengthening and saturation, providing further impetus to look in places
beyond pragmatics for human-specific features of language. These call combi-
nations can be generated by a finite state grammar (Schlenker et al. 2014, 454),
with a ‘leopard call’, for instance, having the following structure (‘*’ =multiple
occurrences, ‘K’ = krak-oo, ‘k’ = krak):

Leopard call: k K*, k k*

The ‘cognome’ (i.e. the set of computational operations able to be implemented
by a particular system; Poeppel 2012) of white-handed gibbons also permits the
concatenation of a finite set of units to yield duet and predator songs (Clarke
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et al. 2006), utilising combinatorial rules to advertise pair bonds and repel
conspecific intruders.

One final study sheds new light on these issues. Jiang et al. (2018), for the
first time, trained two rhesus macaques to generate structured sequences
through hitting a touchscreen at certain locations arrayed around a circle.
After intensive training, the macaques learned to produce mirror sequences
of an ABC|CBA pattern, and generalized this to sequences of varying lengths.
These grammars have been shown to require supraregular computational
abilities, going beyond regular or finite-state grammars. This suggests that, in
the domain of visuospatial reasoning, macaques can execute working memory
processes akin to human language. However, Jiang et al. also tested five- to six-
year-olds, who learned these grammars after only around five demonstrations,
vastly outperforming the macaques (who needed tens of thousands of trials). It
is possible, then, that the neural processes and computations employed reflex-
ively by human children are of a completely different type from those deployed
by macaque brains, who likely deployed various cognitive resources from
distinct domains to implement the mirror grammars. Only future neuroimaging
and behavioural work can address this topic.

We can conclude from this section that the evidence in favour of non-human
MCS grammars is either non-existent or based on speculation and misrepre-
sentation, while the evidence for Type 2 grammars is limited, although this may
be due more to the methodological flaws of a young field (Fitch & Hauser 2004
being the first major study) than the computational properties of its objects of
enquiry. Some non-human conceptual systems may be compositional, but only
human language simultaneously exhibits compositionality and productivity.
These issues will be discussed in a neurobiological context in Section 3.7.

1.8 Mapping Syntax and Sentence Processing

One final issue needs to be addressed before we can progress to the next
chapter, and this concerns the relationship between models of sentence proces-
sing (psycholinguistics) and models of linguistic knowledge (syntax). The
approach to language processing that will be outlined in the next chapter is
consistent with the ‘one-system’ contention of Lewis and Phillips (2015) that
grammatical theories and language processing models describe the same cog-
nitive system, as evidenced by the fact that grammar-parser misalignments only
seem to occur as a consequence of limitations in domain-general systems such
as memory access and control mechanisms, and as also evidenced by the
convergence between online and offline responses to grammatical anomalies
(Sprouse & Almeida 2013). This supports the hypothesis that ‘online and
offline representations are the product of a single structure-building system
(the grammar) that is embedded in a general cognitive architecture, and
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misalignments between online (“fast”) and offline (“slow”) responses reflect
the ways in which linguistic computations can fail to reflect the ideal perfor-
mance of that system’ (Lewis & Phillips 2015, 39; see also Lightfoot 2020). It
will be claimed in the next chapter that the interactions between different neural
oscillations at different time scales allows the brain to flexibly achieve the rapid
parsing of linguistic structures, with an average reader comprehending
250–300 words per minute (Rayner et al. 2012).

While real-time processing data is typically consistent with theoretical con-
siderations, it is also the case that the considerably vast range of psycholinguis-
tic results are only occasionally related to generative models of linguistic
knowledge. For instance, one author points out that we often find ‘theoretical
linguistics often proceeding without drawing on experimental results, and
psycho-/neurolinguistics limitedly relying on linguistic theory’ (Mancini
2018, 1). This is partly due to many researchers assuming that the Marrian
levels of analysis (computation, algorithm, implementation) are to be investi-
gated in isolation, as mentioned earlier. Yet, if we assume the one-system
contention of Lewis and Phillips (2015), we immediately get a transparent
mapping between syntax and sentence processing; namely, the computational
level denotes the offline properties of the system (it can search, merge, copy,
label, etc.) and the algorithmic level denotes it real-time execution. Any system
of language processing needs a precise specification of the formal properties of,
say, merging and labelling, and any model of language processing would need
to state how real-time steps are executed.

We do, however, sometimes find misalignments between online and offline
responses to grammaticality, i.e. a sentence might be ungrammatical, in terms
of its agreement relations, but is nevertheless processed with no obvious
difficulty. Yet, as Mancini (2018) proposes, it is possible that online and offline
responses represent ‘distinct snapshots of a process that unfolds in time and that
goes through different computational stages’. If this is the case, then there is no
need to invoke a ‘two-systems’ model of the parser and grammar.

The reason why this topic is relevant to our concerns is that, as discussed
below, recent research has shown that patterns of neural oscillations are
sensitive to hierarchical syntactic structure. The implications of this for models
of sentence processing, and psycholinguistics more broadly, are quite substan-
tial. For instance, these findings suggest that the real-time structure-building
mechanism (the parser) can incrementally group linguistic units in a Merge-
like way. This supports the one-system contention of Lewis and Phillips (2015)
and suggests that the computational/derivational component of language can be
implemented in a left-to-right fashion (as Phillips 2003 contended).

However, language processing involves not just bottom-up generative pro-
cedures, but also top-down processes of prediction. It will be argued below that
this top-down predictive component is also implemented via neural
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oscillations, alongside the structure-building component. How might this be
implemented at the algorithmic level? Martorell (2018) makes a plausible
suggestion about this issue, noting that since sentences are potentially infinite
it is likely that the most parsimonious strategy would be for the language
system to avoid predictions relating to optional syntactic elements (like
adjuncts) and only generate predictions related to core structural elements
such as verbs and their arguments. As such, the processing of adjuncts would
involve bottom-up processing with no prior activation (see Martorell 2018 for
empirical evidence, such as the finding that arguments lead to faster reading
times than adjuncts; Tutunjian & Boland 2008).

Another topic relevant to the alignment of linguistic theory with processing
models is Minimalist Grammars (MGs) (Stabler 1997). These provide an
explicit formulation of the computational machinery of generative grammar
(Merge,Move, Agree, etc.), and there has been work usingMGs as the basis for
psycholinguistic modelling (i.e. as a way of explaining patterns in behavioural
data during sentence processing experiments). To take an interesting and recent
example, consider Hunter et al. (2019). These authors note how psycholinguis-
tic research increasingly suggests that human parsing of moved syntactic
elements is ‘active’, or even ‘hyper-active’, such that leftward-moved objects
are related to a verbal position rapidly (rather than the parser delaying such
interpretive procedures until necessary), possibly before the transitivity infor-
mation associated with the verb is available to the comprehender. In an attempt
to align this feature of the parser with the minimalist/generative computational
architecture of the language system (and, hence, to ultimately provide support
for the one-system contention), Hunter et al. embed within the search space of
MGs branching points that can be identified as the locus of the decision to
perform active gap-finding. Effectively, this imposes on the parser certain
syntax-specific points of interpretive action, in line with what psycholinguistic
work is revealing about how humans seem to implement movement operations.

To illustrate, a typical filler-gap dependency involves a pronounced element
(filler) and a subsequent position in the sentence which is ‘silent’ and not
pronounced in any way (gap). In ‘What did John buy yesterday?’, the silent
space between ‘buy’ and ‘yesterday’ is the gap, since this is the object of
‘what’, with ‘buy’ taking a direct object – yet the parser has to determine this
independently, with no help from the speaker. Recent research, including some
of my own, has shown that comprehenders posit gaps as a ‘first-resort’ strategy,
rather than leaving open the possibility that an alternative interpretation for the
upcoming words could arise.

In brief, these forms of potential alignments between linguistic theory and
processing models invite further efforts from the domains of neurobiology and
electrophysiology to achieve specific unifications, in particular given that
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psycholinguistic models have in turn been grounded in specific electrophysio-
logical and neuroanatomical components.

1.9 Homo Projectans

This chapter has concluded that the labelling capacity is human-specific. The
remaining chapters will explore the implications of assuming what I will term
the Labelling Hypothesis:

Labelling Hypothesis
Labelling constitutes the evolutionary novelty which distinguishes the human cognome
from non-human cognomes.

As such, exploring the neurobiological basis of elementary representational
combination (Merge) will not be enough to derive the properties of language,
since a separate computational procedure is required, not just a freeing of
concepts from their selectional restrictions (as in Boeckx 2014a). This permits
us to explain certain lexical content in terms of labelling choices; a ‘red ball’ is
an object (NP/DP), not a property (AP), and ‘John ran’ is an event (vP), not
a special kind of thing (NP/DP). Labelling is required if only because there is
nothing in the set-theoretic definition of Merge which leads to symmetry-
breaking. This is a primary motivation behind Hornstein and Pietroski’s
(2009, 133) claim that, semantically, ‘concatenation is an instruction to conjoin
monadic concepts, while labelling provides a vehicle for invoking thematic
concepts, as indicated by the relevant labels’. Dyadic concepts like internal
(e,x) can be introduced by labels, with lexical items delivering the required
information to fill in the thematic content. Nevertheless, labelling is still
predominantly seen as a side effect of Merge. A monograph by Citko (2011)
bears the title Symmetry in Syntax: Merge, Move, and Labels – the pluralisation
in ‘labels’ reflects this tendency to relegate the labelling operation itself and
focus on its products.

Labels, Epstein et al. (2014, 472) comment, are ‘arguably a natural require-
ment necessary for CI [conceptual-intentional] interpretation’. Shim (2013)
formalises this observation in his Single Label Condition on Interpretation:

Single-Label Condition on Interpretation
An expression must have a single label to be interpreted at the interfaces.

What Hinzen and Sheehan (2013, 101) call the ‘substantive content’ in lan-
guage is found not simply in recursion, but rather in the way labelling provides
the means to introduce to atomic conceptual roots functional structures which
serve as the hosts of conceptual notions like predicate and argument. As Ursini
(2011, 215) phrases it, ‘language represents a “neutral” logical space, a model
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of knowledge representation in which different concepts can be freely com-
bined’ – a process of cyclic combination permitted by labelling.

With these background assumptions in place concerning what language is,
we can now progress further afield to construct an understanding of how these
computational capacities are implemented.
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2 Brain Dynamics of Language

It is for certain the principal organ of our soul and the instrument with which it
executes formidable things: the soul believes that it has penetrated everything
outside of itself, such that there is no limit to its knowledge; however, when
the soul enters its own house, it would not know how to describe it, and it does
not know itself anymore. One only has to dissect the big mass of matter that
makes up the brain to have reason to lament this ignorance. On the surface,
you see an admirable diversity, but when you have entered it, you cannot see
a thing. Nicolaus Steno, Discours sur l’Anatomie du Cerveau, 1669

How the human brain differs from the brains of other species is a major topic of
research, though our knowledge is still currently very limited. Topics under
consideration range from protein emergence, extensive sequence editing, retro-
transposon activity and multiple non-coding RNA functions (Bitar & Barry
2018), but none of these have so far yielded any direct consequences for
language evolution. As such, this chapter will be concerned largely with
higher-order constructs like general neuroanatomy and oscillatory brain
dynamics.

There is, as Somel et al. (2013, 119) put it, ‘accumulating evidence that
human brain development was fundamentally reshaped through several
genetic events within the short time space between the human-Neanderthal
split and the emergence of modern humans’. While I will largely be con-
cerned with the neuroanatomical and electrophysiological properties of the
human brain, there are many other legitimate avenues through which one
could explore human uniqueness in relation to the evolution and neural
implementation of language. For instance, it has been suggested that protein-
coding changes in cell cycle-related genes are highly relevant candidates for
human-specific traits (Pääbo 2014). Genes with fixed non-synonymous
changes in humans are often expressed in the ventricular zone of the devel-
oping neocortex, compared with fixed synonymous changes (Kuhlwilm &
Boeckx 2019), and genes involved in axon-guidance, myelination and synap-
tic vesicle endocytosis (implicated in sustaining high rates of synaptic trans-
mission) appear to number highly in gene sets proposed to be responsible for
human-specific neural features.
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Given that the hierarchy of brain oscillations appears to have remained
extraordinarily preserved during mammalian evolution (Buzsáki et al. 2013),
the construction of a new substitute for the Chomsky Hierarchy (see Section
1.7.1), which makes brain activity and computational operations like set-
formation and labelling commensurable, is an urgent challenge. As Fitch
(2010a, 108) comments on the history of formal language theory, many lin-
guists lost interest in the Chomsky Hierarchy ‘when it became apparent that the
remaining open questions addressable within this formal framework had little
relevance to the details of natural language and its implementation in human
brains’. This chapter will explore how brain oscillations can enhance under-
standing of information chunking (ideas perhaps most forcefully proposed, in
the context of language, by Giraud & Poeppel 2012), and could therefore act as
a bridge between neurobiology, ethology and the algorithmic and computa-
tional levels of syntax. It is the aim of this chapter to present how exactly this
research has been, and can continue to be, fruitful.

2.1 Theoretical Overview

2.1.1 Anatomy

In their recent review of the neurolinguistics literature, Friederici et al. (2017,
719) conclude that the task for future research centres on ‘finding the expla-
natory link between the neuroanatomical data, the electrophysiological data,
and the formal properties of human syntax’. We will here present a number of
relevant debates surrounding language processing in the brain before propos-
ing a range of such explanatory links. The core question explored in order to
achieve such links will be: What are the neural underpinnings of language? Or,
to return to Hume’s terminology, what is the mechanical power of language?

In an attempt to address this, a wide range of studies have recently shown
that the task of syntactic processing is not relegated to Broca’s area alone, but
implicates a specific left frontotemporal network involving Broca’s area (in the
left inferior frontal gyrus), parts of Wernicke’s area (in the posterior superior
temporal cortex) and the pathways connecting these regions. Indeed, a closer
inspection of the neuroimaging results that implicate Broca’s area in syntactic
processing actually reveal that the activation profile of the posterior temporal
lobe is almost always coupled with Broca’s area (Matchin et al. 2017). This had
led some to emphasise the importance of posterior temporal and also parietal
regions (Pillay et al. 2017). Cytoarchitectonically, Broca’s area is split into
a posterior portion (pars opercularis, BA 44) involved in syntax, and an anterior
portion (pars triangularis, BA 45) involved in lexical-semantic processing
(Price 2010). White matter fibre bundles connect Broca’s and Wernicke’s
areas, with a dorsal pathway connecting BA 44 to the temporal cortex and
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a ventral pathway connecting BA 45 (Friederici 2011). A very striking effect
has been found in the literature: The greater the degree of syntactic complexity,
the greater is the activation in BA 44 (Makuuchi et al. 2009). The involvement
of the dorsal pathway connecting BA 44 to the posterior superior temporal
cortex seems clear from diffusion-weighted brain imaging, which has revealed
an increase in myelin and behavioural performance during the processing of
syntactically complex sentences (Skeide et al. 2016); thoughwhether or not it is
crucial for the elementary computations which construct basic phrases is
another issue, to be addressed later.

As is widely understood, the left hemisphere processes phonology, morphol-
ogy, lexical information and syntax. Damage to it causes speech devoid of
meaning and comprehension problems. The right hemisphere processes into-
nation, non-literal aspects of language (jokes, etc.) and emotion, with damage
to it causing inference problems and impaired emotional interpretation
(although both hemispheres have been implicated in a combination of these
functions, there is nevertheless clear dominance). Wernicke’s area receives
input for auditory and visual cortexes, and is the locus of semantic processing.
Broca’s area deals with speech planning and production, controlling both
inflectional and functional morphemes and is connected to Wernicke’s area
by the arcuate fasciculus. This is a bundle of nerve fibres that was first
described in the early eighteenth century by Johan Cristian Reil and which
run around the superior border of the Sylvian fissure, encompassing the super-
ior temporal and inferior parietal and frontal areas. Damage to this tract
typically leads to conduction/associative aphasia, resulting in intact auditory
comprehension and largely intact speech production but degraded speech
repetition. The arcuate fasciculus has more extensive nerve fibres in the left
relative to the right hemisphere, even in newborns (Perani et al. 2011). Along
with this, Catani et al. (2013) discovered another tract relevant to language
processing, the frontal aslant, which is a vertical fibre bundle connecting the
supplementary and pre-supplementary motor areas in the superior frontal gyrus
with the inferior frontal gyrus. This tract is affected in a subset of patients with
primary progressive aphasia, a chronic loss of speech fluency.

The mechanisms behind semantic interpretation are lateralised throughout the
brain from ages two to three, with Chiarello (2003, 236) commenting: ‘Although
the right hemisphere seems to retain information about the perceptual character-
istics of words, we do know that words presented to either hemisphere are
comprehended (although not necessarily in the same way). Hence word meaning
access is bilateral.’Nevertheless, there are recently discovered limits to this purely
cartographic focus on lateralisation, with Bradshaw et al. (2017, 1) reviewing the
fMRI literature on language lateralisation and concluding that ‘the current high
level of methodological variability in language paradigms prevents conclusions as
to how different language functions may lateralise independently’.
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2.1.2 Granularity

As one can perhaps already notice, focusing on anatomy as a means of grounding
linguistic competence can be a confusing and potentially unenlightening experi-
ence. One of the arguments of this chapterwill be that recent developments in brain
dynamics and neurochemistry can provide the type of framework needed to meet
Poeppel and Embick’s (2005) challenge of ‘granularity’mismatch, or the problem
of reconciling the primitives of neuroscience with the primitives of linguistics, in
ways superior to that of simple one-to-one mappings between anatomy and
computation (see also Poeppel 2011; Fitch 2009).

In 1996, Poeppel noted of cell assemblies (neurons firing transiently with each
other, regardless of whether they are synaptically connected) and oscillations that
‘it is unclear whether these are the right biological categories to account for
cognition’ (1996, 643), but by now the oscillation literature has sufficiently
expanded to incorporate numerous cognitive processes. Indeed, it is becoming
somewhat vogue to attempt to replace fundamental linguistic concepts in favour of
grounding them in biology – a highly desirable move, if properly executed.
Consider Martins’s (2017) attempt to eliminate the notion of ‘markedness’ from
linguistic theory in favour of lower-level biological factors:

The concept of markedness in particular, though probably very advantageous in [a]
utilitarian sense to many linguists, doesn’t seem to do much for the understanding of the
phonological component when we start wondering about its place in biology and
evolution, even if we don’t pursue those curiosities much further.

Linguistics can direct the brain sciences insofar as its insights into the univers-
ality of operations like Merge inform the goals of neurobiology, while the brain
sciences can direct linguistics insofar as they place constraints on what possible
operations neuronal assemblies and their oscillatory behaviour can perform
(see Badin et al. 2017 for an exploration of the notion of a neuronal assembly,
which they see the defining feature of as being ‘one of dynamism’). While
linguists should focus on making their claims about language biologically
feasible, neuroscientists should conversely ensure that they do not sideline
the notion of computation, as stressed by Gallistel and King (2009).

In order to explore this issue, I will adopt a multidisciplinary approach which
endorses an interweaving of the sciences concerned with the following topics:
the computations performed by the human nervous system (the cognome,
discussed earlier; Poeppel 2012), brain dynamics (the ‘dynome’; Kopell et al.
2014), neural wiring (the ‘connectome’; Seung 2012; or the ‘neurome’; Bota
et al. 2015) and genomics. Every time wemove from one level of description to
another, a specific linking hypothesis is needed to explain and motivate the
transition. The connectome (i.e. anatomy) constrains the kinds of operations
performed by the nervous system, but it cannot reveal what operations in
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particular are performed. What is needed, as Seung himself has explained, is
not just a comprehensive model of neural wiring, but also neural computation,
which is what a theory of the cognome can contribute (see Reimann et al. 2015
for a proposed algorithm to predict the connectome of neural microcircuits). As
Swanson and Lichtman (2016, 212) put it:

The problem stems from the intrinsic lack of intelligibility of connectomics data. The
inherent complexity of data that simultaneously show thousands of streams of informa-
tion flowing into and out of each of many nodes (individual neurons, neuron types, or
regions) is likely beyond any individual human’s comprehension. Making sense of such
data may therefore be beyond the limits of the explanatory power of the human mind.
The long-debated challenge of bridging the divide between mind and brain is unfortu-
nately not likely to be overcome by a detailed accounting of each and every synaptic
connection in the brain.

Furthermore, research into complexity and data compression indicates that any
object is no more complex than the total information of the source programme
and data that defines its construction (Chaitin 1977), and so the actual complex-
ity of the brain is likely far less than what the results of connectomics might
suggest. Achieving a theory of brain function will instead require developing
algorithmic neurobiological models at a level of abstraction appropriate to the
computations under investigation. Disassembling the brain into its elementary
components by no means leads to a necessary enhancement of higher-level
theories concerning its functioning. As Tsien (2016) puts it, ‘this relentless
push – or downward spiral – into ever finer details has created its own attrac-
tion – or black holes – from which too many of us may find too hard to resist
intellectually and professionally’. Connectomics has no computationally rig-
orous answers, for all its impressively wide phenotypic coverage – witness the
birth of the ‘ferretome’, the connectome of the ferret (Sukhinin et al. 2016) –
but it nevertheless crucially reduces the hypothesis space. As Swanson and
Lichtman (2016, 198) put it, connectomics ‘constrains the range of function-
ality and hypotheses of underlying mechanisms’ and in addition ‘provides the
neuroinformatics skeleton for organizing related molecular, genetic, physiolo-
gical, behavioral, and cognitive data’. But still, the central questions remain:
What computations are executed (addressed in Chapter 2) and how exactly are
they executed?

This chapter will suggest that the most currently appropriate level of abstrac-
tion is to be found in what I have elsewhere called the ‘oscillome’ (Murphy
2016c). While the dynome is the level of brain dynamics, encompassing
electrophysiology and neural oscillations, the oscillome addresses a subset of
these oscillations which can be ascribed computational roles relevant to cogni-
tion (not every feature of brain dynamics will be related to language, attention,
memory and so forth). The dynome explores ‘not only what is connected, but
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how and in what directions regions of the brain are connected’ (Kopell et al.
2014, 1319). The cartographic literature (e.g. fMRI and DTI studies) discusses
neural ‘activation’, ‘firing’ and ‘pathways’, keeping at a connectomic level of
spatiotemporal brain nodes and edges (Bressler & Menon 2010). Indeed
Eklund et al. (2016) found an extraordinary 70 per cent of false-positives
when analysing imaging data with standard fMRI softwares, pointing out that
the results of around 40,000 previous studies are therefore potentially suspect.
More broadly – and perhaps more bizarrely – many standard fMRI analyses
assume that every repeated appearance of a given stimuli in an experimental
environment will, somehow, lead to the same brain response every time, not
taking into consideration familiarity/expectancy effects. Since ‘a function of
network oscillations is to control the flow of information through anatomical
pathways’ (Akam & Kullmann 2014, 111), connectivity issues will be key to
understanding how the brain implements language. But the oscillome adds to
such a ‘functional connectome’ an understanding of the regions involved in
producing and processing brain signals. For example, Kamigaki and Dan
(2017) exposed the role of vasoactive intestinal peptide (VIP+) neurons in the
dorsomedial prefrontal cortex in working memory modulation, but the way the
firing of these cells synchronise with other brain regions requires an under-
standing of brain dynamics – the connectome alone will not suffice.

Although I will focus on brain rhythms with respect to the oscillome, it
should be noted that the dynome extends beyond neural oscillations and
includes other temporal structures (Larson-Prior et al. 2013). Moreover,
fMRI has recently been shown to be able to directly map fast neural oscillations
throughout the brain (Lewis, Setsompop et al. 2016), extending its potential use
in oscillatory investigations. fMRI results are increasingly being interpreted
alongside neural oscillations, with part of the BOLD signal being seen by
Scheeringa and Fries (2019) as feedback signalling via α and β influences
travelling from infragranular cortical layers to layer 4, such that future fMRI
studies could in fact be used to test predictions derived from studies using the
major time-sensitive neurophysiological methods, M/EEG.

As mentioned, we will explore how the universality of language lies within
the extraordinarily preserved nature of mammalian brain rhythms (the oscilla-
tions of mice and rats have the same pharmacological profiles as humans) likely
arising from the deployment of long-diameter axons of long-range neurons
(Buzsáki et al. 2013; see also Calabrese & Woolley 2015). Such cortical and
subcortical structures are ‘among the most sophisticated scalable architectures
in nature’ (Buzsáki et al. 2013, 751), with scalability referring to the ability to
perform the same operations with increasing efficiency despite escalating
organisational complexity. Sensory inputs help the brain adjust its ‘internal
connectivity and computations to the spatial and temporal metrics of the
external world’ (Buzsáki 2006, 11), with oscillations being a primary method
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of detecting these metrics. Brain rhythms, yielded in part by such structures,
would therefore be expected to be capable of complex forms of information
transmission and integration.

2.1.3 Cartographic Directions

So far, we have outlined the various ways that distinct levels of analysis can
interact, and the limitations in particular of purely anatomical/connectomic
descriptions. We will now focus greater attention on these cartographic (loca-
lisation-based) themes in order to help direct our enquiry into brain dynamics.

In Chapter 1, it was claimed that the ability to label linguistic structures with
a categorial identity (e.g. determiner, verb and adjective), having merged them
into an unordered set and transferred them in a cyclic fashion to the conceptual
interface, is the defining property of the human computational system. This
perspective will be maintained here. It will be argued that modifications in
oscillatory couplings and the cell assemblies targeted by such oscillatory
operations are a viable candidate for what brought about what could be
regarded as a phase transition from single-instance set-formation (of the kind
seen in monkey calls) to unbounded set-formation. For instance, the phase/non-
phase rhythm (where syntactic ‘phases’ are chunks of merged representations
cyclically transferred to the interfaces for labelling and externalisation) – [C/T
[v/V[D/N]]] – emphasised by Richards (2011), Uriagereka (2012) and Boeckx
(2013), may translate well into the rhythmic processes of neural oscillations.

Beginning with general methods, since the origins of modern cognitive
neuroscience, linguistic processes have been claimed to elicit numerous
event-related potentials (ERPs) by psycholinguists using M/EEG As time-
frequency analysis and its Fourier transforms developed into a mainstay of
‘ERPology’ (Luck 2014) in the 1990s and 2000s, it became possible to test
the involvement of distinct brain regions and the concomitant electrical
activity associated with various linguistic processes, given the standard
assumption that language is a cognitive system. The ERP community has
spent a great deal of time decomposing the major components, such as the
P600 and N400. It is taken for granted that the level of analysis provided by
these components does not suffice at the electrophysiological level to
describe generic linguistic sub-operations. The urge to seek a finer level
of granularity, then, is clearly manifested in the ERP community through M/
EEG investigations (Lau et al. 2008), but this objective is often not found in
cartographic neuroimaging research. At the same time, a standard assump-
tion in the ERP literature is that activity not phase-locked to a particular
event should be deemed as noise, but this leads to a severely impoverished
view of the neural activity underlying cognitive processes, shutting out a lot
of potentially interesting data. Examining induced oscillatory activity via
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M/EEG does not lead to this limitation. To take a recent case, Schneider and
Maguire (2019) used EEG to investigate how eight- to nine- and twelve- to
thirteen-year-olds process semantics and syntax in naturally paced, auditory
sentences compared to adults. Participants listened to semantically and
syntactically correct/incorrect sentences. When processing a semantic
error, developmental differences were observed in the θ band, but not in
the N400 component, suggesting that ERPs ‘may be too gross a measure to
identify more subtle aspects of semantic development that occur in the
school years’. Moreover, M/EEG investigations do not suffer from some
of the major pitfalls of neuropsychological patient investigations, since
lesions used to investigate the basis of language are typically extensive
and affect white matter tracts, and are also highly idiosyncratic in their
involvement of different forms of rapid recovery and neural reorganisation.
Recent work has even shown the benefits of using MEG jointly with
transcranial alternating current stimulation (tACS), a non-invasive form of
brain stimulation which modulates spike timing and which can add a greater
level of detail with respect to exposing the precise areas involved in gen-
erating oscillatory signatures (Witkowski et al. 2016).

Relatedly, there are a number of methodological motivations for investi-
gating brain rhythms as opposed to other possible markers of neural activity.
For instance, there seem to be certain computations which are not open to
fMRI investigation. Dubois et al. (2015) showed that while facial identities
could be decoded from posterior regions of ventral occipital cortex using
fMRI and direct neuronal recordings, this was not the case in anterior
regions, where information could be decoded only via neuronal signals. It
is likely that the computational basis of more complex cognitive capacities
like language will also remain undetectable via similar neuroimaging
techniques.

Reviewing recent technological and analytical advances, Baillet (2017)
proposes the following:

MEG is the modality with the best combination of direct and noninvasive access to the
electrophysiological activity of the entire brain, with sub-millisecond temporal resolu-
tion and ability to resolve activity between cerebral regions with often surprising spatial
and spectral differentiation and minimum bias. Indeed, unlike EEG, the accuracy of
MEG source mapping is immune to the signal distortions caused by the complex
layering of head tissues, with highly heterogeneous conductivity profiles that cannot
be measured with precision in vivo.

The experimental results from the oscillation literature also appear to be much
more robust than much of the cartographic neuroimaging literature, which is
currently facing something of a replication crisis, with experimental findings
often not being repeated in follow-up studies by separate authors (for instance,
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see the findings discussed in Roux & Uhlhaas 2014). Intensifying the problem,
Matchin et al. (2017, 120) discuss their fMRI results from an investigation into
non-word lists, two-word phrases and sentential structures and note that
a number of crucial contrasts were unable to reach significance, commenting:

One possibility is that the BOLD response is simply not the right method for identifying
the brain basis for syntactic operations. This may be because the BOLD signal is not
sensitive to the neural activity that builds basic syntactic representations or because the
cortical area is not the right level [of] neuroanatomical granularity for syntactic
mechanisms.

There are also naturally many limitations to MEG investigations, such as the
fact that a minimum of 10,000–50,000 cells are required to produce an MEG-
detectable signal (Murakami &Okada 2006) – it is possible that particular low-
level computations relevant to language are carried out below this threshold.

Be that as it may, the importance of oscillatory investigations, tracking the
real-time processing properties of language, should be clear. Moving to an area
that neuroscientific research has been able to enrich, at the most general
anatomical level, the increased processing speeds of intelligent brains appears
to be related to greater grey matter densities (Neubauer & Fink 2009), particu-
larly in the frontal and parietal lobes (Jung & Haier 2007). In recent decades,
neuroanatomical enquiry into the structures responsible for syntactic proces-
sing has led to a number of revelations concerning the biology of language
which range beyond these general levels of description. Petersson et al. (2012)
reveal the inadequacy of the classical Broca-Wernicke-Lichtheim language
model of the brain (under which Broca’s and Wernicke’s areas are responsible
for production and comprehension, respectively) by noting how the language
network extends to substantial parts of superior and middle temporal cortex,
inferior parietal cortex, along with subcortical areas such as the basal ganglia
(Balari & Lorenzo 2013), the hippocampus and the thalamus (Theofanopoulou
& Boeckx 2016; Kepinska et al. 2018). The network is also implicated in more
general cognitive systems like the default mode network and the multiple
demand system. As Iaria and Burles (2016, 722) discuss in the context of the
neural correlates of Developmental Topological Disorientation (DTD),
‘attempting to ascribe cognitive functions to specific brain regions is especially
unsuitable for dealing with such behaviorally and cognitively complex con-
cepts as a “cognitive map”, a representation that is typically believed to be
supported by the hippocampus and place cell assemblies’. In the context of
language, such correlational methods remain insufficient.

Pushing these cartographic methods further, BA 44 and the posterior super-
ior temporal cortex appear to be involved in a pathway which supports core
syntactic computations (Friederici et al. 2006; see also Santi & Grodzinsky
2010; Tettamanti & Weniger 2006), with the combinatorial network being
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identified by Poeppel (2014) as aMTG and aITS. Lieberman’s (2006) Basal
Ganglia Grammar model proposes the existence of a pattern generator whose
excitation/inhibition mechanism is located in the basal ganglia. This interfaces
with working memory space located in Broca’s area (Santi et al. 2015).
Lieberman estimates that the dorsolateral prefrontal circuit is involved in
sentence comprehension, projecting from the prefrontal cortex towards the
lateral dorso-medial region of the globus pallidus, and the thalamus, which
projects back to the prefrontal cortex. β coherence has also been reported
between the prefrontal cortex and thalamus during working memory mainte-
nance (Parnaudeau et al. 2013), while optogenetic suppression of the medio-
dorsal thalamus suppresses cortical delay activity (Schmitt et al. 2017),
findings which suggest a crucial role for thalamocortical connections in cogni-
tion. Balari and Lorenzo (2013, 100–102) have suggested that this may be the
circuit used as language’s computational system operating within a structure of
working memory networks (Balari et al. 2012). The importance of this circuit,
and its neurocomputational relevance, will be a topic developed later. For now,
we will continue to present a more general overview of topics relevant to the
brain dynamics of language, such as the place that the oscillome can occupy
within philosophy of biology.

2.1.4 Evo-Devo Directions

As the theory of evolution expands beyond theModern Synthesis and into areas
such as evolutionary-developmental (evo-devo) biology (Carroll 2006; Bolker
2008) there is in turn more space for linguists to find their place within biology.
Evo-devo research has exposed how local genetic changes can influence the
expression of other genes, leading to dramatic phenotypic consequences after
the impact of developmental influences. Developing some concerns raised
above, in the evo-devo programme, following the lead of traditional formalists
such as Vicq-D’Azyr, Goethe and Owen (Amundson 1998, 2006), natural
selection is ‘a constantly operating background condition, but the specificity
of its phenotypic outcome is provided by the developmental systems’ (Pigliucci
& Müller 2010, 13). Evo-devo departs from neo-Darwinian adaptationism
(NDA), or ‘phylogenetic empiricism’ (Chomsky 1968), in that it takes the
saltationist view that species are the result of punctuated genetic changes. The
functionalism of NDA should also be rejected, since functions do not typically
pre-exist organic form (Müller 2008), which is determined by morphogenetic
parameters such as the viscoelastic properties of cellular matrices and the
kinetic activity of cellular diffusion (what Alberch termed ‘morphological
evolution’), and which at best have what Balari and Lorenzo call
a ‘functional potential’ (2013, 37). Contrary to ideas in Dawkins (2006, 202)
and Lieberman (2015), laws governing the conservation of developmental
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pathways should be ‘acknowledged with a creative character similar – if not
superior – to that of natural selection’ (Balari & Lorenzo 2013, 115; although,
interestingly, Dawkins 2015, 382–384, embraces the idea that recursive lan-
guage emerged from a small number of genetic mutations rather than through
a gradual process of natural selection). Form often precedes function, then, and
natural selection acts as a ‘filtering condition on pre-existent variants’; thus,
‘arrival of the fittest, instead of survival of the fittest, is the core issue in any
evolutionary study’ (Narita & Fujita 2010, 364; see also Bertossa 2011).
Philosophers of biology typically distinguish functions based purely on natural
selection. For instance, Dennett (1987) proposes that functions are in the mind
of the beholder, but that natural selection is somehow one of those beholders,
and acts for him with no restrictions on its scope upon the diversity found in
populations yielded by genetic point mutations.

What are the implications of this? Perhaps most importantly, evo-devo
encourages us to focus on the specific neural or oscillatory form that higher
cognition may take, sidelining secondary speculations about their adaptive
benefits and why they may have been selected for. For instance, under evo-
devo, one would assume that the form of a neural system can very often dictate
its function, such that the properties of certain cognitive systems may arise
from the formal structure of the connectome or dynome.

Closely connected to evo-devo, the goals of ‘Theoretical Morphology’
(classical biological formalism), outlined by George McGhee (1998, 2), are
likely the closest to those of the form of biolinguistics I will be proposing here:

The goal is to explore the possible range of morphologic variability that nature could
produce by constructing n-dimensional geometric hyperspaces (termed ‘theoretical
morphospaces’), which can be produced by systematically varying the parameter values
of a geometric model of form. [. . .] Once constructed, the range of existent variability in
form may be examined in this hypothetical morphospace, both to quantify the range of
existent form and to reveal nonexistent organic form. That is, to reveal morphologies
that theoretically could exist [. . .] but that never have been produced in the process of
organic evolution on the planet Earth. The ultimate goal of this area of research is to
understand why existent form actually exists and why nonexistent form does not.

The notion of ‘why existent form actually exists and why nonexistent form
does not’, I will argue, is tied directly to form and limitations of oscillatory
interactions. But to briefly speculate somewhat beyond this, how can the above
frameworks be applied to areas of linguistics ranging outside our narrow
concern of syntactic computation? Consider the sensorimotor interface.
Recent research in avian genomics suggests that the evolution of externalisa-
tion may not be as difficult as typically considered by generative grammarians.
Pfenning et al. (2014, 1333) demonstrated that the profiles of transcription
genes in vocal learners can be aligned, with fifty genes being shared between
humans and birds which are ‘enriched in motor control and neural connectivity
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functions’. Both humans and birds appear to have converged on identical
solutions to vocal learning, a remarkable finding considering the 310-million-
year gap separating birds from humans. Nevertheless, there is currently insuffi-
cient evidence for one-to-one homologies between avian and mammalian
brains (Jarvis et al. 2005). Field L2 in the avian forebrain receives auditory
connections from the thalamus, and projects onto Field L1 and L3. These two
areas, respectively, project to the caudomedial mesopallium and caudomesial
nidopallium. Some have argued that this general complex (Field L) may be
homologous to the mammalian primary auditory cortex, which also receives
thalamic input and is composed of three core regions (Bolhuis & Gahr 2006).

How best to move beyond these abstract, programmatic ideas? A focus on
more specific neurobiological differences is useful here. Rakic and Kornack
(2001) observe that the phase of asymmetric cell division yielding neuronal
cells differs in timing between humans and monkeys to the extent that human
neuronal populations are thought to be between eight to sixteen times larger
than those of monkeys. Human-specific neuronal traits include the protein
ApoE4, providing stronger synaptic connections (Bufill & Carbonell 2004).
Parker and McKinney (1999) detail how the myelinisation of the neocortex
occurs in humans until the age of twelve, but lasts for only 3.5 years in rhesus
monkeys. Moreover, the timing of myelination appears to be strong predictor of
computational abilities in higher cognitive faculties like language and theory of
mind (Mars et al. 2018). Can the nature of higher cognitive faculties be due to
these formal, structural differences?

2.2 Oscillations as Functional Units

How much physiological detail is required to capture the operations of the
language faculty? At the most general mesoscopic physiological level of local
neuronal groups, synchronised firing patterns result in coordinated input into
other cortical areas, which gives rise to the large-amplitude oscillations of the
local field potential. Oscillations may arise due to alternating excitation-
inhibition of neurons, pacemaker cells or subthreshold membrane oscillation.
Pacemaker neurons typically operate in a characteristic frequency range and
are located in pattern generator circuits controlling rhythmic motions such as
locomotion, peristaltic movements and swimming (Grillner 2006). Inhibitory
interneurons play an important role in producing neural ensemble synchrony by
generating a narrow window for effective excitation and rhythmically modu-
lating the firing rate of excitatory neurons. Interneurons place constraints on the
oscillations responsible, as argued here, for computation. Subthreshold mem-
brane potential resonance may also contribute to oscillatory activity by facil-
itating synchronous activity of neighbouring neurons. As Cannon et al. (2014,
705) note, ‘The physiology underlying brain rhythms plays an essential role in
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how these rhythms facilitate some cognitive operations.’ I should stress that
‘function’ here is a purely honorific term, since ultimately oscillations them-
selves do not, of course, have any functions – indeed, they don’t ‘have’ any-
thing, they simply exhibit certain properties. But speaking of oscillations as
‘having functions’ seems at least appropriate for the purposes of model-
formation; oscillations themselves seem to index certain lower-level neuro-
chemical computations, and so speaking of them as ‘having computational
properties’ is, again, an indirect way of talking about more fundamental (but
yet-to-be-determined) computations. For instance, Canolty and Knight (2010)
speak of the functions of cross-frequency coupling, and this seems to be
a wholly justified use of the term.

Recent debates about the origins of ERP component generation have led
some (Tass 2000; Makeig et al. 2002) to propose that components do not arise
purely from latency-fixed polarity responses which are additive to continuing
EEG responses, but rather arise through a superposition of oscillations which
reset their phases in reaction to sensory input (see Lu et al. 2017 for a review,
and Sauseng et al. 2007 for the methodological limitations of particular phase
resetting claims). ERP components may effectively be taking credit for the hard
neurocomputational work carried out by underlying oscillations. Phase reset-
ting involves the realignment of ongoing oscillatory phases in relation to
a given reference point, either endogenous or exogenous (Voloh &
Womelsdorf 2016). For our purposes, it is worth noting that this phase reset
model was the first to propose a strong dependency between components and
oscillations, introducing to brain dynamics a functional and not purely electro-
physiological role. This immediately granted researchers the ability to transfer
understanding of components (which are in turn linked to cognitive faculties) to
brain rhythms whilst correspondingly inferring the nature of components from
an emerging understanding of oscillations. While cognitive electrophysiolo-
gists have embraced this integrally reciprocal perspective (Klimesch et al.
2004), linguists often remain hostile (understandably, given the lack of general
discussion in the field about implementation) to the claim that the nature of
mental computations – like components – can be explored explicitly through
biophysics.

Nevertheless, the oscillome, with its operations of information segregation
and spike timing organisation, can in some sense be seen as a Marr-style
algorithmic level (Marr 1982), implemented by the cellular structures of the
connectome. These Marrian concerns become more vivid when we consider
with Martins and Boeckx (2014) that syllables, which are unique to humans,
evolved from primate lip-smacking. In terms of brain rhythms (amplitude
fluctuations), they are both identical, yet one is human-specific and another is
not. The implications for the exploration of the present Labelling Hypothesis
are clear: only comparative investigations of domain-general neurophysiological
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mechanisms, and the context in which they operate (and their oscillatory cou-
plings), will lead to enhanced understanding of human-specific computations.
Indeed, as Hasson et al. (2018) eloquently note, many language-specific inter-
pretations of experimental neurophysiological and electrophysiological data
might be better seen as implementations of clusters of highly generic processes,
like monotonic integration of information, establishment of coherence, predic-
tion and representational binding.

In this connection, there are two central approaches to the cognome-oscil-
lome one could adopt: reconstruct the cognome from the bottom-up, or import
linguistic constructs into a model of the oscillome. I will be primarily con-
cerned with the latter methodology, though the material reviewed and the
model outlined open up the possibilities of using neurophysiology to guide
linguistic investigations. Indeed, as Anderson (2016, 6) makes clear, proceed-
ing in a thoroughly top-down fashion would be futile:

Different neural patterns indexing different perceptual states, action choices, prefer-
ences, reward estimations, other predictions, and so forth, do not combine syntactically
in the manner of compositional linguistic structures. Neither are the functional parts of
the brain always best understood as components with stable, intrinsic input-output
mappings and well-defined interfaces supporting the exchange of content-carrying
symbols.

Likewise, as Bolhuis and Wynne (2009, 833) put it: ‘As long as researchers
focus on identifying human-like behaviour in other animals, the job of classify-
ing the cognition of different species will be forever tied up in thickets of
arbitrary nomenclature that will not advance our understanding of the mechan-
isms of cognition.’ The study of language evolution constitutes a careful
balancing act between top-down cognitive preconceptions and bottom-up
biological constructs.

2.2.1 Neural Syntax

At the most general level of analysis, neural oscillations emerge from the
tension between the two most central principles of the brain: segregation of
function and dynamic integration (De Pasquale et al. 2012). Human brains are
highly complex dynamical systems with principles of cellular and electroche-
mical organisation which range across a hierarchy of scales. The brain cannot
function purely through anatomical connections – the locus classicus of stan-
dard neuroimaging studies – but additionally requires dynamic functional
connectivity, putatively achieved through oscillatory synchronisation.
Frequency bands alone are not sufficient for computation; rather, it is their
interactions which are significant. Intuitive prejudices against studying com-
plex systems in these dynamical terms abound: for instance, chemical
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dynamics are typically thought about in terms of reaction kinetics, being
stipulated as preformed stable variables, ignoring the molecular composition/
decomposition process. While external cues can influence internal dynamics, it
is exclusively brain-intrinsic processes that implement functions such as mem-
ory and spatial navigation. An understanding of the biological basis of higher
cognition therefore requires an exploration of such brain-intrinsic processes,
with oscillatory dynamics being a major feature in this respect.

A core feature of the brain’s functional complexity is created by rhythms
generated in different cortical and subcortical tissue. Oscillations denote dis-
tinct states of brain activity, while oscillatory activity reflects a dynamic inter-
play between the dissimilar cell types of discrete circuits (Buzsáki 2006). Brain
rhythms, with their inter-wave hierarchies, provide ‘a syntactical structure for
the spike traffic within and across circuits at multiple time scales’ (Buzsáki &
Freeman 2015, viii). ‘Phase synchronisation’ will additionally be a central
notion in the present discussion, referring to a consistent phase coupling
between two neuronal signals oscillating at a given frequency. γ band synchro-
nisation (GBS) in particular has been intensively studied due to its apparent
role in phase coding and perceptual integration (Fries 2009), and is thought to
be a major process subserving a fundamental operation of cortical computation
implicated in various cognitive functions. Which functions are involved will
depend ultimately on the neural circuits GBS operates over.

The need for computational understanding at any level of neurophysiologi-
cal enquiry was expressed well in the following passage from Longuet-Higgins
(1972, 256):

In so far as the neurophysiologist is concerned to understand how the brain works, he
must equip himself with a non-physiological account of the tasks which the brain and its
peripheral organs are able to perform; only then can he form mature hypotheses as to
how these tasks are carried out by the available ‘hardware’ – to borrow a phrase from
computing science.

With this in mind, we will now (re-)outline the core computational properties of
language and discuss potential ways they could be implemented at the level of
oscillations.

2.2.1.1 Basic Combinatorics: The θ-γCode In order to construct or interpret
any linguistic structure the human brain needs to, at a minimum, combine two
distinct pieces of lexical information into a larger unit. Although it is not
typically seen as falling within the fields of neurolinguistics, psycholinguistics
or evolutionary linguistics, I will argue here that language scientists should
embrace the substantial research in cognitive neuroscience which explores the
neural correlates of combinatorial processes. As Deco, van Hartevelt et al.
(2017, 197) summarise this research: ‘The integration of information is likely
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to take place in a functionally coherent, yet distributed network of brain
regions, where computations are highly segregated.’ Such computations
require a certain degree of global and temporal coherence, and so turning to
neural oscillations seems justified. Single-word comprehension is associated
with the left temporal pole and adjacent anterior temporal cortex (Mesulam
et al. 2015), but how does the brain deal with combinations of words? A recent
summary of the field concludes that the anterior superior temporal gyrus and
the frontal operculum support bi-item combinatorics regardless of structure (a
claim in line with the finding that the frontal operculum is a phylogenetically
older part of the brain compared to Broca’s area and is involved in simple
sequence detection; Sanides 1962), while the ventral portion of the inferior
frontal gyrus ‘supports initial phrase structure building’ (Friederici 2017, 59).

Recent studies have also shown that the anterior temporal lobe is implicated
in basic semantic combinatorics, while the angular gyrus appears to be impli-
cated in semantic representations that are more complex and anomalous
(Molinaro et al. 2015), with combinatorial semantics more generally increasing
the coupling strength between these two regions. More specifically, the left
angular gyrus was recently found to be more activated in complex sentential
syntax relative to simple phrases and words (Sheng et al. 2019).

Given these findings, it is perhaps unsurprising to learn that the evolution of
the temporal lobe appears to have played a significant role in enhancing the
combinatorial flexibility of human cognition. Bryant and Preuss (2018) adopt
a comparative perspective and show that among primates ‘humans possess
a temporal lobe that has significantly expanded’. Since linguistic combinatorics
and semantic memory are largely based in the temporal lobe, the evolution of
this structure seems pertinent to neurolinguistics. The author discovered ‘mod-
ifications to external morphology (gyri and sulci), preferential expansion of
association areas, and elaboration of white matter fasciculi, distinguishing the
human temporal lobe from those of OldWorld monkeys’. The neuroanatomical
details surrounding the precise nature of the expansion are only beginning to be
explored, and it will be of great interest to see if a more specific molecular and
oscillatory profile can be extracted from future research.

Enhancing these preliminary ideas, the central proposal of the model I will
develop here is that the interaction of oscillations yields linguistic computation.
Lower frequencies such as the α range are known to synchronise distant cortical
regions; procedures which may represent the substrates of linguistic cross-
modular transactions (Kinzler & Spelke 2007). The set-forming operation
Merge constructs a new syntactic object out of two already formed
(Chomsky 1995). In Murphy (2015b) I suggested that since lower frequencies
are known to synchronise distant cortical regions, this may represent the
oscillatory implementation of Merge. I assumed that thalamic and occipital α
embeds cross-cortical γ to generate, or ‘lexicalise’, individual representations
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(see Raichle et al. 2001) before these γ-individuated units were themselves
embedded within hippocampal and parahippocampal θ (see Wilson et al. 2008
for evidence that parahippocampal gyrus is involved in auditory language
comprehension).

The data structures involved in basic combinatorics are linguistic fea-
tures, as in contemporary minimalist syntactic theory (Chomsky 1995;
Adger & Svenonius 2011) or optimality theory for the phonological system
(Heinz et al. 2009); that is, atomic, elementary components manipulated by
the generative computational system, such as Tense features, Person,
Number, Gender features, semantic features, and other features assumed
to be generic in syntactic theory. I have assumed that these are each to be
represented by γ-individuated items.

In this connection, we should consider the possibility that many of these
data structures are shared with the representational systems of other species.
For example, Golston (2018) reviews evidence that all the major φ-features
(Person, Number, Gender) are shared with primates, and some with verte-
brates, and that there are no φ-features unique to humans. While it is difficult
to believe that neuter gender features are cognisable by vertebrates, as
Golston (2018, 84) claims, there is indeed sound evidence that the other φ-
features are known in some sense to other species, thus allowing us to
appropriately narrow our focus on other capacities in search for human-
unique language features. Other, ‘indirect’ grammatical features such as
case, declension, conjugation and finiteness seem unique to natural language,
however (Mithun 2015).

The decoupling of γ from α would be achieved through the activity of the
thalamic reticular nucleus. These forms of cross-frequency interactions are
typically implemented through slower rhythms (extended across the cortex)
modulating faster ones (localised in smaller regions) (Lakatos et al. 2005;
Canolty & Knight 2010). Of great relevance to the pursuit of such a model,
Schmitt et al. (2017) demonstrated that mediodorsal thalamic input can mod-
ulate prefrontal cortical connectivity, ‘enabling rule-specific neural sequences
to emerge and thereby maintain rule representations’. The authors explain that
these findings expose ‘a previously unknown principle in neuroscience; thala-
mic control of functional cortical connectivity’, indicating that the role of the
thalamus in cognition is much wider than has typically been assumed. What
exactly this wider role constitutes will be discussed in greater detail later in the
chapter. The cellular and synaptic mechanisms that regulate thalamic oscilla-
tions also appear to have a role in controlling local and global brain rhythms
(Fogerson & Huguenard 2016; Acsády 2017).

There is increasing evidence for the relevance of θ interactions in language –
indeed, leaving aside interactions and focusing purely on θ power, a recent
MEG study of verbal working memory (Proskovec et al. 2019) found that
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during encoding of letter strings to be committed to short-term memory for
a variant of the Sternberg task, stronger frontal θ increases (substantially left-
lateralised) were found for the more memory-intensive condition (six letters vs.
four letters), indicating the rhythm’s apparent role in constructing online
representations of stimuli (see also Onton et al. 2005 for related results).
While Proskovec et al. (2019) only found frontal θ increases during encoding,
and not maintenance, other studies have only found θ increases during main-
tenance of items structured by some form of temporal order (e.g. n-back tasks;
Scharinger et al. 2017); hence, for natural language, we would expect to find
similar results.

The assemblies implicated by the γ range may have been influenced by the
extended neocortical myelinisation discussed earlier, with direct effects on
the network of information stored across such regions. This is consistent with
recent claims that α is responsible for the binding of visuo-spatial features
(Roux & Uhlhaas 2014) and is deployed in the service of determining
successful lexical decisions (Strauss et al. 2015), and so this rhythm might
also be implicated in storing lexical representations in short-term memory
while θ carries out the work of combining representations. Moreover, in
contrast to the θ-γ code for working memory, Roux and Uhlhaas (2014)
suggest that an α-γ code involving phase–amplitude coupling (where the
amplitude of the higher band is coupled with the phase of the lower band)
exists for maintaining various sensory features. (As with visuo-spatial fea-
tures, there is growing evidence that certain kinds of features posited by
linguists are also neurobiologically plausible: Mesgarani et al. (2014) dis-
covered that groups of neurons are sensitive to the phonetic features of
speech, although this level of neurobiological granularity has not currently
been found for distinctive syntactic or semantic features.) Following Deco,
Cabral et al.’s (2017) functional exploration of what they refer to as ‘binding
regions’ (regions responsible for significant amounts of temporal binding)
and regions typically referred to as belonging to the ‘rich club’ (regions
exhibiting dense anatomical interconnectivity), other potentially important
regions for featural concatenation (i.e. regions which are in both camps)
include the left mid-occipital cortex, putamen and precuneus, and the right
superior frontal gyrus, hippocampus and putamen. Suppression of the α
rhythm over parieto-occipital EEG sites also appears to be crucial for generic
working memory operations like Search (van Driel et al. 2017), likely
forming part of the core Merge operation.

Corcoran et al. (2018a) review recent advances in accurately modelling
individual α frequencies using a Savitzky-Golay filter, which is open source
and easily available on popular programming languages like MATLAB and
Python. Despite these important advances, Yael et al. (2018) discuss how filter-
based phase shifts (common to virtually all analysis techniques in
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neuroimaging) can distort neuronal timing information, such that claims made
about cross-frequency coupling (CFC) (amongst many other things) post-
filtering can often be misleading. The authors discuss a number of ways
neuroscientists can restore original timing information through circumventing
these filter-induced phase shifts.

Bringing further modifications to our understanding of the oscillatory basis
of language, Segaert et al. (2018) observed EEG responses to syntactic binding
operations, finding α increases over a left-lateralised cluster of fronto-temporal
electrodes during successful binding (and not during word list processing). The
authors note that we may therefore need to add ‘an additional mechanism’ to α,
although they did find α increases across different sites to those found in van
Driel et al. (2017), suggesting that only slight modifications may need to be
made. Leszczynski et al. (2017) also discovered that in epilepsy patients
broadband γ in the ventral and dorsal visual streams occurred across broader
α phase ranges when task-relevant information was maintained in a simple
visual match-to-sample task, likely reflecting longer excitable duty cycles. It is
possible that this mechanism is generic and domain-general and might explain
the findings in Segaert et al. (2018) such that syntactic maintenance results in
longer duty cycles implicated in {α(γ)} coupling (where the amplitude of the
rhythm inside parentheses is coupled to the phase of the rhythm inside brack-
ets), with increased α power being one result of that.

Finally, since it has been suggested that elementary mathematical procedures
could be derived from language (by restricting Merge to single-instance appli-
cations, producing the natural numbers; a proposal which effectively goes back
much further than modern linguistics; see Section 1.6.3), a brief examination of
mathematical knowledge is required. Amalric and Dehaene’s (2018) systema-
tic review indicates that brain activity during mathematical reflection spares
perisylvian language-relevant areas and instead implicates bilateral intra-
parietal and ventral temporal regions involved in the ‘number sense’ core
knowledge system. Nevertheless, these regions overlap substantially with the
presently discussed concatenation-relevant regions, suggesting some potential
for rooting the number sense in regions involved in early-stage linguistic
computations (i.e. pre-phrase formation) and lending support to the existence
of the broader Universal Generative Faculty (Hauser & Watumull 2017) dis-
cussed earlier. The evolutionary implications of these studies are far from clear,
although the fact that mathematics seems to be embedded in a more ancient
cortical network at least points to a general timeline, with reflective mathema-
tical knowledge likely emerging relatively late in human development, as
Russell (1919, 3) speculated: ‘It must have required many ages to discover
that a brace of pheasants and a couple of days were both instances of the
number 2: the degree of abstraction involved is far from easy.’
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2.2.1.2 Cyclicity: α-Inhibition and β-Maintenance Recent work has sug-
gested that individual differences in chunking abilities in working memory
act as a strong predictor of individual differences in language processing
(McCauley et al. 2017), and so exploring the oscillatory basis of memory and
its potential relation to language seems well motivated.

Linguists take concatenation to occur in cyclic chunks (Chomsky 2008;
Chomsky et al. 2019). I will discuss the ways in which this process may be
realised, taking as a starting point the aforementioned parahippocampal cou-
pling between θ and cross-cortical γ. Note that discussions of cyclicity require
no commitments to particular theoretical architectures (e.g. minimalist syntax,
according to which syntactic structures are passed over and interpreted by
a semantic system) and we will assume only that constructed semantic objects
need to be interpreted in some fashion by external conceptual and memory
systems, a process we can refer to as cyclicity for convenience (but see Hinzen
2016 for arguments in favour of ‘interface-free’ architectures, according to
which grammatical structures have a more direct impact on semantic inter-
pretation than is typically assumed). More broadly, it will be suggested here
that the existence of cyclic computation in language is a direct consequence of
properties of neural systems, with the brain making optimal use of electro-
physiological constraints (e.g. the eigenfrequencies of cortical networks), in
this sense grounding phrase structure building in ‘third factors’.

In order for {θ(γ)} embedding to take place, γ likely needs to be decoupled
from the α band through the activity of the thalamic reticular nucleus. Both
types of Spell-Out/Transfer operations discussed in the linguistics literature –
one to the sensorimotor systems, another to the conceptual interface – will be
subsumed under this approach, which at a minimum involves this desynchro-
nisation of α-generated structures and subsequent θ-synchronisation. Though
the thalamic reticular nucleus is here identified as a core component of desyn-
chronisation, other regions may also be involved. Due to its involvement in
{θ(γ)} embedding in auditory processing (Nosarti et al. 2004), the posterior
corpus callosum is also likely to be heavily involved in cyclicity. Recent
experimental work which supports this model includes Elmer and Kühnis’s
(2016) EEG study comparing simultaneous interpreters (SIs; individuals who
are trained in translating a source language into a target language virtually
simultaneously) with multilingual controls during an auditory semantic deci-
sion task. For the SIs, they found increased left-hemispheric θ phase synchro-
nisation compared to controls during early processing states, suggesting the
involvement of this rhythm in preactivating speech representation during
translation from one language into another. Given the role of hippocampal θ
in working memory processes, it is also likely that this region, along with
subcortical θ- and α-oscillating regions like the thalamus, contributes to the
rapid lexical access abilities of simultaneous interpreters. θ is also capable of
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coupling cell assemblies across regions and information ‘chunking’ (Colgin
2013, Jensen & Colgin 2007), and frontal and temporal θ appears essential to
good performance on the Sternberg memorisation task (Raghavachari et al.
2001). Maintaining mentally constructed visual objects in memory (i.e. com-
bining a small number of basic shapes into a larger unit), in contrast to ‘whole’
objects, also leads to greater fronto-parietal θ synchronisation, and so this
rhythm seems well-suited to the maintenance of complex objects generated –
likely by fast γ – in fronto-parietal circuits (Ewerdwalbesloh et al. 2016).

After the initial decoupling of γ from α, it seems plausible to suggest that
subsequent α increases have an additional role in working memory Clear
operations (as defined in Dipoppa et al. 2016) through selective inhibition,
emptying the existing cognitive set of content and thereby generating a form of
cyclicity, something the language systemmight recruit. Indeed, Dipoppa et al.’s
suggestion that Load operations are implemented via γ/β, Maintain via θ and
Clear via α, resonates to a certain degree with the present suggestions for the
language faculty. α increases have been linked to the selective inhibition of
brain areas not currently task-relevant (Jensen & Mazaheri 2010), and indeed
a broader reach for this rhythm resulting from human-specific braincase glo-
bularity may have enhanced selective attention to a point permitting pre-
existing cognitive resources to be implemented more efficiently (Murphy
2018a, 2018b). This model is an improvement on existing theories of working
memory operations (e.g. Lisman & Idiart 1995) which do not address Clear
operations. Dipoppa and Gutkin’s (2013) oscillatory model of working mem-
ory also invokes γ/β oscillations to access and load memories, θ oscillations to
maintain memories, and finally α oscillations in rapid memory clearance. In
summary, the claim that α is responsible for at least the final stages of cyclicity
operations seems well supported.

More broadly, slower rhythms like θ and δ appear to increase in power
during the selection of lexical information (Brunetti et al. 2013), suggesting
that increasing global phase synchronisation (something only slower rhythms
can achieve) may recruit global cortical regions in the service of semantic
analysis. This aligns with Sanchez-Vives et al.’s (2017, 993) assessment of
slow oscillations, which to them are ‘a collective phenomenon with
a dynamical origin not only rooted in the features of single neurons but
also determined by the synaptic reverberation of the spiking activity at the
mesoscopic (cell assemblies/cortical columns) and macroscopic (cortical
areas/whole brain) levels’.

Finally, θ is involved in engaging functionally distinct subregions of the
medial prefrontal cortex, integrating information from the output of different
cognitive operations (Mas-Herrero & Marco-Pallarés 2016), a function poten-
tially optimised for generating cycles of lexical feature-sets and dealing with
Christiansen and Chater’s (2016) Now-or-Never bottleneck, or the problem of
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rapidly encoding linguistic material given its natural propensity to vanish from
working memory. Given the current lack of evidence for the conceptual-
intentional interface in the human brain and how it might operate, oscillatory
investigations into the syntax-semantics interface will be crucial in the years
ahead if the field of evolutionary neurolinguistics is to make substantial strides.

2.2.1.3 Phrase Structure Building: δ-Nesting As the previous chapter
reviewed, along with concatenation and cyclicity there is also labelling.
Labelling is monotonic in that once a set has been labelled (e.g. as a VP), its
identity is sustained when embedded inside another set. Since labelling must
take place at the point of transfer to the interfaces (to prevent a structure being
a VP at the conceptual systems but a different phrase at the sensorimotor
systems), labelling must be seen as a core operation of language (Piattelli-
Palmarini & Vitiello 2015), and not emerging epiphenomenally at the
interfaces.

Although additional details to the oscillatory model for phrase structure
building will be outlined later, with the present section being preliminary
given the scope of the model ultimately defended in this book, for now I will
defend the position that labelling is implemented via the slowing down of γ to β
followed by {δ(β)} coupling involving a cortico-basal ganglia-thalamo-cortical
loop through which cortical input is received at the striatum (a major basal
ganglia structure, in turn projecting to the smaller pallidum) and then chan-
nelled back to the cortex via the thalamus (see Cannon et al. 2014 for the
rhythmogenesis of β in the basal ganglia, and also Cole & Voytek 2017 for the
non-sinusoidal properties of motor cortical β). This would disinhibit the tha-
lamic medio-dorsal nucleus via the β band. This frequency coupling arises from
a relationship between oscillations which form a hierarchy such that the speed
of the slower rhythm controls the power of the faster rhythm, as noted earlier.
The involvement of the cortico-basal ganglia-thalamo-cortical loop would be
due to its being a major source of the brain’s core timing system, with a core
feature of labelling being rhythmicity (compare Bartolo et al. 2014 with
Chomsky 2008, who both stress the importance of cyclicity). Recent work
also indicates that the temporal precision of self-generated timed actions (i.e.
generating a time interval in the absence of sensory input) is controlled by α-β
phase–amplitude coupling (Grabot et al. 2019), further involving this core
oscillatory multiplexing mechanism in time-related cognition. Grabot et al.
(2019) more generally conclude that α and β ‘cooperate for content mainte-
nance’. The proposed role of basal ganglia β is in line with Okanoya and
Merker’s (2007, 421) claim that string segmentation is broadly implemented
by ‘bottom-up statistical learning by basal ganglia and top-down rule extraction
by the prefrontal cortex’.
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When γ-itemised representations are coupled to parahippocampal θ, I will
assume that some of them ultimately slow to β to be maintained in short-term
memory as the existing cognitive set (see Engel & Fries 2010 for evidence that
β is responsible for such maintenance operations, and also Armeni et al. 2019
for evidence that unexpected words lead to β decreases, disrupting the main-
tenance of the set). Evidence that this process is neurophysiologically plausible
comes from Gollo et al. (2017), who showed that after cortical regions are
coupled together, their oscillatory frequency changes as a result of network
interactions, such that ‘slower hub regions speed up, and faster peripheral
regions slow down their activity’. Moreover, the hippocampus is highly effec-
tive at ‘generating ordinal cell assembly sequences relevant to the particular
situation’, be that a spatial, temporal, auditory or memory-related function
(Buzsáki & Llinás 2017, 484). The domain-generality of its computational
power indicates a likely crucial role in linguistic feature-set combinatorics.

Findings reported in Gehrig et al. (2019) also support the particular role of β
in phrasal identity proposed here. These authors investigated speech memory
representations using direct cortical recordings in the left perisylvian cortex
during delayed sentence reproduction in patients undergoing awake tumor
surgery. Based on the memory performance of patients, they found that the
phase of fronto-temporal β oscillations represents sentence identity in working
memory. The very notion of sentential identity presupposes a labelled structure
(CP, TP, VP. . .), seemingly represented by fronto-temporal β.

In addition, there is evidence that θ and β show remarkable levels of co-
maturation during childhood (Rodríguez-Martínez et al. 2015). Since the only
other rhythms which display this level of co-maturation are high β and γ, these
results may well reflect the development of the oscillatory language system
proposed here. An assessment of the CFC of these rhythms with respect to
language processing during development would be needed to substantiate these
ideas (as Buzsáki 2006, 351 notes, ‘relatively little research has been devoted to
the problem of cross-frequency coupling’).

The role of the thalamo-cortical network as a slow rhythm generator, and
hence a single dynamic and functional unit of brain oscillations, has been
recently supported by Crunelli et al.’s (2015) review of the EEG literature,
and extensive, reciprocal anatomical connections exist between the thalamus
and cortex (Jones 2007). Accumulating evidence suggests that β holds objects,
whereas γ generates them (Martin & Ravel 2014). Dean et al. (2012) relatedly
show how β is an excellent candidate for comparing old and new information
from distinct modalities due to its wider temporal windows, likely drawing on
different conceptual representations and hence different ‘core knowledge sys-
tems’ and brain regions (Spelke 2010). Related both to Balari and Lorenzo’s
(2013) claim that the basal ganglia is the centre of their ‘Central Computational
Complex’ and Jouen et al.’s (2013) findings that this structure is implicated in
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acquiring the serial response order of a sequence, it is likely that this region
holds one of the γ-supported items before slowing it down to the β frequency
as a consequence of the conduction delays resulting from the surrounding
neural regions. Thus, the β band accomplishes the role of labels, a claim
supported by findings that β activity maintains existing cognitive states
(Engel & Fries 2010).

More broadly, the basal ganglia and the striatum are implicated in sequen-
cing and chunking, with striatal structures operating at the β range (Leventhal
et al. 2012). The core position occupied by the basal ganglia in this labelling
model also fits well with imaging studies which have revealed the region’s
involvement in ‘syntactic complexity’, specifically the processing of type-
identity intervention of matching labels, being activated in a recent fMRI
study when a noun phrase similar to the dependency head in a long-distance
dependency intervenes in the dependency (Santi et al. 2015).

Moving to a different brain structure, there are emerging evolutionary frame-
works which point to human-specific properties of the striatum, and it is
therefore possible that these properties contribute to phrase structure building.
Sousa et al. (2017) performed transcriptome sequencing of sixteen regions of
adult human, chimpanzee andmacaque brains, revealing regional and cell type-
specific expression differences in genes representing distinct functional cate-
gories. Notable in their findings were rare subpallial-derived interneurons (TH+

interneurons) expressing dopamine biosynthesis genes highly enriched in the
human striatum relative to non-human primates (chimpanzees in the present
study) and completely absent in the non-human African ape cortex (macaque
monkeys). Given their well-known contribution to oscillatory function, the
evolution of these particular kinds of striatal interneurons should be studied
further in order to establish their impact on brain function and their possible
relation to language. Furthermore, TH+ interneurons are depleted in patients
with Parkinson’s disease, suggesting a role in higher cognition (Fukuda et al.
1999). Sousa et al. (2017, 1032) further note that TH+ interneurons of maca-
ques ‘may have lost their ability to deviate to the cortex from the rostral
migratory stream. Indeed, some human TH+ interneurons migrating via the
rostral migratory stream to the olfactory bulb divert to the prefrontal cortex.’ In
the context of language evolution, the globularisation of the human brain could
explain the success of these migratory streams, permitting more efficient, or at
least newly structured, pathways.

Turning again to another structure, the cortico-basal ganglia-thalamo-
cortical loop is especially appealing with respect to its potential role in labelling
given the finding that different ‘stations’ on the loop can be responsible for
information integration from distinct cortical sources: convergence appears to
occur at the pallidum (Yelnik et al. 1984), subthalamic nucleus (Haynes &
Haber 2013) and thalamus (Theyel et al. 2010). These stations also display
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a degree of functional specificity, and it is likely that different features of
linguistic representations (phonological, semantic, and so forth) are integrated
into the phrase structure building process in a procedural manner. The anterior
thalamus, for instance, is already being considered a major site of memory
formation (Sweeney-Reed et al. 2015), going against standard cortico-centric
and hippocampal-centric models. Wojtecki et al. (2017) also demonstrated
a significant α-θ power increase and enhanced α-θ coherence between the
subthalamic nucleus and the frontal EEG sites during a verbal generation
task. The fact that lesions to Broca’s area do not always result in syntactic
impairments or modulations in sentential processing competence (Mohr et al.
1978) also suggests that other, possibly non-cortical circuits are (or at least can
be) implicated in phrase structure building. Reviewing related literature,
Klostermann et al. (2013) conclude that ‘malfunction of the BG [basal ganglia]
leads to deficits in applying combinatorial rules to linguistic messages, com-
patible with proposed superordinate BG functions, such as the sequencing or
time-critical selection of input signals in general’.

Overall, the computational roles ascribed here are supported by a range of
experimental findings, such as the general claims in Ketz et al. (2015) that θ is
related to recollective/episodic memory processes (confirmed by recent experi-
mental work showing θ phase synchronisation binding associative memories;
Clouter et al. 2017), β is related to familiarity and executive control, and α is
related to the gating of sensory information into higher-order systems.

A necessary feature of language is that its structure-building processes
(elementary syntax) need to have direct access to the categories of the items
being combined and stored together as a larger unit. It is highly likely, then, that
the posterior inferior frontal gyrus (being involved in processing hierarchically
organised linguistic structures; that is, labelled structures) and the temporal
lobe (being implicated in categorisation processes in phonology, semantics and
conceptual storage; Overath et al. 2015; Clarke & Tyler 2015), in particular the
posterior middle temporal gyrus, dynamically interact during the construction
and maintenance of linguistic representations, generating the human-specific
trait of labelling. The posterior middle temporal gyrus likely decodes
sequences of auditory phonological representations in the posterior superior
temporal gyrus into hierarchical structures, and links them to a conceptual/
entity knowledge hub in the anterior temporal lobe and an event knowledge hub
in the angular gyrus (see Matchin & Hickok 2019 for support and a detailed
architectural proposal along these lines). Interesting support for this idea comes
from Hanna et al.’s (2014) study of the syntactic mismatch negativity (sMMN)
ERP component involved in the processing of simple two-word phrases.
Previously localised only in temporal regions (Bakker et al. 2013), Hanna
et al. (2014) for the first time revealed an inferior frontal gyrus source for the
sMMN at around 150–190ms. In primates, conceptual categorisation appears

772.2. Oscillations as Functional Units



to involve the coordination of temporal and frontal cortex (Freedman et al.
2003), and it is possible that the human language system recruited this more
ancient categorisation capacity in the service of categorising the source of
multiple streams of linguistic information into a labelled structure. Since it is
involved in interactions between syntax and semantics, the posterior superior
temporal cortex (Bornkessel et al. 2005) is almost certainly involved in what
we could call the wider ‘labelling network’.

Following the lead of much of contemporary linguistic theory, if we distin-
guish between the syntactic category and the representational content of
a lexical item, we can assign distinct functions to the dorsal and ventral streams
connecting temporal and frontal regions. The processes involved in interpreting
hierarchically organised sequences implicate the dorsal stream (in particular
the arcuate fasciculus), whereas the combinatorics of human semantics impli-
cate the ventral stream. Importantly, unlike the dorsal stream the combinatorics
exhibited by the ventral stream is limited to basic associative cognition and
strictly linear sequences (Bemis & Pylkkänen 2013). Thanks to recent principal
component analyses of lesion-symptom mappings (Fridriksson et al. 2016), we
can now anatomically define these dual streams with some confidence: The
ventral stream, involved in form-to-meaning mapping, involves lateral tem-
poral lobe structures extending to the inferior parietal lobe in addition to the
inferior frontal lobe via the uncinated fasciculus. The dorsal stream, a form-to-
articulation pathway, extends from anterior speech areas, such as the pars
opercularis, to posterior regions in the supramarginal gyrus, and reaches into
the edge of area Spt of the planum temporale.

Cues about conceptual combinatorial processes and related forms of asso-
ciative learning trigger anterior temporal and anterior frontal cortices
(Scharinger et al. 2015), whereas cues about syntactic structure engage areas
connected via the dorsal stream (Goucha & Friederici 2015). In non-human
primates, the dorsal stream is used in an exclusively modality-specific fashion,
being hardwired for vocal processing, with the dorsal prefrontal cortex also
being implicated in gestural processing (Aboitiz 2012). In humans, dorsal
processing of syntactic structures is modality-independent, being used in
spoken and sign language (MacSweeney et al. 2005). From an oscillatory
perspective, the coordination of different streams of dorsal and ventral combi-
natoric outputs could have boosted both the conceptual and syntactic capacities
of anatomically modern humans.

Human-specific dorsal extensions into Geschwind’s territory (Boeckx 2017)
also likely permitted this structure-building mechanism to interface with other
modules in the parietal and temporal lobes, a claim compatible with the
‘functional constraints hypothesis’ of the evolution and development of
phenotypic traits, which claims that ‘correlated change reflects the action
of selection on distributed functional systems connecting the different
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sub-components, predicting more complex patterns of mosaic change at the
level of the functional systems and more complex genetic and developmental
mechanisms’ (Montgomery et al. 2016). Major brain regions consequently
evolve together due to the fact that functional systems extend across them.
Even though dorsal connections may be implicated in constructing hierarchical
phrase structures, other recent work compatible with the present approach
suggests that the basal ganglia and thalamus act as network hubs forming
a core circuit supporting large-scale integration (Acsády 2017; Bell & Shine
2016); indeed, large-scale information integration is ‘a key computational
priority’ of the subcortex, for Bell and Shine. This model lends further weight
to the idea that dorsal stream circuits can extend into subcortical regions to
participate in maintenance/memory processes executed by slow θ, α and β
rhythms.

In many ways, this should force researchers such as Friederici et al. (2017) to
substantially revise their maps of the ‘structural connectivity between language
regions’ (Friederici et al. 2017, 715, Fig. 1), since the ‘language regions’ can no
longer be regarded as being restricted to BA 44, BA 45 and the posterior
temporal cortex. Indeed, Friederici et al. (2017) provide little in the way of
a neurolinguistic theory, noting only that BA 44 ‘subserves’ syntactic proces-
sing; how it does so is not addressed. Noting how the neural network of BA 44
and its temporal connections does not fully develop and myelinate until late
childhood (between seven and ten years of age), Friederici et al. (2017) suggest
that early language acquisition (naturally involving the interpretation and
production of complex phrases and sentences) is implemented via anterior
BA 44, which supports single-instance Merge applications and the processing
of canonical sentences. This is certainly a possibility. Another, simpler possi-
bility is to assume that the BA 44-posterior temporal cortex dorsal pathway is
not in fact crucial for recursive labelling operations, and that parts of the
broader language network proposed here mature earlier and take on this
responsibility (including posterior temporal cortex, but also subcortical struc-
tures like the basal ganglia, thalamus and parahippocampal regions).

A recent study by Davey et al. (2016) provides an additional node for this
map. The posterior middle temporal gyrus was found to act as a hub integrating
the default mode network with goal-oriented cognition located in a fronto-
parietal multiple-demand circuit. This process has been claimed to impose
a level of constraint and order onto the ‘self-generated’ representations of the
default mode network (Sato et al. 2016), and may consequently play a role in
particular elements of semantic representations built from these fronto-parietal
networks. A recent line of research also points to human-specific parietal
connections between Broca’s and Wernicke’s areas which add to white matter
pathways shared with other primates (Hecht et al. 2013; Mendoza &Merchant
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2014), and it is likely that this boosted the human capacity for constructing
complex clusters of representations.

Another anatomical issue worth addressing concerns the origins of multi-
modal communication, since human language is known to be externalised with
equal complexity across a number of distinct modalities (speech, sign, touch),
each with core common neural correlates in left inferior frontal regions. It
remains unknown how sounds and signs were paired to achieve multimodal
forms of externalisation, and how they were paired to phrasal construction
processes in the brain. Interesting comparative directions have recently
emerged, which may permit novel research directions: Activation of the homo-
logous Broca’s area in chimpanzees in both attention calls and gestures may
suggest a multimodal origin of language (Taglialatela et al. 2011). Multimodal
communication also appears to exist in birds, which communicate simulta-
neously through pairing sounds with synchronised beak, feet and wing move-
ment (Pika & Bugnyar 2011; Hoepfner & Goller 2013; Soma & Mori 2015).

Recent analyses of data from severe global aphasia also indicate that lan-
guage is not necessary for complex thought (Fedorenko & Varley 2016). What
this suggests is that the oscillatory mechanisms of syntactic computation can
readily operate independently of any lexical representations. The theoretical
implications of this kind of scenario have already been touched on (i.e. it lends
weight to Hauser and Watumull’s concept of a Universal Generative Faculty),
but the experimental implications are also quite clear. No longer should lin-
guists interested in the neural basis of syntactic computation focus solely on
language. This may seem as if linguists are in fact no longer studying language,
but in fact this kind of move is highly desirable; indeed, geometry originally
referred to the study of land mass, before it became more theoretically sophis-
ticated and began to abstract away from its original object of study and into
more general mathematical principles. Likewise, if linguists can find numerous
ways to move beyond the study of language in the sense of grammar and
communication, this would also reflect a similar theoretical advance.

Finally, the rhythmic division of complexity following from the aforemen-
tioned proposals is supported by Honkanen et al. (2015), who demonstrated
that simple objects represented in visual working memory employ the γ band,
while more complex objects are represented by the β band. The role attrib-
uted here to γ assemblies additionally finds some support in Bastiaansen and
Hagoort’s (2015) EEG study of semantic unification, which detected larger
γ-band power for semantically coherent than semantically incongruent sen-
tences. Larger β-band power was also found for syntactically correct sen-
tences relative to ungrammatical sentences, lending support to the
hypothesised labelling power assigned to β in the present model. But this
γ-semantics and β-syntax framework is impoverished not only with respect to
the experimental data, but also with respect to neurobiological and
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algorithmic plausibility (as we will see, β increases are also consistent with
incrementally accurate prediction processes). Directly associating large-
scale, complex computations like ‘sentence processing’ and ‘semantic
interpretation’ with particular rhythms (and not their interactions and mod-
ulations) may actually constitute a form of regression from the standard,
much derided cartographic conclusions in the neuroimaging literature, since
at least fMRI studies can provide some form of detailed source localisation,
unlike the low levels of spatial resolution found in the EEG literature.
Egidi and Caramazza (2014) even show that the processing of consistent
vs. inconsistent discourse content is executed across very different net-
works depending on the mood of the comprehender, implying the existence
of alternative routes for the core language network, and reinforcing the
importance of seeking a neural code rather than a neural network.

2.2.2 Theory vs. Data Redescription in the Study of Language

Having outlined a series of working hypotheses, what of the algorithmic
models connecting these levels of analysis? Drawing a related linking hypoth-
esis between psycholinguistics and neurobiology, Martin (2016) suggests that
cue integration, a mechanism from vision and multisensory perception which
incorporates probabilistic estimates of a cue’s reliability, may serve to aid the
interpretation of linguistic structures from the phonemic to phrasal levels. The
core suggestion of this model is that the basic parsing operations found in
psycholinguistic models (e.g. cue-based retrieval and expectation-based par-
sing frameworks) can be implemented by a single neurobiological principle of
cue-integration. Martin makes use of the Discovery of Relations by Analogy
(DORA) algorithmic model of relational concept development (Doumas et al.
2008), which uses associative learning to generate hierarchical relational con-
cepts out of linear inputs and is a symbolic-connectionist model of relational
reasoning. As Martin (2016) discusses, DORA can learn multiple argument
predicates using time or onset of activity in sub-nodes, or the synchrony/
asynchrony of sub-node firing, where sub-nodes represent an individual
argument. Indeed, Martin’s decomposition of the cue integration mechan-
ism into two generic neural processes (normalisation and summation)
leads to similar levels of neurocomputational granularity as that achieved
by the aforementioned decomposition of labelling. The DORA model can
elegantly capture not only the binding of roles to their fillers, but the
inherently dynamic and flexible nature of this binding relationship, such
that in natural language we often find the rapid creation of bindings (i.e.
the labelling of a phrase as a DP or a VP) followed swiftly by their
destruction and rebinding (i.e. a change in phrasal status of a given
construction during, for instance, ambiguity resolution).
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More recently, Martin and Doumas (2017) tested this DORA model
against the oscillatory results documented in Ding et al. (2016) (namely,
the finding of 2 Hz ‘entrainment’ to phrases, and 1Hz entrainment to
sentences), showing a close alignment between the structure-building pro-
cesses of DORA and the particular δ entrainment features in Ding et al. What
is particularly interesting about entrainment is that it involves an alignment
between endogenous brain oscillations and the rhythm of stimulus, which
seems to reflect the brain’s goal of aligning optimal moments of excitatory
activity (processing) with input deemed relevant to some particular percep-
tual or cognitive domain. Note that the phase-locking involved in entrain-
ment may be lagged and does not imply phase synchrony/identity, but simply
that the phases co-vary. The findings in Martin and Doumas (2017) suggest
that DORA is a feasible neural network model – if the entrainment hypoth-
esis can be maintained (see also Lakatos et al. 2008 for the role of oscilla-
tions in attention). Recent work suggests that it can, at least for certain
aspects of language processing (namely, speech processing): The modulation
of oscillations which can lead to entrainment can be achieved via three
rhythmic stimulation methods: sensory stimulation, non-invasive electric/
magnetic stimulation, and invasive electrical stimulation (Hanslmayr et al.
2019). Riecke et al. (2018) used ‘speech-envelope-shaped transcranial cur-
rent stimulation’ (envTCS) to conduct two experiments involving a cocktail
party–like scenario and a listening situation devoid of any speech–amplitude
envelope input. The results suggest effects on listeners’ speech recognition
performance, implying the existence of a causal role for speech-brain
entrainment in speech processing. Application of envTCS seemed to reset
the phase of δ, disrupting entrainment. In addition, Bauer et al. (2018) used
EEG to investigate the temporal evolution of entrainment during short and
long periods of stimulation in the auditory cortex, showing that stimulus-
brain phase aligns dynamically over a period of several seconds. Di Liberto
et al. (2018) also lend a more precise temporal dimension to the mechanisms
of entrainment, using MEG to show that δ-driven cortical entrainment to the
speech envelope emerged in left inferior frontal gyrus at ~50 ms and at
Heschl’s gyrus at ~100ms, being sustained until ~250ms.

Even saccades appear to be phase-locked to α oscillations in the occipital and
medial temporal lobe during successful memory encoding in humans, ‘sug-
gesting a mechanistic role for alpha oscillations in coordinating the encoding of
visual information’ (Staudigl et al. 2017). It will be of interest to examine
oscillatory dynamics in non-human primates during saccadic movements asso-
ciated with similar memory processes, determining whether saccades might
serve to parcellate visual working memory units.

Yet despite all this, syntactic information does not have a counterpart in the
external speech stream, and so it follows that exogenous entrainment and
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perceptual tracking will not be sufficient for the construction of phrasal and
sentential meaning. It is possible, as I have discussed elsewhere, that linguistic
entrainment is not entrainment proper but rather what Meyer et al. (2019) call
entrainment ‘in disguise’. The lack of invariant amplitude cues below the rate
of syllables suggests that rhythmicity results from perceptual inference of
higher-level structural meaning, i.e. endogenous information. In other words,
it is likely that only minimal levels of exogenous entrainment are needed
(probably only in auditory cortex) to activate the higher-order endogenous
rhythms proposed in the model developed in this chapter, which ‘take over’
immediately from the speech stream. Indeed, upon the activation of this
endogenous code for a particular structure, this process may stabilise percep-
tion of the sensory signal. As Ohki and Takei (2018) independently conclude,
‘oscillations play a significant role in extracting and maintaining higher-level
information and applying it to the processing of novel information’. Meyer
et al. (2019) elaborate a similar general framework, but do not provide any
concrete examples or a model of endogenous linguistic computation to match
against the literature on exogenous entrainment; they only point towards the
existence of endogenous activity responsible for guiding language comprehen-
sion; and, even here, their talk of ‘synchrony’ should more accurately be
interpreted as ‘partial synchrony’, following core principles of non-linear
dynamics (e.g. see Guevara Erra et al. 2017). As such, partial synchrony
permits phase shifts between synchronised signals, referring to how correlated
the activity of these underlying networks is. Falling short of the granularity
standards typically expected in neurolinguistics, Meyer et al. (2019) provide no
clear oscillatory model or neuroanatomical framework, and they suggest only
that intrinsic (partial) synchronicity in frontal-posterior networks is associated
with abstract linguistic processes. Indeed, the dual entrainment-synchrony
model in Meyer et al. (2019) was already proposed in Murphy (2016a,
2016c), although Meyer et al. (2019) explore some interesting, context-
specific implementations (e.g. noisy bottom-up signals can be compensated
by top-down inferences, like in the context of a nightclub), and this dual model
has also been developed by others (e.g. the excellent work of Nicola Molinaro;
see Molinaro & Lizarazu 2018). A question which remains open is how
partially synchronous endogenousmechanisms influence or direct entrainment;
another area where CFC may be invoked, returning to earlier hypotheses about
the importance of coupling in Arnal et al. (2014) and Murphy (2015b).

According to the model developed in this book (and in earlier publications;
Murphy 2015b, 2016a), what might appear to be entrainment on the outside
might simply reflect a phase resetting based on the internally synchronised
behaviour of endogenous oscillations. Indeed, future work could explore to
what extent there is a dynamic interplay between exogenous entrainment (or
resonance) and endogenous synchronicity, with both mechanisms being used
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flexibly based on the nature of current input. Despite these limitations in
applying entrainment to complex syntactic and semantic processes, entrain-
ment is highly likely to be involved at least in tracking speech rhythm (Peelle
et al. 2013), and can work in tandem with internal partial synchronicity, and
possibly other endogenous mechanisms.

Oscillatory circuits also have a propensity to be entrainable by periodically
modulated inputs: ‘Pulse sequences whose frequency is close to the preferred
frequency of the oscillator or its harmonics, entrain the oscillator and shift its
frequency until it oscillates in synchrony with the inducing pulses’ (Singer
2017). What the precise neurocomputational properties of the oscillations
documented by researchers such as Ding et al. are still remains unexplored in
the literature, however. Relatedly, Teng et al. (2018) show that θ rhythms are
capable of more than entrainment, being involved in active auditory chunking.

Moving to more theoretical concerns, Martin and Doumas (2017) propose
DORA as a response to the current gap between cortical and cognitive compu-
tation: ‘[The DORA-based] hypothesis would shed light on whether the
observed cortical signal reflected “mere” tracking of hierarchical linguistic
representations or whether it, in fact, reflects the online generation of hierarch-
ical linguistic structure.’ But these two options – mere tracking versus the
reflection of structure generation – still leave the neurocomputational proper-
ties of oscillations at a distance.More worryingly, Frank and Yang (2017, 2018)
point to a notable flaw of Ding et al.’s (2016) study. They observe that in the
Ding et al. stimuli the occurrence frequency of phrases is identical to the
occurrence frequency of nouns (one per two words), and the occurrence
frequency of transitive verbs is identical to the occurrence frequency of sen-
tences (one per four words). Instead of finding cortical entrainment to syntactic
structure, Ding et al. may have simply found entrainment to lexical informa-
tion, with distinct rhythms triggering representations of distinct lexical cate-
gories stored in different brain regions. Using a model for lexical information
and comparing it to Ding et al.’s data for their English stimuli, Frank and
Yang’s (2017, 2018) results were virtually identical to Ding et al.’s. This lexical
explanation is simpler than the entrainment account; however, it is also not
incompatible with the syntax-based account. Ding et al.’s finding of increased δ
for real words compared to pseudo-words was also not replicated in Mai et al.
(2016), and so further work is needed to clarify these issues. Indeed, Brookshire
et al. (2017) found entrainment to visual oscillations for American Sign
Language speakers at around 1-5Hz over occipital and parietal EEG sites,
peaking at ~1Hz, approximately the same range found in Ding et al., suggesting
that the phrase structure building process resulted in the same underlying
dynamics independent of modality. Unfortunately, current work in the field
continues to reproduce the standard syntax-driven interpretation of Ding et al.
(2016) despite its fundamental issues; Adger’s (2019a, 59–60) monograph

84 Brain Dynamics of Language



claims that Ding et al.’s experiments ‘quite conclusively’ showed that ‘[c]ertain
brain rhythms synced with the abstract structure of sentences’.

That being said, as luck would have it (for Adger and others) Jin et al. (2019)
revealed in late 2019 that the 1Hz-sentence and 2Hz-phrase sensitivity (at least,
in English, with different timings for Chinese) initially claimed to exist in Ding
et al. (2016) can in fact be replicated in a new stimuli set (in MEG) modelled in
spirit on Ding et al.’s stimuli but crucially including a control for semantic/
lexical information. The authors also controlled for the semantic relatedness of
adjacent words, ensuring that any neural response they found could not be due
to this factor (e.g. a decrease at Word 2 after the semantically related Word 1
appeared). They found that 1–2Hz activity tracks multiword chunks that are
constructed based on chunking rules rather than lexical properties or semantic
relatedness.

At this point it is worth noting an important qualification, presented most
forcefully in an excellent critique of recent oscillation research by Frank and
Christiansen (2018). These authors note that, contra Ding et al. (2016) and Jin
et al. (2019), it may not be the case that language comprehenders necessarily
construct a hierarchy of linguistic structures in any given instance of inter-
pretation. Frank and Christiansen (2018, 1214) suggest that ‘abstraction from
the input can remain limited to what is required for comprehension . . . (e.g.
frequent multiword strings can be analysed as a whole, so no internal structure
is assigned, even if the string also retains its sequential character)’. Context is
also important: It is likely that the language system will impose a more super-
ficial analysis on an informal conversation than on a reading of a carefully-
crafted legal document. In fact, this perspective is wholly in line with standard
generative and minimalist assumptions about computational efficiency (note
that Ding et al. 2016 support the generative project and insist that comprehen-
ders ‘must’ construct hierarchies to the phrase level in any scenario); that is to
say, minimalist principles of economy are clearly adhered to by a language
system which invokes what Frank and Christiansen (2018) term ‘minimal
abstraction’, only resorting to complex hierarchical phrase structure building
when statistics and memory are insufficient: ‘If a sequential explanation suf-
fices this should be preferred because of the lower level of abstraction
involved’ (Frank & Christiansen 2018, 1215). This is a sensible guideline,
though it is also the case that a recent comparison between sequential and
hierarchical models of language processing revealed that measures of hier-
archical structure building can better explain unique variance in neural activa-
tion (Nelson et al. 2017, although see later in the chapter). As such, the
cognitive reality of hierarchical structure-building processes for language
seems well supported at the moment, even if we concur with Frank and
Christiansen (2018) that not every aspect of language processing will require
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the use of the full neural code for hierarchical language comprehension pre-
sented in this book.

It is possible that the oscillatory interactions proposed in this chapter (and
expanded on in Chapter 3) are responsible for the low δ entrainment found by
Brookshire et al. (2017), Ding et al. (2016) and Jin et al. (2019). Whether or not
this claim can be substantiated, it at least appears to be the case that the data
reported in Ding et al. (2016), although not discussed by Brookshire et al.
(2017), cannot be accounted for based on special properties of auditory cortex
or speech perception. Rather, it is likely that a more generic neural code is
exploited by the language system to interpret certain informational peaks (~1/
2Hz) corresponding to the construction of grammatical sentences/phrases.
Nevertheless, further experimental work is needed to resolve this particular
issue. Indeed, Ding et al. (2017) apply the stimuli set from Ding et al. (2016) to
EEG, and in doing so reveal the usefulness of the more prevalent technology
(compared to MEG); however, they present no new theoretical insights along-
side their replicated entrainment findings. Since no study has currently reported
intelligible speech processing without some form of neural entrainment,
Kösem and van Wassenhove (2017, 538) justifiably argue that ‘low-
frequency entrainment may be the hallmark of a necessary (but not sufficient,
and not language-related) mechanism used for speech comprehension’.

In Chapter 3, we will propose a number of more specific δ interactions
(namely, δ-θ CFC) as being responsible for phrase structure building, and we
will also discuss the limitations of the current entrainment debates in the
literature. Rather than focusing purely on the properties of δ entrainment, it
will be suggested that a broad range of migrating δ couplings are the basis of
phrase structure building. For further motivation in this direction, Boucher
et al. (2019) examined how δ (for them, <3Hz) entrains to three types of
stimuli: tones, nonsense syllables and utterances. They found δ oscillations at
frontotemporal sites entrained to temporal groups in meaningful utterances, but
also meaningless syllables, suggesting that δ – in isolation – may support but
does not directly bear on content processing, and that entrainment is rather used
for more generic sensory chunking. Indeed, it has long been known that ERPs
associated with the grouping of words into implicit phrases appear with
a regularity not requiring periodic exogenous prosodic cues (Steinhauer et al.
1999; Roll et al. 2012).

Indeed, it is probably due to the role of δ entrainment in this generic sensory
chunking that over the past decade various authors have implicated it in the
processing of virtually every conceivable linguistic unit: ‘intonation’, ‘pro-
sody’, ‘sentences’, ‘phrases’, ‘accent phrases’, ‘prosodic processing’, ‘metrical
stress’, ‘long syllables’ and, of course, ‘words’. As discussed later in the
chapter, it is muchmore likely that certain rhythmic interactions are responsible
for processing more specific units of language.
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Alongside these current limitations, the EEG dynamics of anaphor resolution
(involving the relationship between pronouns and other discourse elements)
have only recently been explored. Meyer et al. (2015) explored the retrieval of
an antecedent either across a single or a double clause boundary, and found θ
increases after a double clause relative to a single clause boundary, likely
calling upon additional working memory and lexical access demands.
Nieuwland and Martin (2017) showed increased γ power for referentially
coherent expressions compared to referentially problematic expressions across
a number of modalities. They argue that the observed γ increases reflect
successful referential binding and resolution, which links incoming informa-
tion to antecedents through an interaction between the brain’s recognition
memory networks and frontal-temporal language network. During successful
anaphor resolution, the authors found increased γ power first across posterior
parietal cortex at around 400–600ms post-anaphor, then across fronto-temporal
cortex at around 500–1000ms. The authors suggest that these progressions
reflect connections between the brain’s parietal recognition systems and its
fronto-temporal language regions, as if the anaphor is recognised and then
subsequently computed into the discourse. Not finding any N400 modulations,
the authors concluded that their results were most likely not due to prediction
generation, but rather reflected the implementation of anaphor retrieval and
discourse insertion. More compellingly, the authors did not find any significant
θ increases during referentially coherent expressions compared to referentially
incoherent ones, suggesting that this rhythm is strictly involved in featural
combinatorics and not in the antecedent reactivation process, as the model
proposed above predicts.

This seems to be a cartographically well-motivated account, what the
authors call a ‘nascent corticohippocampal theory of reference.’ What this
account is lacking is an algorithmic model of what operations these γ
rhythms are executing. Under the model developed in this chapter,
Nieuwland and Martin’s results can be accounted for if we assume that
the legitimate anaphor resolutions involve a successful integration of new
lexical features into the discourse, represented by the γ-itemisation pro-
cess, and that illegitimate/mismatched φ-feature associations (as in ‘John
said she was happy’, where the pronoun is intended to refer to ‘John’)
naturally involved fewer such features being integrated by the {θ(γ)} code.
What is needed is a follow-up experiment (broadening the range of stimuli
to involve a greater variety of featural mismatches) analysing phase codes
and CFCs. Nieuwland and Martin’s ‘nascent corticohippocampal theory of
reference’ is a redescription of a dataset and one-to-one mappings between
regions of interest and previous functional neuroimaging findings.
‘Gamma-band increases’ reported in the Results section transform into
‘successful referential binding’ in the Discussion section, but a motivated
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connection is absent. The neurocomputational steps required to get from γ
increases to Binding Theory are not laid out. Gamma-band increases
should of course be documented when found, but as Stankovski et al.
(2017) point out, ‘[a]lthough neural interactions are usually characterized
only by their coupling strength and directionality, there is often a need to
go beyond this by establishing the functional mechanisms of the interac-
tion’ – with the authors giving the prime example of ‘the coupling
functions of neural oscillations’, the core mechanism proposed in this
book to be responsible for hierarchical phrase structure.

In another recent MEG study of the oscillatory nature of reference, Brodbeck
et al. (2016) add a much-needed time course to successful reference resolution,
but like Nieuwland and Martin (2017) they proceed no further than data
redescription, with little in the way of a broader neurocognitive architecture
or model being proposed. By presenting a global model and exploring the
causal-explanatory power of the {θ(γ)} code, it is hoped that the discussion in
this chapter goes beyond Nieuwland and Martin (2017) in that it cannot be
reduced purely to a correlational finding about γ increases during particular
linguistic manipulations; rather, it attributes to brain rhythms certain neuro-
computational properties (or, to repeat again, brain rhythms index more funda-
mental neurochemical computations, indirectly) which help explain why we
find such oscillatory responses. The general cognitive processes used to resolve
linguistic dependencies may also be used to resolve music and action sequences
(van de Cavey&Hartsuiker 2016), and future experimental work could address
whether the oscillatory coupling mechanisms are also similar.

Like Nieuwland and Martin’s work, a recent study by Nelson et al. (2017)
presents novel experimental data in the absence of a compelling theoretical
account. Nelson et al. attempt to investigate the electrophysiological basis of
Merge and found γ decreases in posterior superior temporal sulcus sites at
phrasal boundaries (a site Goucha et al. 2017 implicate more specifically, and
likely more accurately, in labelling) but do not discuss the intrinsic computa-
tional properties of the γ activity they discovered. They use their data to support
pre-existing higher-level conceptions of Merge (hence, Chomsky et al. 2019
cite Nelson et al. 2017 approvingly). Despite claiming to have found the neural
basis of Merge, Nelson et al. (2017) rather demonstrated that well-known
sentence-final ‘wrap-up’ effects (which are themselves potentially
a consolidation process or a form of cyclicity) also occur after phrases (see
Stowe et al. 2018). This is unsurprising given recent work in syntax (Chomsky
2015a) showing that clausal structures have many parallels with smaller phra-
sal structures (arguably a form of symmetry). The idea that Merge (i.e. both its
combinatorial and phrasal attribution features) simply boils down to γ
decreases is far from tenable. Indeed, high γ power was in fact the only band
Nelson et al. reported, not carrying out an analysis of any other rhythms, and
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the main effect they found was localised to a single electrode in a single patient.
Another limitation is that Merge is assumed by Nelson et al. to occur only at
phrase boundaries (which, in their experimental materials, are often quite
distant from each other), while according to contemporary theoretical syntax
both Merge and labelling occur much more frequently (i.e. Merge is said to
occur after every lexical item). Unfortunately, Nelson et al.’s study has readily
been embraced, and cited approvingly and uncritically, across the language
sciences, despite its analytical and theoretical flaws.

In another recent study ofMerge, Segaert et al. (2018) used EEG to compare the
oscillatory responses of processing successful binding (pronoun + pseudoverb, e.g.
‘she dotches’) versus unsuccessful binding (two pseudoverbs, e.g. ‘pob dotches’).
Increased α power over a left-lateralised cluster of frontal-temporal electrodes was
found at the second word in the successful binding condition, which the authors
suggest is ‘related to syntactic binding taking place’. While this novel finding
points to a role for α not just in inhibition (as in the model pursued earlier) but also
in some other, distinct process, the authors do not explore this possibility, nor do
they explore how α increases might be related to binding.

Relatedly, Wang et al. (2018) used MEG to observe the dynamics of predic-
tion processes in language comprehension, comparing predictable sentence
endings with unpredictable sentence endings. With sentences providing
enough information for listeners to easily predict upcoming words, Wang
et al. found coupling between posterior α and frontal γ oscillations (a form of
coupling proposed here to be involved in early stages of lexical combination).
They conclude their study by claiming that ‘language processing might be
supported by the coupling between the alpha and gamma activities’ – a very
real possibility, although a proposal about how is absent.

Moving to another area of language processing, while our understanding of
how the brain processes adjective-noun combinations is still in its infancy, an
MEG study by Fyshe et al. (2016) revealed that the neural representations of
adjectival semantics entrain to α. They conclude that ‘during semantic compo-
sition, oscillatory activity is used to coordinate brain areas, to retain and to
recall information as it is needed’. This notion is not developed further.

A greater level of engagement with syntactic, semantic and phonological
computations will also be required of future oscillatory experiments, with Mai
et al. (2016) claiming imprecisely that γ increases are representative of ‘lexical
memory retrieval’ and ‘processing grammatical word categories’. Unless the
computational sub-operations of lexical retrieval and featural combination are
acknowledged and explored, the task of reducing complex, multifaceted cog-
nitive processes to neurobiological primitives will be hindered.

Developing the theoretical discussion somewhat further, Whitford et al.
(2017) have shown that the production of an inner phoneme (during inner
speech) is associated with an efference copy of the phoneme; namely, it is
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associated with an internal duplicate of the movement-producing neural signals
required for the given phoneme. This suggests that inner speech is associated
with efference copies with detailed motor properties, lending weight to an old
suggestion of Jackendoff’s that inner speech should be properly construed as
internalised externalisation, or the inner reproduction of externalised sound.
As Whitford et al. (2017) phrase it, ‘inner speech may ultimately be ‘a kind of
action’, and a special case of overt speech’. If inner phonemes are electro-
physiologically closely related to heard phonemes, then inner phrases and
sentences may well have the same kind of existence, adding further impetus
for moving beyond entrainment.

Keitel and Gross et al. (2018) provide some additional insight into the core
issue addressed in this section. They analysed speech tracking in source-
localised MEG data by focusing on timescales extracted from statistical reg-
ularities in the speech stimuli. They found that the following structures were
tracked at particular bands: phrases (0.6–1.3Hz), words (1.8–3Hz), syllables
(2.8–4.8Hz) and phonemes (8–12.4Hz). Correctly comprehended trials
resulted in stronger tracking for phrases in the left premotor cortex and for
words in the left middle temporal cortex. In addition, the slow δ rhythm which
tracked phrases was coupled with β power in motor areas, which likely imple-
ments top-down speech predictions. Though this particular study did not find
that δ coupled with any other bands, other studies by the same lab group
(discussed later) did (see also Steinmetzger & Rosen 2017 for δ increases
during intelligible speech but not unintelligible speech).

The cartographic details of Keitel et al. (2018) (and much other work) map on
to the findings of Iwabuchi et al. (2019), who used fMRI to show that the neural
substrate for syntactic processing is functionally located in a distinct region from
the substrate for verbal working memory. Japanese sentences with an Object-
Subject-Verb (OSV) structure were contrasted with canonical SOV sentences,
with the latter exhibiting less hierarchy in syntactic structure due to no move-
ment occurring. They found that the posterior part of Broca’s area and the left
posterior middle temporal gyrus exhibited specific activation for hierarchical
structure building, with these left temporal regions overlapping with Keitel
et al.’s (2018) results. Modulations in verbal working memory load (through
adding modifiers to the subject or object noun phrases) resulted in activation in
the op9, a structure in the frontal operculum adjacent to Broca’s area, suggesting
a clear segregation of phrase structure processing from verbal working memory.
These findings also speak to the possibility of a ‘dual workspace’ for language,
i.e. some form of construction workspace interfacing with a maintenance/sto-
rage workspace, since verbal working memory does not share a common
resource with phrase structure memory (an issue we will return to in Chapter
3). Relating this more directly to current models of syntax, op9 is likely involved
in processing linear distance in syntax, while the left posterior middle temporal
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gyrus is likely involved in processing structural (hierarchical) distance. Recent
support for the general architecture of a linguistic dual workspace comes from
Berger et al. (2019), who found sustained activity in inferior frontal gyrus,
middle temporal gyrus and hippocampus when electrocorticography (ECoG)
subjects maintained a low and high tone in memory, possibly suggesting that the
more complex forms of phrasal memory piggyback off a lower-level memory
architecture. That is to say, part of the initial construction workspace may be
anchored in parahippocampal and temporal regions, while the maintenance
workspace may be anchored across parahippocampal and inferior frontal
regions. Indeed, Vanier et al. (2019) discovered that, relative to apes and
monkeys, the human hippocampal formation shows an increase in size in the
CA3, subiculum and rhinal cortex regions, and also an increase in the neocortex;
expansions which might underlie our unique episodic memory capacity, as the
authors speculate, but also our unique ability to string together large clusters of
neocortical linguistic features into coherent lexical items and phrases (following
the role of θ-γ interactions postulated here).

Finally, Molinaro and Lizarazu (2018) contrasted cortical entrainment to
natural speech compared to qualitatively different control conditions (ampli-
tude-modulated white noise and spectrally rotated speech), finding that while θ
entrainment largely reflected perceptual processing (and likely other computa-
tions relevant for feature-set combinatorics, following the model in this chap-
ter), only δ entrainment involved higher-order language-related processes
(although their continuous speech stimuli did not reveal which particular
features of speech entrain to δ, and as mentioned earlier, these findings can
be explained via a more generic sensory chunking role for δ entrainment).
Indeed, they note that ‘[t]he information extracted from this “entrainment step”
would then be available to higher-order cognitive processes that are not
necessarily phase-synchronized with the external input’ – precisely the type
of perspective developed here, and which justifies further work oriented around
exploring theoretical commensurability between neurobiology and linguistics
rather than purely pursuing novel experimental directions.

Overall, oscillation-based linking hypotheses might also provide
a substantive response to Revonsuo’s (2001, 51) comment that in contemporary
neuroscience ‘the main efforts are concentrated on the description and system-
isation of data and the utilisation of the data for clinical purposes. No radically
new theoretical purposes, comparable to the neuron doctrine, have emerged
from this enterprise as yet.’As Snyder (2015) reviews, oscillations are increas-
ingly being shown to play a causal, and not correlational, role in the perceptual
segregation of sound patterns (though it should be stressed that numerous other
oscillatory mechanisms likely do not play a causal-functional role in cogni-
tion). As such, the number of avenues that one might take to go beyond data
redescription – of the kind reviewed in this section – is increasing.
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2.3 Applications and Consequences

2.3.1 Autism and Schizophrenia: The ‘Price’ We Paid for Language

If these language-oscillation hypotheses are along the right track, this would give
a justification to the related hypothesis that language deficits can be oscillatory in
nature. For instance, Murphy and Benítez-Burraco (2016, 2017) and Benítez-
Burraco and Murphy (2016) suggest that language deficits in schizophrenia and
autism spectrum disorders can be explained by assuming that their abnormal
CFC profiles impair (among other things) the domain-general ability to extract
particular items from memory. Disruptions of neurotypical oscillatory activity
may reflect what Mohammad-Rezazadeh et al. (2016) call the ‘tendency of the
brain to become “stuck” (versus flexibly adaptive) in a redundant pattern of
functional connectivity’, which may ‘relate to motor and cognitive systems in
autism spectrum disorder (ASD) which are also “stuck” in a series of repetitive
behaviors or restricted interests’. Interestingly, Kessler et al. (2016) conducted an
extensive literature review and hypothesised that ‘especially low delta-theta
frequency long-range phase coupling should be affected in ASD in conjunction
with reduced local PAC and possibly inter-trial phase coherence during high-
level social cognition that requires complex signal integration over time’. Recent
evidence also suggests that tACS can modulate cross-frequency interactions
(Herrmann et al. 2016) and can increase long-range (posterior-anterior) α
Granger causal connectivity beyond a twenty-four-hour period in humans, an
occurrence which brought with it sustained reductions in anxious arousal
(Clancy et al. 2017). The clinical applications are extremely promising, with
Clancy et al. (2017) being the first to document long-term oscillatory effects.
A highly important application of interventionist strategies to brain stimulation
can be found in network stimulations to treat mental diseases (see Salimpour &
Anderson 2019; Wilkinson & Murphy 2016), with CFC in particular being
a potential therapeutic target in disease states. Overall, these ideas are commen-
surable with recent moves in neuroscience to view psychiatric illnesses as
oscillatory connectomopathies (Vinogradov & Herman 2016; Cao et al. 2016),
and are also compatible with the more general (and plausible) claim that autism
and schizophrenia were the ‘price’ that humans paid for acquiring language
(Sikela & Searles Quick 2018), since the arrival of such a complex system brings
with it the risk of malfunction, with many of the core traits of these disorders
arguably being linguistic in nature.

2.3.2 Prediction and Binding

We concluded in the previous chapter that, from a psycholinguistic perspective,
there are very good reasons to maintain that the label-driven mechanism of
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language processing should include a predictive component that generates
expectations for core structural elements (and not optional elements like
adjuncts). But how is this system implemented? We can now apply our under-
standing of the functional role of neural oscillations to an overview of two
major processes relevant for language: prediction and binding. These respec-
tively map on to the top-down and bottom-up processes of expectation genera-
tion and structural combinatorics. The former seems to be implemented via β
increases, the latter via δ and θ. Beukema and Verstynen (2018) claim that these
two processes constitute interacting algorithms supporting the consolidation of
sequential motor skills. As with language, the learning and execution
of habitual motor sequences demands the interpretation and implementation
of serially ordered actions. It also demands what the authors term ‘fast predic-
tion of transition probabilities between events and slower binding of serial
actions into unified sets’ – computations closely aligned to linguistic processes.
They classify ‘predicting serial order’ as involving fast, associative and extrin-
sic features, while ‘set building’ (binding) demands reinforcement, efficiency
and intrinsic computations (Beukema & Verstynen 2018, 99, fig. 1). The fast
detection of serial ordering appears to rely on the medial temporal lobe, in
particular the hippocampus. A sub-population of hippocampal cells are tuned
for the temporal associations between event sequences (MacDonald et al.
2011).

In line with this subcortical focus, Henderson et al. (2016) present evidence,
through a joint eye-tracking and fMRI study of syntactic surprisal, that the
network responsible for syntactic prediction is widely distributed, spanning
bilateral inferior frontal gyrus and insula, and fusiform and right lingual gyri,
reaching far beyond the classical regions. Shain et al. (2020) also found with
fMRI language-specific predictive coding in naturalistic sentence comprehen-
sion, such that sentence processing mechanisms in left inferior frontal regions
generate predictions about upcoming words using processes sensitive to hier-
archical structure and specialised for language. Blending these cartographic
and oscillatory perspectives, this leads to the clear prediction that β increases
across this broad perisylvian network may interact, via coupling, in specific
ways with the oscillatory system implementing sentence comprehension
(reviewed in Chapter 3).

More recently, Beukema and Verstynen (2018, 100, fig. 2) have noted of
the binding-prediction learning process that, ‘once the transition probabilities
between serially ordered items [. . .] becomes deterministic, it is computa-
tionally efficient to group sensorimotor decisions into unified sets, for exam-
ple, a “chunk”, where the entire set is represented as a single, generative
sensorimotor decision’. Likewise, motivations of computational efficiency
(invoked most forcefully by generative linguistics) likely structured the
evolution of phrase structures, which also appear to be hierarchically
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organised (i.e. labelled) through a process of efficient computation (‘least
effort’) termed minimal search (see Chapter 1). Indeed, this may reflect
a more general ‘third factor’ in evolution: Employing an optimal control
theory framework, Ramkumar et al. (2016) discuss how binding represents
an optimal solution to controlling complex sequences of movements through
minimising global computational cost during learning. They show that as
animals become more proficient at a sequential skill, efficiency increases as
the number of chunks decreases, reflecting an increased number of bound
elements in each chunk. Moreover, in line with what has already been
reviewed, Jin et al. (2014) reviewed the range of action sequence-linked
cell types in the striatum and concluded that during learning the striatum
facilitates concatenation.

Why are these findings of computational efficiency relevant for us? Since
I have proposed that these chunking mechanisms are implemented via neural
oscillations, and furthermore that these processes seem to be optimised in
various ways, it is noteworthy that encoding information in the timing of action
potential spikes incurs a lower metabolic cost than encoding information in
other possible ways, facilitates rapid processing, and can also be used to
disambiguate simultaneously-presented stimuli (VanRullen et al. 2005).
Consequently, there seems to be something of a causal chain from information-
encoding optimisation at the spike-timing level, to the oscillatory level, and
finally to the computational (in this case, binding) level.

Sengupta et al. (2013) make a more fundamental point:

The repertoire and speed of biological computations are limited by thermodynamic or
metabolic constraints: an example can be found in neurons, where fluctuations in
biophysical states limit the information they can encode – with almost 20–60% of the
total energy allocated for the brain used for signalling purposes, either via action
potentials or by synaptic transmission.

How the imperative for neurons to ‘optimise computational and metabolic
efficiency’ (Sengupta et al. 2013) influences higher-order oscillatory pro-
cesses – and thereby linguistic processes – is a promising topic for future
enquiry. For now, it seems clear from Ramkumar et al. (2016) that breaking
compound movements into chunks (or in the language domain, collections of
words into phrases) reduces overall computational complexity. Furthermore,
Ramkumar et al. invoke learnability as a core motivation for chunking, being
a cost-efficient learning strategy and limiting the cost of computation;
a possible explanation for the format/size of phrase structures.

There are some directions in the literature, however, which make novel
theoretical headway with respect to these core processes. Christiansen and
Chater’s (2016, 99–114) chunk-and-pass model of language processing effec-
tively mirrors a prediction-binding system, albeit one which explains, for the
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authors, the origins of language-specific processing chunks. Interestingly, their
chunk-and-pass model reinterprets some classical linguistic constraints as
simple constraints on processing, a highly desirable and feasible approach.
Instead of invoking some abstract grammatical rule, when considering the
contrast in (2), we can explain this ‘if we view the structure of language as
emerging from countless individual processing episodes’ (2016, 245); every
word originates and develops in different grammatical structures, with these
(irregular) origins later impacting the acceptability of constructions such as (2)
(‘*’ = unacceptable):

(2) a. Mary gave a book to the library.
b. Mary gave the library a book.
c. Mary donated a book to the library.
d. *Mary donated the library a book.

Much of the learned linguistic structure discussed by syntacticians, semanti-
cists and phonologists can likely be explained through the real-time demands of
processing during language acquisition and use, as Christiansen and Chater
(2016) argue – even if this leaves the origin and neural implementation of
linguistic computations and representations at a distance (see also Ott 2017).

Some recent advances documented in Daffertshofer et al. (2018) can sharpen
this picture even further. These researchers used MEG to investigate whether
the scaling properties of the resting brain (signified by scale-free temporal
correlations) differ between amplitude and phase fluctuations, which may
reflect different aspects of cortical functioning. They discovered power law
scaling for the collective amplitude and for phase synchronisation, both captur-
ing whole-brain activity. They summarise that ‘temporal changes of the
amplitude comprise slow, persistent memory processes, whereas phase
synchronisation exhibits less temporally structured and more complex correla-
tions, indicating a fast and flexible coding’ (emphasis added). This pattern
accords with the oscillatory model of language defended in this chapter, and
also supports previous findings about phase–amplitude coupling, with, for
instance, the rapid, online processing of phrase structure identity being imple-
mented by phase-coupled δ and θ rhythms, whereas gradual amplitude
increases over the course of discourse interpretation (as in the case of docu-
mented β and γ increases during syntactically and semantically well-formed
sentences) also seem to be well characterised in this manner.

Along with its putative role in syntactic prediction, we should also consider
the evidence that β plays a crucial role in sensory prediction through being
modulated by unpredicted pitch stimuli 200–300ms post-onset (Chang et al.
2016), and it is conceivable that a domain-general updating procedure is carried
out by ensembles oscillating in this range, with both sensation and language
requiring perceptual and structural property updates (see Palmer et al. 2016 for
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further evidence that β power reflects sensorimotor uncertainty estimates).
Abel et al. (2016) detected robust and focal β increases at the left and right
anterior temporal lobe during the retrieval of names for people and tools, and
Chang et al.’s (2016) EEG experiment of unexpected pitch processing sug-
gested that induced β power in auditory cortex is sensitive to unpredicted
changes in pitch even when the pitch is presented at a predicted time. These
studies seem to indicate that β is implicated in predicting both what and when
sensory experiences will occur, and that it is also involved in the accurate
selection and maintenance of lexical representations. Brennan and Pylkkänen
(2017) provide additional evidence fromMEG that the dynamics of the anterior
temporal lobe play a role in semantic composition during sentence comprehen-
sion, and that this region implements an incremental ‘left-corner’ parsing
strategy (through which constituents are postulated after the left-most member
of a constituent has been encountered).

2.3.3 Empirical Consequences

This section will explore further applications and consequences of assuming an
oscillatory basis for language. For instance, what can we say of the interplay
between neuroimaging and oscillatory frameworks? Among many other forms
of imaging and behavioural data, it seems clear from the earlier discussion that
neuroimaging studies should be used as a guide for time-frequency analyses.
The experimental implications of this are quite direct. With respect to linguistic
computation, the left anterior temporal lobe has been implicated in basic
conceptual combinatorics (concatenation) and phrasal construction (labelling)
(Bemis & Pylkkänen 2013; Westerlund & Pylkkänen 2014; Clarke & Tyler
2015; Molinaro et al. 2015), while the posterior middle temporal gyrus seems
to be involved in lexical access (lexicalisation) and ambiguity resolution
(Turken & Dronkers 2011). Nevertheless, evidence from neuropsychological
studies on patients with anterior temporal lobe degeneration, damage or resec-
tion reveals that while these patients have severe conceptual-semantic impair-
ments, basic sentence comprehension and production remains intact (Wilson
et al. 2014), suggesting only a possible partial role in combinatorial processing
but not a necessary role in phrase structure generation. The left anterior
temporal lobe plays a major role in the processing and combining of concepts,
being implicated in the interpretation of lexicosemantic information (Binney
et al. 2010) and in the interpretation of linguistic structures seemingly of all
sizes, from phrases to well-formed meaningful sentences (Zhang & Pylkkänen
2015). Given the present oscillatory perspective, the much-discussed fronto-
temporal language network would consequently be purely an output system of
the above-mentioned operations, not a ‘core syntax region’, to quote Friederici
(2012, 265). Friederici (2012) holds that distinct regions of the left inferior
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frontal gyrus are responsible for different types of syntax, arguing, for instance,
that the dorsal stream is only implicated in embedded structures or structures
deviating from normal ordering. Yet, as the above-mentioned model makes
clear, the basic combinatorics are universal across syntactic structures, whether
simple or complex.

Despite having noted the limitations of cartographic studies, an area of
ongoing neurolinguistic research is the spatial scales of brain rhythms.
Emerging technologies to experimentally test and refine the present oscillatory
model include high-density electrode recordings and optogenetic tools (Chow
et al. 2010). Bemis and Pylkkänen (2013) showed that between 200 and 300ms
after the presentation of a word which can be combined with a previous item,
the left anterior temporal lobe is activated, implicating this region in semantic
composition. This would consequently be a good estimate of when oscillation
studies might detect labelling effects to arise, given the role of labels in
semantic composition (Hornstein & Pietroski 2009). At the most general
level of lexical comprehension, M/EEG studies would also predictably find
coherent oscillatory activation of large neuronal assemblies when processing
words relative to processing pseudowords, as Pulvermüller et al. (1994) found.

A level of cortical entrainment would also be predicted for non-syllabic, phrasal
and sentential structures during the auditory presentation of simple stimuli; struc-
tures which are not part of any speech stream but are rather internally constructed
by the comprehender. Entrainment of auditory cortex to speech has recently been
used to gauge how well the brain encodes the properties of speech. Such auditory
entrainment has been linked to speech comprehension (Peelle & Davis 2012) and
is more generally considered a central component of how the brain encodes,
segments and parses speech features like prosody and syllables. On the psychoa-
coustic side, θ has been claimed to reflect syllabic structures due to the natural
syllabic rate of speech closelymatching the θ range (Giraud& Poeppel 2012; Ding
& Simon 2014), while slower δ rhythms have been associated with processing
supra-segmental prosodic features such as acoustic stress (Goswami & Leong
2013; Kayser et al. 2015).

Empirical predictions can also be generated for non-human oscillatory
behaviour. As noted, the oscillatory phenomenon of entrainment is increasingly
being used to enrich more traditional, cartographic models of the functional
organisation of speech perception. This has typically been associated with the
dorsolateral temporal lobes. In primates, these areas are implicated in both
hierarchical and parallel processing (Rauschecker 1998). Primary auditory
cortex (the ‘core’) is surrounded by belt and parabelt fields, and is organised
into rostral and causal projections. These projections have been described as
processing ‘streams’, much akin to the ventral and dorsal visual streams.
Indeed, in non-human primates rostral auditory areas are sensitive to conspe-
cific vocalisations (what has been termed the ‘what’ stream) while causal areas
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are sensitive to the spatial location of the sounds (the ‘where’ pathway) (Tian
et al. 2001). Posterior-medial auditory areas respond to speech production even
in the absence of sound (in the event of ‘mouthing’ sounds), and these areas
have been associated with working memory processes for rehearsing speech
and non-speech sounds (Hickok et al. 2003). Regions along the superior
temporal sulcus in mammals appear to exhibit stronger representational bias
for conspecific vocalisations in rhesus macaques (Tian et al. 2001), marmosets
(Sadagopan et al. 2015) and humans (Fecteau et al. 2004), with the temporal
pole also being implicated in this bias in marmosets, rhesus macaques, chim-
panzees and humans (see Andics & Miklósi 2018 and references therein).

2.3.4 Feeble Currents

Kopell et al. (2014, 1319) stress that connectome–dynome linking hypotheses
need to be supplemented with ‘the biological details that relate this connectivity
more directly to function’. In this section, I will attempt to briefly depart from
analyses which remain at the levels of the dynome and cognome (e.g. Sporns
2013). Recent results indicate that the physiological processes underlying
oscillations contribute to the gating of signal flows within and among regions
(Cannon et al. 2014), and it is at this lower-level connectomic level that more
robust linking hypotheses with the rest of the biological sciences (for instance,
genetics) can begin to be established. As Mišić and Sporns (2016, 5) put it:

An emerging theme in network neuroscience emphasizes representations and models
that not only embody the topological organization of the brain, but also capture the
complex multi-scale relationships that link brain topology to its origins in genetics and
development, and to the rich cognitive-behavioral repertoire it supports.

Kopell et al. (2014, 1324) further note that ‘an immersion in the physiology
supporting temporal dynamics suggests mechanisms that would not be obvious
if one were thinking abstractly about computation and rhythms’, a statement
which carries urgent lessons for theoretical linguistics and neuroimaging
research.

This section will use the oscillome alongside neurochemistry as tools to
construct a neurobiologically feasible cognome, pursuing the methodological
naturalism often discussed by linguists and philosophers (Chomsky 2000,
2018a, 2018b; McGilvray 2013; Collins 2015b). As I hope to have shown,
oscillatory studies of language have the potential to progress neurolinguistics
beyond the situation described by Szathmáry in 1996: ‘Linguistics is at the
stage at which genetics found itself immediately after Mendel. There are
rules (of sentence production), but we do not yet know what mechanisms
neural networks are responsible for each rule’ (1996, 764). So far, I have
presented some suggestions for how to embed the cognome within the
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dynome (yielding the oscillome), but it is also vital to ground the dynome
within the connectome and microlevel analyses, in turn addressing
Szathmáry’s concern.

It has been shown that neuronal populations can synchronously discharge
due to an internal or external event, and additionally as a result of dynamic
interactions between reciprocally coupled networks, which serve to ‘tag the
responses of neurones that need to be related to one another’, as König (1994,
31) put it in his seminal assessment of oscillations. This synchronous activity
further tends to be oscillatory in nature (Liu et al. 2010). Oscillations have also
been linked to neurochemistry (Muthukumaraswamy et al. 2009). While oscil-
latory electrical activity in cell assemblies has been observed since the 1920s
beginning with Berger’s (1929) groundbreaking work, inspired by the
Liverpool surgeon Richard Caton’s (1875) studies of the ‘feeble currents’
generated by rabbit and monkey brains, its role in cognitive capacities has
been intensively explored only since the turn of the century (Jensen et al. 2002;
Ossandón et al. 2011), largely down to theoretical, technological and optoge-
netic advances. Updating Caton’s imagery, McCormick et al. (2015, 133)
summarise that brain rhythms are generated through ‘the interaction of stereo-
typed patterns of connectivity together with intrinsic membrane and synaptic
properties’.

At the most common level of investigation, time-locked frequency analysis can
decompose an EEG signal and identify changes in oscillations. But the widespread
use of non-invasive and high-temporal resolutionMEG, and recent advances in its
source localisation power (Wipf et al. 2010), have led to enhanced understanding
of the spatiotemporal dynamics of oscillations and how they operate within neural
networks. Recent work has begun to deliver an increasingly precise account of
how, for instance, different classes of GABAergic interneurons in the hippocam-
pus coordinate activity giving rise to network oscillations (Allen &Monyer 2015).
GABAB receptors also perform time integration of cell assemblies (classically
defined as a set of neurons exhibiting stronger within-group connectivity than with
other connected neurons; Hebb 1949) from the subsecond to second scale (Deisz
& Prince 1989), a vital function in computing conceptual and linguistic informa-
tion representations.

More recently, Hardingham et al. (2018) review how differences in tran-
scriptional responses to synaptic activity between humans and mice likely
contributed to lineage-related cognitive capacities, and mapping how genes
can be transcriptionally induced by synaptic activity will be a major challenge
for this line of work:

The discovery of operational changes in activity-regulated transcription in evolution
caused by lineage-related divergence in promoter architectures provides the mechan-
istic basis for a new conceptual framework that may help us to understand the
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evolution of cognitive abilities. According to this hypothesis, species-specific activ-
ity-regulated transcriptomes may both specify the construction of neuronal networks
during development and determine their capacity for structural and functional plas-
ticity in the adult.

Further advances can be made through mapping brain rhythms to the numerous
interneuron classes, which are defined based on cell body location, expression
of marker proteins, axonal arborisation and other properties (Klausberger et al.
2005; Somogyi & Klausberger 2005; Whittington & Traub 2003). Korotkova
et al. (2010) attempted to reach such a goal by showing how the removal of
NMDA receptors in parvalbumin-expressing (PV) interneurons reduced the
power of θ oscillations in the CA1 hippocampal region, while also reducing the
γ-power modulation by θ oscillations. PV interneurons and somatostatin-
expressing (SOM) interneurons preferentially synapse, respectively, onto the
cell bodies and proximal dendrites of pyramidal cells and the distal dendrites of
pyramidal cells (Royer et al. 2012). The silencing of PV interneurons, but not
SOM interneurons, altered the θ phase precession in the brains of mice running
on a treadmill belt in the experiments conducted by Royer and colleagues,
suggesting that PV interneurons are highly fit to control the firing phase of
principal neurons during θ oscillations.

It should be noted, however, that PV and SOM expression is common to
numerous hippocampal interneuron classes, and so further optogenetic work is
needed in order to establish the role of individual interneuron classes in
oscillation generation. Fruitful prospects can be found in recent advances in
juxtacellular recordings, permitting the monitoring of a single interneuron
in vivo. To take a relevant case, Lapray et al. (2012) discovered that PV basket
cells – providing inhibition to the pyramidal cell body and proximal dendrite –
fire preferentially at the descending θ phase (findings reproduced by Varga et al.
2012), while ivy cells – providing inhibitory currents onto pyramidal cell
dendrites – fire preferentially during ascension and at the trough. These studies
reveal that during a single θ cycle the inhibitory power onto distinct pyramidal
cell sectors varies systematically (see also Brandon et al. 2014).

Results from modelling studies by Neymotin, Lee et al. (2011) and
Neymotin, Lazarewicz et al. (2011) suggested that a computational model
including pyramidal cells, fast-spiking basket cells and oriens-lacunosum
moleculare interneurons can reproduce θ-γ modulation. Nevertheless, the neu-
rophysiological basis of oscillatory interactions remains under investigation.

Viewing cell assemblies as the fundamental unit of computation rather than
single neurons can arguably be justified in that assemblies can tolerate noise by
not being redirected in their trajectory, unlike single or small clusters of
neurons (which would also be impacted by spike transmission failures), inten-
sifying the justification for placing such assemblies at the centre of the
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oscillome. Given the information chunking and feature merging roles attributed
to γ cycles, Buzsáki suggests metaphorically that episodes of γ oscillations,
which contain strings of cell assemblies, ‘may be regarded as a neural word’
(2010, 365), that is, a discrete unit of information. If induced γ is also respon-
sible for constructing coherent conceptual objects by synchronising neural
discharges binding together distant brain regions, as proposed by Tallon-
Baudry and Bertrand (1999), then oscillations may also be responsible for
certain forms of polysemy demanding the simultaneous association of multiple
representations.

A slightly tangential topic, but one which is still vital for any neurobiological
theory of cognition, concerns the precise computational properties of cell
assemblies implicated in neural oscillations. Xie et al. (2016) discuss an
elegant, simple mathematical rule of organising cell assembly architectures
into specific-to-general primitives of the kind easily exploitable by the brain.
The ‘Theory of Connectivity’ they outline postulates that within individual
computational blocks (‘functional connectivity motifs’, FCMs) the maximum
number of principal projection-cell cliques with distinct inputs follows
a power-of-two-based permutation logic of N = 2i-1, where N denotes the
number of distinct neural cliques that can cover all possible permutations and
combinations of specific-to-general input patterns, with i denoting the number
of distinct information inputs. As a result, ‘each FCM consists of principal
projection neuron cliques receiving specific inputs, as well as other principal
projection neuron cliques receiving progressively more convergent inputs that
systematically cover every possible pattern using the power-of-two-based
permutation logic’ (2016, 2). Generalised neural cliques can discover patterns
relating to semantic and categorical knowledge, and so this neural logic should
be detectable across cortical and subcortical circuits and should also be devel-
opmentally preconfigured – concrete predictions confirmed by Xie et al.’s
experimental work.

What should be of particular interest for linguists is how the Theory of
Connectivity can explain the emergence of generalised concepts like meal
through the combinatorial logic provided by the N = 2i-1 equation which
merges individual experiences and memories like blueberry, pancake and
milk. The specific-to-general cell assembly architecture provided by this logic
permits pattern-extraction, pattern-discrimination and pattern-categorisation.
Under Xie et al.’s model, when a group of similar neurons form a clique to
interpret basic computations like recognising food and friends, groups of such
cliques cluster into FCMs which permits them to deal flexibly with each
putatively basic representational unit. An exception to this general logical
rule was found by Xie et al. in the dopamine neurons of reward circuits,
which seem to be structured along a more basic logic and did not use the
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specific-to-general coding logic – possibly explaining why these cells typically
contribute to binary judgements like ‘good’ versus ‘bad’.

It seems, then, that the brain does not simply employ a basic one-to-one
direct mapping solution to information processing, where information (i) is
mapped to coding units (n) such that i = n. Nor does it seem as if information is
stored in a totally random wiring fashion. Rather, it appears that a substantial
portion of the brain’s information processing power is implemented via
a highly conserved principle of logic. Interestingly, the principal projection
neuron cliques which constitute FCMs are ultimately combined to form larger
categorical structures which permit abstraction over a set of basic representa-
tions, forming meal from a cluster of cells representing blueberries, pancakes
and milk.

As this section has shown, our understanding of the neurobiological basis of
oscillations is fairly limited (hence the lack of attention I have paid to it).
Nevertheless, is there any indication that certain computational properties of
language can be implemented at the cellular level? To my knowledge, there is
little published work in this domain; indeed, the arguments in this book rest on
the assumption that oscillations should be centred in models of linguistic
computation. Papadimitriou and Vempala (2019) provide novel proposals in
this direction, however. The specific details of their work go beyond the scope
of this book, but it is worth briefly noting their line of reasoning: These authors
note that neuronal assemblies are formed when clusters of cells project (from
one layer to another, for instance), and this process creates a new assembly.
They then propose that when two distinct assemblies project and ‘meet’ at the
projection site, this might form the basis of Merge for natural language, since
two (neuronal) objects have made some form of contact. This is a potentially
interesting idea, but it is also difficult to imagine how theoretical advances
could be made with a model that assumes such a simple, generic operation as
assembly projection to derive a very domain-specific process. In addition, it
assumes that merged elements must be stored within projection distance, and
therefore the brain cannot merge representations from distant cortical sites.

2.3.5 Cross-Frequency Coupling

As mentioned, CFC is a core oscillatory component of brain function, and
likely linguistic computation, as suggested in the model presented earlier in this
chapter and recent empirical work. It has been suggested that this generic
operation coordinates spatiotemporal neural dynamics (Canolty & Knight
2010; Lisman & Jensen 2013), resolving a long-standing problem over how
neural activity is synchronised. With larger neuronal populations oscillating at
lower frequencies and smaller populations doing so at higher frequencies, CFC
would enable their synchronisation. Phase–amplitude coupling thus estimates
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the statistical dependence between the phase and an amplitude of local field
potentials. In particular, it has been shown that via phase–amplitude CFC the
phase of the lower frequency modulates the amplitude of the higher-frequency
component, a process claimed to be involved in information transfer for
faculties such as memory (Tort et al. 2009; Malekmohammadi et al. 2015;
though see Aru et al. 2015 for current limitations of phase–amplitude model-
ling). Bergmann and Born (2017) review very compelling evidence that phase–
amplitude coupling constitutes a general mechanism for memory processing/
consolidation and synaptic plasticity. In short, with phase–amplitude CFC the
phase of the slower rhythm modulates the computations implemented at the
speed of the faster rhythm. Phase–amplitude coupling has been experimentally
detected in at least ten combinations of bands in humans and non-humans: δ-θ,
δ-α, δ-β, δ-γ, θ-α, θ-β, θ-γ, α-β, α-γ and β-γ.

Jensen et al. (2016) also present examples of genuine CFC, in contrast to
more spurious cases involving non-sinusoidal or non-zero-mean waveforms.
Although, as Cole and Voytek (2017) note, non-sinusoidal waves may have
computational properties distinct from sinusoidal waves, and may therefore be
relevant to cognition. Eliav et al. (2018) review how even though bat hippo-
campal neurons do not exhibit rodent-like θ oscillations, and instead exhibit
arrhythmic synchronisation and phase precession in their place cells, they
found non-oscillatory phase coding (conserved across bats and rodents)
which seemingly encode the animal’s spatial position. This emphasises the
importance of focusing on specific forms of phase coding, as opposed to
assuming a priori that cognitive computations are executed rhythmically.

Refining our understanding of this contentious issue, Siebenhühner et al.
(2020) used a unique dataset of stereo-EEG (SEEG) and source-reconstructed
MEG to chart resting-state CFC networks in humans. A novel graph-theoretic
model was used to distinguish inter-areal coupling from potentially false
positive coupling, and they found that the human resting state exhibits genuine
phase–amplitude coupling and n:m-cross-frequency phase synchrony (a form
of phase synchronisation characterised by a stable phase-difference between
oscillations having an integer n:m frequency ratio). They also found that
coupling was stronger in superficial cortical layers relative to deep layers,
and that resting-state phase-amplitude coupling for α-β and α-γ coordinated
areas along the anterior-posterior brain systems.

{θ-β(γ)} CFC increases significantly during linguistic tasks such as active/
passive listening to phonemes and words, word production and visual reading
(Canolty et al. 2006). While the lower-level mechanisms responsible for {θ-β
(γ)} CFC remain unknown, sensible and realistic suggestions have nevertheless
been made. For example, since the phase of θ rhythms matches the time course
of membrane potential fluctuations, and since the power of β and γ rhythms
reflects local neural excitability, it may well be that {θ-β(γ)} CFC represents the
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regulation of neural excitability at time points modulated by the θ phase
(Schroeder & Lakatos 2008). This suggests that tracking changes in oscillatory
dynamics can serve as a proxy for lower-level connectivity changes. CFC
consequently appears to be intrinsically linked to synaptic potentiation of the
kind implicated in higher cognitive functions. It seems, then, that studies of
oscillatory dynamics can complement and enhance existing functional neuroi-
maging work, with growing evidence suggesting that distinct neural processes
yield spectrally isolated β and γ rhythms and spectrally broader θ (along with α
and δ) rhythms.

In brief, while much is known about the biophysical substrates of individual
frequency components, the cellular mechanisms behind frequency interactions
like CFC remains opaque. Slower oscillations (θ through to β) appear ubiqui-
tous in infragranular layers of the neocortex (5 and 6), whereas faster γ rhythms
have been detected in granular layer 4 and supragranular layers 2/3 and
l (Ninomiya et al. 2015). Using laminar electrodes to measure activity in
monkey primate visual cortex, Spaak, Bonnefond et al. (2012) found that α
phase in infragranular layers modulates γ amplitude in supergranular layers
(see also Friston 2008); similar to how thalamic nuclei oscillating at the α band
synchronise distant cortical regions oscillating at higher frequencies. As Aru
et al. (2015) note, the most elegant theory to account for these findings is that
periodic membrane potential fluctuations generate low-frequency oscillations
which subsequently gate the incidence of higher-frequency activity in a phase-
specific fashion. From a functional perspective, the nested γ cycles invoked in
the present oscillatory model could act as multiplexing mechanisms (Buzsáki
2006, 356) for sustaining working memory representations by sending multiple
representations as a single complex message to be recovered and ‘unpacked’
downstream, such that information encoded by the faster rhythm would be
integrated over the time scales of the slower rhythm, precisely as is seen in
syntactic labelling and cyclicity (see also Hyafil et al. 2015 for empirical
support that {θ(γ)} coupling is involved in speech de-multiplexing, and
Baddeley et al. 2014 for a review of working memory mechanisms).

2.3.6 Free Energy and the Hidden States of the World

A more fundamental consequence of assuming an oscillatory perspective of
language is that linguistic computation must operate within certain fundamen-
tal constraints on neural dynamics, such as the free-energy principle (following
seminal insights from Friston 2010) through which the homeostatic brain
minimises the dispersion (entropy) of interoceptic and exteroceptic states. If
entropy is the average of ‘surprise’ over time, then the brain will choose
appropriate sensations to minimise surprise, and in so doing ‘the brain is
implicitly maximizing the evidence for its own existence’ (Bastos et al. 2012,
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702), a notion not too far removed from Vaas’s assessment that the brain is ‘a
self-referential, closed system, a functional reality emulator that constructs the
world, rather than reconstruct it’ (Vaas 2001, 88). This form of ‘predictive
coding’ conforms to the free-energy principle and the image of the brain as
a constructive organ, assembling and inferring linguistic representations.
Studies of chaotic itinerancy (Tsuda 2013, 2015), many-body physics and
thermodynamics (Vitiello 2015) may also prove indispensable in describing
the high-dimensional state space of cortical activity implicated in computation
(see the essays collected in Ohira & Uzawa 2015 for discussion). Yet as
Kirmayer (2017) notes, principles such as free energy may provide great
generality, and ‘[f]ree energy minimization may be a necessary condition for
life, but it is not sufficient to characterize its goals, which vary widely and, at
least at the level of individual organisms or populations, clearly can run counter
to this principle for long stretches of time’. Be that as it may, many biological
and cognitive principles of efficiency may well be special cases of a variational
principle of free energy. As Friston has argued, this should allow researchers
from distinct disciplines to re-evaluate their hypotheses and empirical evidence
in terms of lower-level free energy. This will result in a number of alternative
and competing process/implementation theories for linguistic computation in
the brain which can all adhere to free energy but can also be compared against
emerging empirical evidence from, for instance, systems neuroscience and
neurolinguistic experimentation.

Although most research concerning free energy has focused largely on
sensory perception, in a recent expansion of the active inference model
Friston et al. (2017) apply it to the reading of a narrative, tentatively aligning
their concerns with those of neurolinguists in ways which seem quite promising
and illuminating. Considering hierarchical models with deep temporal struc-
ture, active inference is applied to state transitions, or sequences over time,
permitting the authors to apply free energy to sequential scene construction of
the kind found in reading a narrative. The core idea is that ‘equipping an agent
or simulated subject with deep temporal models allows them to accumulate
evidence over different temporal scales to find the best explanation for their
sensations’ (Friston et al. 2017, 388). The authors associate perisaccadic
updating with neurobiological activity such as delay period activity and peri-
saccadic local field potentials, accounting for how epistemically rich informa-
tion is judiciously sampled by the eyes. In brief, their generative model (not to
be confused with generative grammar; Friston et al. employ ‘generative’ to
mean a probabilistic mapping from causes to an observed consequence) pro-
poses that sequences of hierarchically nested hidden states (e.g. the location
and category of an object, or some other unknown variable) are generated by
the brain using probability transitions specified by a particular policy (action or
plan), such that hidden states can influence expected free energy and thus
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influence policies determining transitions among subordinate states. As with
phrase structure generation, which uses multiple memory buffers to maintain
phrasal identities while also constructing new ones (to be embedded), a given
hidden state entails a sequence of embedded hidden states, similar to how a TP
entails a VP, and a VP an NP. Friston et al.’s model generates outcomes over
nested timescales, as when phrases, words and syllables are parsed simulta-
neously via oscillatory entrainment to distinct frequencies. More generally,
within this context active inference denotes the optimisation of expectations
regarding hidden states and policies with respect to variational free energy.
This yields a ‘deep dynamic narrative’ to the trajectories of hidden states
(Friston et al. 2017, 390; see their fig. 5). In short, under this model agents
infer the hidden states under each policy that they entertain before evaluating
the evidence for each policy based on observed outcomes and beliefs. Posterior
beliefs about policies are used to inform a Bayesian model average of the next
outcome, realised via action.

Assimilating this model with the hierarchical anatomy of cortico-basal
ganglia-thalamic loops described in Jahanshahi et al. (2015), Friston et al.
(2017, 392) claim that passing messages of belief propagation (concerning
the nature of hidden states) results in a situation in which ‘competing low level
(motor executive) policies are evaluated in the putamen; intermediate (asso-
ciative) policies in the caudate and high level (limbic) policies in the ventral
striatum. These representations then send (inhibitory or GABAergic) projec-
tions to the globus pallidus interna (GPi) that encodes the expected (selected)
policy.’ These expectations are subsequently communicated to superficial
cortical layers via thalamotorical projections, most probably matrix thalamo-
cortical circuits that ‘appear to be specialized for robust transmission over
relatively extended periods, consistent with the sort of persistent activation
observed during working memory and potentially applicable to state-
dependent regulation of excitability’ (Cruikshank et al. 2012, 17813). It was
discussed earlier how the labelling mechanism employs cortico-basal ganlia-
thalamic loops via particular oscillations, and it is likely that Friston et al.’s
(2017) detailed model of belief propagation is recruited by the language system
to generate policies concerning the identity of current syntactic structures.

Sequential scene construction accounts for the semantic processing and
prediction involved in sentence comprehension (we have already seen that
the language network seems to carry out predictive processing, supporting
the idea that prediction is a ‘canonical computation’ implemented in domain-
specific circuits; Keller & Mrsic-Flogel 2018) – but the wilful generation of
recursive hierarchies resulting from labelling (e.g. in sentence production) are
kept at a distance. This is hardly a limitation of Friston et al.’s model as it stands
(indeed, the authors make it clear that ‘we are not concerned with computa-
tional linguistics per se but the more general problem of epistemic foraging’,

106 Brain Dynamics of Language



examining ‘how subjects use accumulated beliefs about the hidden states of the
world to prescribe active sampling of new information to resolve their uncertainty
quickly and efficiently’; Friston et al. 2017, 388), but it does point proponents of
free-energy in new directions. In particular, applying the related concept of
Markov blankets to phrase structure (which, like all phenomena Markov blankets
are applied to, exhibits boundaries between what counts as a certain phrase and
what counts as lying outside its domain) may prove most fruitful. Friston et al.
(2017, 399) conclude by plausibly speculating that in order to capture ‘the
dynamic character of language comprehension and production’ (including com-
positional recursive rules) neurobiologists should attempt to develop ‘deeper
generative models that may entail some structure learning’.

More related to our concerns, I suggest that the existence of syntactic
structures in natural language constitutes a unique form of epistemic foraging,
minimising surprise and variational free energy. Epistemic foraging aims to
reduce uncertainty about the environment, and this is precisely what lexical
categories and syntactic phrases do. A reduction does not, of course, result in an
elimination of uncertainty, and so natural language can still exhibit ambiguities,
both syntactic and lexical. Discussing rodent models, Corcoran et al. (2018b)
summarise that, via the active inference framework, ‘[o]nce ambiguity or
uncertainty has been sufficiently resolved, the rodent may then switch to
policies that exploit the resources availed by the environment’ – a process
familiar to the exploitation of syntactic phrasal identities in natural language
(for interpretation and subsequent action).

2.3.7 Communication-through-Coherence

An emerging consensus regarding the validity of the communication-through-
coherence (CTC) hypothesis lends further impetus to the claim that oscillations
bring about linguistic computation (Bastos et al. 2015). CTC claims that
rhythmic synchronisation, especially in the β and γ bands, modulates the
efficacy of anatomical connections, and that oscillations are necessary for long-
distance assembly formation (König et al. 1995; Fries et al. 2008). CTC can be
complemented with recent developments in the understanding of the functional
role brain rhythms play, with assembly formation being the core operation at
the connectome level required to establish the kinds of cross-modular repre-
sentational structures seen in natural language (Lopes-dos-Santos et al. 2011). γ
band activity, for instance, has been associated with numerous cognitive func-
tions such as memory and selective attention. With γ bands arising from an
interplay of inhibition (produced by GABAergic neurons) and excitation (pro-
duced by glutamergic neurons) mediated by NMDA and AMPA receptors,
Bosman et al. (2014) propose that these bands have their origin in basic
functional motifs conferring an advantage for low-level system processing
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and multiple cognitive functions (see also Bartos et al. 2007; Buzsáki & Wang
2012). While slow rhythms are typically needed for long-distance oscillatory
synchronisation across the brain, γ rhythms have also been found to synchro-
nise between distant cortical regions of the same hemisphere during attention
(Gregoriou et al. 2009).

The broad functionality of γ makes it an ideal candidate, along with the
thalamus (discussed later), for being the conductor of language’s cross-
modularity. The role of γ synchronisation in visual feature integration
(Bosman et al. 2009), for instance, makes it a prime candidate to be the
mechanism carrying out the forms of conceptual assimilation seen in natural
language semantics. If linguistic computations are in fact responsible for this
cross-modularity, then language can perhaps be more closely aligned to
dominant descriptions of consciousness and working memory (Dehaene
et al. 2014), even if we are forced to remain ‘virtually mute’ (Chomsky
1998, 440) about the nature of experiential content (Strawson 2008, 2010).
Indeed, Crick and Koch (1995) already noted the likelihood of cortical
oscillations having a prominent role in conscious experience. Likewise,
volition is also an inherently network-level phenomenon, and so oscillations
are a prime candidate for its implementation (as opposed to single-cell
models) – with creative language production famously being the classical
example of volitional control.

In addition, γ synchronisation has been shown to support certain low-level
functions in the hippocampus which may be vital to particular cognitive
functions attributed to this region, such as memory encoding and retrieval
(Bosman et al. 2014). As mentioned, the hippocampus is the site of {θ(γ)}
coupling in that multiple γwaves are typically embedded within a single θ cycle
(Bragin et al. 1995). The hippocampus seems particularly suited to facilitate
these cross-modular interactions, since it has been argued to play a role in
integrating ‘what’ and ‘where’ information in the perirhinal cortex through the
lateral entorhinal cortex and the postrhinal cortex through the medial entorhinal
cortex (Fernández-Ruiz & Oliva 2016; see also O’Neill et al. 2017 for the role
of the entorhinal cortex in spatial and episodic memory, which seems to be able
to act independently of the hippocampus). Along with the standard phase-
locking operation through which higher waves occur at stable phases in cycles
of lower waves (Lachaux et al. 1999; Belluscio et al. 2012), this allows spike
coordination and may consequently be partly responsible for low-level oscilla-
tory operations like phase coding.

As Lisman and Jensen (2013) review, dual γ and θ oscillations form a code
for representing multiple items in an ordered way (see also Lisman & Buzsáki
2008). Since each θ cycle contains four to eight nested γ cycles, different forms
of spatial information (such as a series of events from short-term memory,
constituting an ‘episode’) can be represented and sequentially coordinated
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within a given cycle, with discrete items being encoded and replayed at certain
phase angles. The neuronal subsets that constitute the assemblies activated by
each γ cycle also form circuits that tend to coactivate. As such, memory items
are thought to be expressed by a transient, rapid γ wave. This seems to fit the
recent revision of working memory from the classic five to nine items to four
items (Cowan 2001), and also recent revisions to visual working memory
capacity as being fixed at three to four items (Jost et al. 2011). There is
increasing evidence that this θ-γ memory model is applicable to the human
brain (Sauseng et al. 2019), as when Axmacher et al. (2010) discovered that an
increase in the number of visual items (faces) to be retained by subjects resulted
in a slowing down of the θ waves that there coupled with nested γ, suggesting
that more memory items require a larger θ wave to be nested in.

I have claimed elsewhere – and will maintain here – that this process may
constrain the number of lexical features able to be transferred in a given
derivational cycle, and may constitute a mechanism for combining linguistic
features. It is likely that brains capable of rapidly adapting (and slowing
down) the phases of slow rhythms (e.g. θ, but also δ, as already discussed)
will become more competent language users, being able to fine-tune the
representational binding and maintenance necessary for language
comprehension.

Other work suggests that CFC between frontal θ and posterior γ is enhanced
during visual stimuli encoding (Friese et al. 2013). Through the coding scheme
discussed by Lisman and Jensen, the cell assembly that fires during a given γ
cycle forms a topographic pattern representing a particular item from memory.
Interaction between rhythms supports neural communication and plasticity,
ensemble formation, and the formation of long-term memories (Buzsáki &
Draguhn 2004). Phase-coupling preferences also correlate with behaviour and
neural function, remaining stable over numerous days, suggesting that oscilla-
tions aid in the selective control of distant functional cell assemblies (Canolty
et al. 2010). Along with the development of a neural code for linguistic
computation, investigations of memory decay will also likely be crucial to
understanding the limitations of syntactic phrase structure building, with the
factors influencing information maintenance placing direct constraints on any
algorithm used to construct phrases. In the most recent research in this tradi-
tion, Pinotsis et al. (2018) modulated the number of items a group of monkeys
had to hold in memory (one to three objects in the same visual hemifield), and
these modulations changed the connectivity in the prefrontal cortex-frontal eye
fields-lateral intraparietal area network. Feedback (top-down) coupling broke
down when the number of objects exceeded cognitive capacity.

The number of γ cycles able to be embedded within a θ cycle may be a major
constraint, then, of working memory limits (Kamiński et al. 2011). Other
research compatible with this hypothesis includes the finding that increases
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in memory load result in decreases in the power of the slower rhythm during
phase–amplitude coupling (Axmacher et al. 2010). Roux and Uhlhaas (2014)
make the related claim that oscillatory activity ensures the maintenance of
working memory information. This explanation exhibits the kind of granularity
linguists should seek to capture syntactic operations like labelling, which
involves storing conceptual roots in memory.

In brief, and returning to issues outlined earlier, if intrinsic coupling across
cortical oscillations is responsible for the hierarchical combination of computations
at the syllabic andphonemic levels, ‘restoring the natural arrangement of phonemes
within syllables’ (Hyafil et al. 2015), then this leads to the possibility that hier-
archical syntactic computations result from similar mechanisms.

These operations are all conserved from early in mammalian evolution, with
the above-mentioned interplay between excitation and inhibition being found
in crustaceans (Nusbaum & Beenhakker 2002) and major phyla dating back
350 million years (Katz & Harris-Warrick 1999). Bosman et al. (2014) draw on
such considerations in claiming that the evolutionary acquisition of this excita-
tion–inhibition interplay led to the selection of these γ waves as a principal
element of computation. If the γ synchronisation mechanism was a ‘direct,
inevitable consequence of early circuitry organization’ (Bosman et al. 2014,
1994), then it may be that it is an exaptation (being co-opted, as when gills are
transformed into jawbones or ear ossicles) in that it was later afforded
a functional role in systems of memory and learning (for seminal proposals
concerning exaptation, see Gould & Vrba 1982). Further, top-down neocortical
processes implicated in particular higher cognitive faculties like working
memory (Buschman & Miller 2007) and free-choice reach (Pesaran et al.
2008) also appear to be carried out by interareal synchrony in the β rhythm
(Bressler & Richter 2015), increasing the electrophysiological validity of the
functional roles attributed to this wave above.

Summarising briefly, it appears that the developed interneurons and dendritic
spinal strength proposed by Geschwind and Rakic (2013) fortified long-
distance assembly connections and, in turn, the mechanisms of CFC and
other neuronal processes necessary for the rhythmic interactions claimed ear-
lier to be the source of computations like labelling and cyclic transfer. The
targeting of the perisomatic region of pyramidal neurons by inhibitory inter-
neurons in particular leads to the formation of γ rhythms and their concomitant
properties of conceptual combination.

2.3.8 Operations and their Constraints: Merge, Anti-identity, and *{t,t}

There is one final topic relating directly to the applications and consequences of
assuming an oscillatory model of language: how to model the constraints on
language.
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In the same way that γ oscillations ‘arise simultaneously and inevitably with
inhibitory-excitatory interplay, and are neither an epiphenomenon nor
a separate cause of the functionality beyond the underlying circuits’ (Bosman
et al. 2014, 1995), this book has so far suggested that linguistic computations
are to be seen as identical to the operations of the oscillome. While I hope to
have shown that distinct oscillatory phases segregate discrete units of informa-
tion (visual, olfactory, semantic, etc.), there remains the possibility that they
also serve computations spanning multiple oscillatory cycles. Oscillatory
phases may be the means through which different lexical features (e.g. φ-
features, Tense) are processed or time-locked with other features, leading to
agreement relations, the resolution of filler-gap dependencies, feature inheri-
tance and other familiar syntactic operations.

What about the process of ‘feature valuation’, through which certain features
on lexical items are retrieved from the lexicon unvalued and undergo valuation
via the presence of the same (valued) feature on a different lexical item?
Consider one possibility: Cell assemblies implicated via cycle skipping in the
features of two merged elements may undergo phase-locking, leading to
oscillatory synchronisation of two discrete units of information. When this
occurs, feature valuation takes place and the derivation can converge. If this
process is barred in virtue of rhythmic coupling restrictions and the limits of
assembly synchronisation, then feature valuation, and hence concatenation,
does not take place. If the distribution of unvalued features, [uF], also con-
tributes to the demarcation of phases (Narita 2014a), then the dynamics of
feature valuation would likely align closely with the account of cyclicity given
earlier, since valuation, Agree and other copy-forming operations such as
Internal Merge apply as a fundamental part of Transfer. Notice that this
model at once implies specific neurobiological limitations, in that the hypothe-
tical coupling responsible for feature valuation should occur after the cross-
cortical {α(γ)} embedding proposed to be the substrate of set-formation.

As a secondary concern, I will assume, as is commonly done, that feature
valuation (along with feature inheritance and Agree) are both cases of a more
generalised Search operation, which forms relations between identical feature
complexes (Kato et al. 2014; Ohta et al. 2013). Kato et al. (2014) even go as far
as claiming that Search is in turn just an instance of Merge, and that the human
language faculty may reduce to pure Merge (implemented via minimal search).
The ideas sketched earlier and Kato et al. consequently yield different predic-
tions about oscillatory behaviour.

Moving to constraints, Richards’ (2010) Distinctness Condition, prohibiting
the presence of multiple lexical units of the same label within a single phase
complement, may be the consequence of how many distinct rhythms it is
possible to couple in specific actions. These *XX-like structures (e.g. structures
containing multiple phase-internal nouns such as ‘*JohnMary ate apples’) may
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be ungrammatical because of the oscillatory patterns local language regions
can sustain (Boeckx 2013). This forms the core of a more general observation
in the linguistics literature; that elements of the same type are typically not
syntactically adjacent (with the obvious exception of listed adjectives, which
are adjacent in terms of linear order but are part of the same syntactic consti-
tuent) but separated by tokens of distinct types. The Obligatory Contour
Principle (Odden 1986), Double Determiner Filter (*[D1. . .D2] where no
lexical head intervenes between D1 and D2; Davis 2010, 23), Similarity
Avoidance (Frisch et al. 2004) and other related principles share this over-
lapping feature. Indeed, constraints on identity are found not just in natural
language, but artificial language too (Nevins 2010), and van Riemsdijk (2008,
242) goes so far as to argue that ‘Identity Avoidance is a general principle of
biological organization’. For instance, Lefebvre et al. (2012) document that
protocadherins underlie dentritic self-avoidance and self-/non-self discrimina-
tion, allowing neurons to take up distinct molecular identities. The swathe of
putatively syntactic constraints noted here may form the backdrop of what
Narita (2014a, 26) identifies as a core aspect of minimal computation, the
‘Minimal Workspace’ through which the construction and transferring of
syntactic structures takes place. To put it more concretely, syntax-external
systems (interfaces) may only be able to sustain a single rhythm (or rhythm
cluster) from the γ and β bands due to the small size of localised regions, and
would hence be incapable of interpreting multiple category-identical elements
in a single cycle. The phase/non-phase rhythm of syntactic computation would
thus arise from the limits of oscillatory sustainability, and the connection
between syntactic phases and oscillatory phases becomes more than purely
orthographic: [C [T v[V D/n [N]]]] emerges from [β [γ β[γ β [γ]]]] given the
labelling role attributed to β earlier, which in turn explains *XX violations.

In recent work, Leivada (2017) goes considerably beyond these initial
observations and proposes a comprehensive account of *XX violations. She
traces the origins and manifestations of ‘identity avoidance’ in language and
cognition and argues that the forms these take support the existence of a general
processing principle, termed Novel Information Bias:

Novel Information Bias
Subjects avoid tokenizing multiple, adjacent occurrences of the same type, because of
a general bias in the cognitive system to provide more attentional resources to novel
information, enhancing perception and production processes accordingly.

Hence, ‘in situations where no new information is supposed to be conveyed,
Identity Avoidance can be flouted to a greater degree’. Leivada (2017) notes
that *XX is not a hard constraint but rather a flexible bias, pointing to a number
of cases flouting *XX in both spoken and signed languages. Leivada therefore
correctly notes that the background assumptions in Murphy (2015b) seem ‘too
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strong’ given the existence of grammatically licit counter-examples to *XX
(see Leivada 2017 for examples). Leivada’s proposed processing principle
captures how the brain decodes types and tokens and explains why adjacent
occurrences of syntactically or phonologically identical tokens is highly
restricted. Leivada claims that the aforementioned supposedly linguistic con-
straints on identity avoidance stem from ‘a general, cognitive bias that filters
out multiple tokens of the same type when these occur in adjacent positions’
(Leivada 2017), shifting the explanation from a derivational crash to a more
general cognitive bias.

Along with permitting a broader level of descriptive adequacy across multi-
ple cognitive domains (with identity avoidance also occurring in visual percep-
tion; Buffat et al. 2013), this route leads to certain questions about the
evolutionary origins of the Novel Information Bias and its implementation in
other primates. A clear example of humans avoiding repetitions in a non-
linguistic domain include the ‘apparent motion’ illusion, through which iden-
tical stimuli flashed in different locations are typically seen as a single stimulus
(Vetter et al. 2013). This plainly involves no linguistic procedures, indicating
that this pre-existing cognitive bias constrained what form the language faculty
ultimately evolved into. But what of the implications for the present oscillatory
model? One might simply reframe the above-mentioned oscillatory constraints
as module-general, while acknowledging that such constraints may be more
widespread across the brain.

One final constraint is worth mentioning. Narita’s (2014b) *{t,t} constraint,
which prohibits the transfer of syntactic objects whose two members are both
traces/copies of movement, strikes me as amenable to a similar, if not identical,
explanation to the one given earlier for the Distinctness Condition. Objects of
the {t,t,} kind cannot be labelled, as in (3), and are hence illicit (Moro 2006,
15). These structures involve two elements being moved from the same
embedded location:

(3) *[which picture of the wall]i do you think that [the cause of the riot]j was {ti,
tj}?

One of the consequences of this approach is that language needs to be
reconceptualised as not just a system of thought, planning and interpretation,
but also a system of oscillatory information synchronisation. The computa-
tional constraints briefly outlined here can direct enquiry into empirically
testing neurolinguistic models of oscillatory behaviour.

2.4 Globularity and Cortico-centrism

A general theme I have been developing so far in this chapter is that linguists
should pay more direct attention to intrinsic properties of the brain (in
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particular, its oscillatory properties) as a means of building their computational
models of language, rather than purely imposing these models on the data
acquired from available experimental techniques. In this section, I will con-
tinue to develop this theme by focusing on brain shape and brain networks.

Recent developments in systems neuroscience have identified large-scale
distributed brain networks, typically explored through fMRI and MEG
(Brookes et al. 2012). Data from fMRI suggests that the implication of
a functionally specific set of neurons in any given computation is assisted by
a backdrop of large-scale neural assembly intercommunication. These net-
works are composed of subnetworks with correlating and anti-correlating
patterns, leading to a situation in which a single large-scale network may
operate through overlapping but distinct neural subnetworks.

While human brains are considerably larger than those of non-human pri-
mates and a strong correlation exists between cranial size and cognitive
capacities (Benson-Amram et al. 2015), brain size alone cannot account for
language evolution, and not even cortical size seems to be responsible (Miller
et al. 2019 found that the human neocortex is not exceptionally large relative to
other structures); rather, brain shape and organisation may be responsible. The
wider cortical minicolumns seen in cytoarchitechtonic subparts of Broca’s and
Wernicke’s regions in humans (Schenker et al. 2008), along with the greater
number of arcuate fasciculus projections connecting both regions with associa-
tion cortex in the middle and inferior temporal cortex, suggests that thememory
buffer/stack available to humans during representation construction and main-
tenance is greater than in other primates.

Genomic investigations of the language faculty are also increasingly
focusing their attention on the brain. Consider briefly the genes RUNX2, the
DLX suite and the BMP family, involved in skull and brain development
(Perdomo-Sabotal et al. 2014). In a series of ongoing research (Benítez-
Burraco & Boeckx 2015; Murphy & Benítez-Burraco 2016, 2018), it has
been hypothesised that a modification in this gene network gave rise to a more
‘globular’ head shape (relative to Neanderthals/Denisovans; Bruner 2004;
Gunz et al. 2012; Theofanopoulou 2015) – approaching a level of sphericity
unseen in our closest ancestors – and the consequent rewiring of cortical and
subcortical structures, permitting the construction of the forms of cross-
modular representations well established in psychological, philosophical
and semantic theories of concepts (Spelke 2010; Pietroski 2018).
Globularity may also have contributed, as some have suggested, to an
increase in wiring efficiency across the brain (Chklovskii et al. 2002;
Murphy 2017b, 2018a, 2018b). Globularity is mainly related to the volume
of the frontal cortex, differing from the enlarged occipital bun of
Neanderthals, although parietal reorganisation in humans also contributed
to this general reshape. It is of great interest to biolinguistics that functional
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links of this kind are beginning to be drawn between genes and their cellular
consequences for the human cognitive phenotype. This task becomes even
clearer when we recognise the clear limits of other hypotheses about the
origins of human-specific cranial features. For instance, Cornélio et al. (2016)
review archaeological data and a range of experimental work and suggest that
there is no evidence (contrary to much popular speculation) that human brain
expansion was caused by fire control and cooking.

An evaluation of these observations can also be made alongside
a consideration of what Piattelli-Palmarini and Uriagereka (2008) see as the
optimising role language has in building syntactic and phonological structures,
which proceeds via minimal search and related principles of computational
efficiency (Larson 2015). This minimalist perspective leads to a separation of
optimality from language’s proposed ‘function’ of mapping structures to the
interfaces, since similar optimising principles are found elsewhere in the
natural world, leading Piattelli-Palmarini and Uriagereka (2008, 209) to ‘sus-
pect that the process behind the abstract form follow[s] from physico-chemical
invariants’. But lacking a theory of brain dynamics, the authors are unable to
ground these general proposals within any neurobiological framework. We can
here suggest that the microcellular level and the oscillome, operating within
some general physical laws of neural organisation such as free energy, can
provide a potential substrate of such ‘physico-chemical invariants’. The only
human-unique aspect of the model pursued here, then, is the context in which
the conserved and universal rhythms discussed earlier perform their operations
of coupling and decoupling, namely a globular brain case, which would have
led to a decrease in ‘spatial inequalities’ (Salami et al. 2003) between cortical
and subcortical regions which prohibit long-distance coupling. This would
imply that the numerous centuries-long approaches to human-uniqueness,
ranging from philosophy to medicine, have approached the matter from the
wrong perspective. Instead of asking what it is about humans which allows us
to form complex systems of symbolic interpretation, we should instead ask
what it is about other animals which prohibits them from doing so (with Salami
et al.’s ‘spatial inequalities’ being a major factor).

Globularity may also have led to the expansion of the neocortex and the
pulvinar, spurred on by the reduction of the large Neanderthal visual system
(Pearce et al. 2013). As Benítez-Burraco and Boeckx (2015) point out, cross-
modular concepts likely employ thalamic nuclei such as the pulvinar and the
medio-dorsal nucleus, not least because of the thalamus’s role in modulating
fronto-parietal activity, regulating cortical oscillations (Saalmann et al. 2012)
and enhancing the rhythmic range of different frequency bands (Singer 2013).
There are also reasons to believe that human-specific parietal expansions
strengthened the connections between Broca’s and Wernicke’s areas; while
the arcuate fasciculus directly connects these areas, the parietal lobe also seems
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to serve as a point of connection (Catani & Bambini 2014). Indeed, the part of
the middle temporal gyrus which the arcuate fasciculus projects to has been
called an ‘epicenter for lexical-semantic processing’ (Turken & Dronkers
2011). In addition, it is highly plausible that globularity is responsible for the
features required for language evolution put forward by Rauschecker (2018,
202): namely, ‘the existence of longer memory spans, involving feedback loops
from auditory to premotor regions, as well as feedback from somatosensory
receptors informing internal models of the speech and vocal apparatus’.

The language system also appears to be sensitive to neural retuning, with
German speakers exhibiting a stronger arcuate fasciculus than English speak-
ers, and English speakers exhibiting stronger white matter tracks along the
temporal lobe (Goucha et al. 2015). It is likely that the freer word order and
richer over morphology demands greater working memory loads than English.

More recent work points to other human-specific brain features which could
shed some light on language evolution. Li et al. (2018) examined the brains of
223 humans and 70 chimpanzees, focusing on hemispheric symmetry. They
found human-specific deviations from symmetric in a Torque pattern compris-
ing right-frontal and left-occipital ‘petalia’ along with downward and right-
ward occipital ‘bending’, and in addition left-ward displacement of the anterior
temporal lobe and segments of the superior temporal sulcus (with the posterior
superior temporal sulcus likely being part of the labelling network and inter-
preting hierarchically organised structures; Goucha et al. 2017), and finally
a clockwise rotation of the left Sylvian Fissure around the left-right axis. The
human left hemisphere was also found to be longer and of less height but equal
in width compared to the right hemisphere. These somewhat peculiar asymme-
tries likely explain how the brain was reorganised such that parts of the Sylvian
Fissure and temporal lobe were able to achieve new connections to the sub-
cortical structures documented here as seemingly relevant for language proces-
sing. Relatedly, the evolutionary changes underlying the emergence of
language may not be due to brain size as such, but more specifically the
expansion of certain regions relative to others (Kaas & Stepniewska 2015),
such as the prefrontal cortex (Neubert et al. 2015), the expansion of which
likely explains our enhanced phonological loop (or lexical memory buffer).
Moreover, an expanded frontal lobe (responsible for cognitive control) likely
aided in the suppression of associative tendencies, thereby granting an easier
route to the establishment of an advanced notion of arbitrary symbolism (as
opposed to simple, one-to-one associations between signs and external stimuli
or internal cognitive/hormonal states). It was also demonstrated in a meta-
analysis that the anatomical asymmetry of the posterior temporal cortex is
required for optimal verbal performance (Tzourio-Mazoyer & Mazoyer 2017).
But what of other, more frontal areas typically implicated in language proces-
sing? Hickok et al. (2014) assessed short-term verbal memory and speech
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articulation deficits in a group of early-stage stroke patients. They found that
articulatory deficits were related to damage in posterior Broca’s area, motor
areas, along with the insula and somatosensory area. Verbal working memory
was related to posterior Broca’s area and motor areas. This suggests that a close
overlap exists in sensorimotor systems implicated in speech production and
verbal working memory, perhaps indicating that the emergence of an expanded
phonological loop was causally related to the evolution of speech production.

Recent work indicates that small and medium-sized carnivorans share with
non-primates, including artiodactyls, the same relationship between cortical
mass and number of neurons, suggesting that ‘carnivorans are subject to the
same evolutionary scaling rules as other non-primate clades’ (Jardim-Messeder
et al. 2017). Yet these rules do not apply to larger-bodied carnivorans, with
Jardim-Messeder et al. (2017) showing that the golden retriever dog has more
cortical neurons than the African lion or the brown bear. The authors invoke
metabolic constraints, imposing a trade-off between body size and number of
cortical neurons, to explain these results. Even more pertinent is their compar-
ison between domesticated and wild species, which shows that the neuronal
composition of carnivoran brains is not affected by domestication, suggesting
that whatever domestication processes influenced human brain evolution likely
altered cortical and subcortical composition rather than the number of neurons.

Perhaps more fundamentally (and something which has not been
addressed in the neurolinguistics literature), functional cortico-cortical con-
nections are realised by cortico-thalamic loops supporting oscillatory coor-
dination, in particular α and θ (Malekmohammadi et al. 2015). Controlling
rhythmic behaviour is also a function attributed to RUNX2 (Reale et al.
2013; see also van der Lely & Pinker 2014 for genetic discussion relating to
phonological computations). A literature review leads Theofanopoulou and
Boeckx (2016) to claim that the thalamus is ‘the part of the brain assigned to
tune the oscillations of the other subcortical structures’. Other research
points to three thalamic subregions responsible for coordinating oscillatory
activity and facilitating memory-related processes (presumably essential for
accessing lexical representations), each of which is modulated by frontal
cognitive control: the medial dorsal nucleus is implicated in β synchrony
(connectivity with parahippocampal/rhinal cortex generates the rhythm), the
pulvinar in α synchrony (connectivity with early/visual parietal cortex gen-
erates the rhythm), and the anterior thalamus in θ synchrony (connectivity
with the hippocampus generates the rhythm; see the ‘three circuit model’ in
Ketz et al. 2015). Thalamo-cortical interactions are increasingly being seen
as central to facilitating higher cognitive processes (Pratt et al. 2017), and
the earlier-cited evidence for pulvinar expansion in humans would resonate
with its presently purported role in language. Together with the earlier
proposed code for phrase structure building, this leads to a conception of
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oscillatory linguistic computation which goes beyond the model in
Theofanopoulou and Boeckx (2016, 2018), which relies on one-to-one
associations between rhythms and complex operations, and the following
pages will add further complexity.

2.4.1 Striatal Disorders

It reasonable to conclude that the thalamus behaves as a relay centre during
language processing, in particular with respect to the interface between syntax
and semantics (Wahl et al. 2008; David et al. 2011). With respect to these
corticosubcortical motor loops, early stages of idiopathic Parkinson’s disease
have been considered a typical paradigm of striatal dysfunction. The character-
istic motor signs (e.g. akinesia, bradykinesia and hypokinesia) are the result of
presynaptic dopamine depletion within striatal target structures. Identical
pathomechanisms are believed to act on the vocal-tract muscles, and so the
speech motor deficits in Parkinson’s disease are referred to as hypokinetic/rigid
dysarthria. Damage to thalamic relay stations of the basal ganlia loops may also
result in the typical constellation of monopitch, reduced stress and imprecise
consonants (Duffy 2005; Ackermann & Ziegler 2013). Along with Parkinson’s
disease, Huntington’s chorea represents another example of a striatal disorder.
This is an autosomal-dominant hereditary disease; however, the speech motor
deficits of this disease have not been extensively explored (Ackermann &
Ziegler 2010).

2.4.2 Thalamic and Temporal Combinatorics

Maintaining our subcortical focus for the moment, top-down-induced shifts in
α phase between two cortical areas have also been shown to strongly effect
interregional γ coherence (Quax et al. 2017). In turn, it has additionally been
shown that this higher γ coherence between these cortical regions also led to
more efficient transmissions of spiking information. These results point to ‘the
feasibility of a . . . realistic mechanism for routing information in the brain
based on coupled oscillations’ (Quax et al. 2017). Given its prominent inter-
areal α, the pulvinar would be able to carry out these combinatorial processes
with great efficiency, allowing the brain to ‘enhance processing of uncued
stimuli’ (Quax et al. 2017), with the importance of the final two words of this
quote for neurolinguistics being clear given the – as classically formulated –
spontaneous creativity of grammar.

Interestingly, optogenetic approaches suggest that subgroups of the thala-
mic reticular nucleus facilitate attention switching from external stimuli to
internal monitoring (Halassa et al. 2014); a capacity possibly employed
during speech comprehension. Saalmann (2014) demonstrated that the
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envelope of cortical γ power in areas V4 and TEO of the visual pathway was
coupled to the phase of cortical α generated in higher-order thalamic nuclei,
suggesting that the thalamus plays a major role in the creation of cortical γ
rhythms known to be implicated in a variety of cognitive capacities. Since
they have been shown to be involved in both local and global oscillatory
control (Fogerson & Huguenard 2016), the apparent flexibility of thalamic
cellular and synaptic mechanisms could be readily exploited by a global
language system.

Deepening our understanding of these regions, Deco et al. (2017) point out
that the reason why certain regions can oscillate at very low frequencies and
sustain these rhythms is due to internal connectivity along with external
thalamo-cortical connectivity, seemingly strengthening the ties between the
thalamus and cortical language-relevant regions.

The thalamus is consequently at the centre (both spatially and operationally)
of coordinating the dynamic brain activity which gives rise to phrase structure
building under the model developed in this book. These thalamic pathways
crucially give rise to oscillatory interactions between the prefrontal cortex and
medial temporal lobe, two structures widely implicated in language compre-
hension. The importance of the thalamus for higher cognition was also specu-
lated in work by Campion and Elliot-Smith (1934), rejecting the dominant
cortico-centrism and suggesting that cortico-thalamic impulse circulation was
responsible for ‘thought’. Cortico-subcortical circuits have been implicated in
a range of cognitive and motor functions (Bell & Shine 2016). If Klostermann
et al. (2013) are correct to suggest that the major thalamic functions with
respect to language are ‘the control and adaptation of corticocortical connec-
tivity and bandwidth for informational exchange’ (a process the authors refer to
as ‘transthalamic network orchestration’), then it is likely that this region plays
a crucial role in regulating other parts of the brain which are responsible for
constructing and interpreting syntactic structures, through a fine-tuning of
subcortical oscillations.

An additional reason for expecting research into subcortical language pro-
cessing to be illuminating comes from the recent finding that human prefrontal
cortex has the same relative volume of grey and white matter neurons as other
primates, challenging the standard account that uniquely human cognitive
capacities arose due to an expansion of the prefrontal cortex (Gabi et al.
2016). Cyrus Martin (2016), in a careful review, documents evidence suggest-
ing that the classical view of the cortex as being exclusive to mammals is
outdated, and that a number of vertebrates have cortex-like features, boosting
the impetus for neurolinguistic research to examine the role of subcortical
structures.

Relatedly, due to the few protein differences between humans and chimpan-
zees, the individuating computational factors may be attributed to cis-

1192.4. Globularity and Cortico-centrism



regulatory and trans-regulatory genes (Somel et al. 2013). Features which may
have led to the higher mental faculties of humans include novel neuronal cell
types and the duplication of developmental proteins such as SRGAP2 leading
to unique dendritic spine density and form (Geschwind & Rakic 2013).
Synaptic and dendritic maturation also occurs in humans for a considerably
longer time than in non-humans (Bianchi et al. 2013). If we also consider the
conclusions of Harris’s review of cortical computation in mammals and birds,
that the ‘human cortex appears to contain the same cell types, and their patterns
of wiring and gene expression appear basically similar to well-studied model
systems’ (2015, 3184), the importance of subcortical investigations into lin-
guistic computation becomes even clearer.

While subcortical structures have often been derided as the reptilian brain,
responsible for only primitive drives, far removed from the neocortex’s higher
echelons of thought, the perspective of oscillomics developed here resituates
subcortical regions like the thalamus and the basal ganglia as the core areas
responsible for linguistic phrase structure building (see also Johnson & Knight
2015 for evidence that the thalamus plays a key role in neocortical oscillations
involved in memory processes). The classical physician Galen held that the seat
of the mind was in the ventricles, since donkeys also had highly convoluted
brains. Through examining the crucial role of subcortical structures like the
thalamus and basal ganglia in language, hopefully the Broca-Wernicke-
Lichtheim model will go the way of the ventricular doctrine and the reptilian
brain model, paving the way for more comprehensive accounts. And although
neocortical expansion is the major focus in studies concerning the evolution of
human intelligence, the basal ganglia, cerebellum and hippocampus are two to
three times larger in humans than in great apes (Gibson & Jessee 1999). During
the process of domestication, limbic structures are typically reduced, yet in
humans limbic structures appear larger, not smaller (Bruner & Gleeson 2019),
and so it seems somewhat odd to sideline themwhen discussing human-specific
higher cognitive capacities.

To demonstrate the potential of this direction, recent work by Matchin et al.
(2017) considers the finding that damage to the inferior frontal gyrus does not
impair basic structure-building processes and suggests that increased activity in
this area during phrase structure building reflects the generation of top-down
structural predictions. The inferior frontal gyrus and posterior superior tem-
poral sulcus did not show increased activity for simple phrases in their fMRI
experiment, in contrast for sentences, most likely because the simple phrases
used did not trigger structural predictions (see also Mohr et al. 1978 for
evidence that Broca’s area damage does not significantly impair language
function). If the left inferior frontal gyrus did not show increased activation
for two-word phrases relative to non-word lists, then it cannot be maintained –
as it currently is by most researchers and textbooks – that this region is crucial
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for syntactic combinatorics. Rather, it must be involved in prediction genera-
tion and/or memory buffer maintenance – admittedly crucial for the interpreta-
tion of phrase structures, but not necessarily their construction (Fiebach et al.
2005). As Matchin and Hickok (2019) discuss, left inferior frontal gyrus is also
likely involved in morpho-syntactic linearisation for production; interestingly,
returning to the classical view that Broca’s area is primarily used for production
processes. Studies of picture naming also implicate the pars triangularis and
pars opercularis (Giahi Saravani et al. 2019), consistent with this ‘syntax
externalisation’ model.

Comparing phrases and sentences to word lists, Zaccarella et al. (2017)
found significant activation in BA 44 for the former but not the latter, conclud-
ing that ‘merge activates the pars opercularis of the left inferior frontal gyrus’
(see also Kang et al. 1999 for similar findings). While it seems true to say that
certain processes involved in interpreting phrases implicates BA 44, this is
quite different from claiming that the Merge operation itself is localised here,
since a number of other processes (prediction, maintenance, comparison, etc.)
need to take place for successful comprehension to take place – processes
ranging far beyond simple concatenation and labelling. Other illuminating
work in this connection includes Uddén et al.’s (2017) transcranial magnetic
stimulation study which showed that Broca’s area is causally implicated in
processing non-adjacent syntactic dependencies, since the ability to discrimi-
nate between grammatical and ungrammatical sequences in a learned artificial
grammar was impaired when this region, but not other regions, were targeted
by magnetic stimulation. This does not license the conclusion that Broca’s area
is crucial for the construction of hierarchical linguistic structures, and indeed
Uddén et al. (2017) conclude that their findings ‘support a role for Broca’s
region in general structured sequence processing, rather than a specific role for
the processing of hierarchically organized sentence structure’. An advantage of
transcranial magnetic stimulation is its ability to target specific brain regions at
specific rhythms, making it highly suited to testing these forms of causality
hypotheses in oscillatory behaviour. In related, follow-up work, Uddén et al.
(2019) use a large cohort (>200) of fMRI subjects to show activity increases in
left inferior frontal gyrus and left posterior middle temporal gyrus when
processing words towards the end of a sentence, relative to processing earlier
words.

Mayberry et al. (2018) also investigated the brain of an individual who
experienced minimal linguistic input until young adulthood, showing that
during language processing the dorsal pathway in the right hemisphere was
primarily active rather than the classical perisylvian network, again bringing
into question the role of Broca’s area in language. In this connection, Martins
and Villringer (2018) discuss how structured sequences that are difficult to
process implicate left inferior frontal gyrus, and not hierarchical structures
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specifically. This supports the claim that parts of the inferior frontal gyrus
provide not the seat of syntax, but rather a crucial maintenance memory buffer
interfacing with a construction memory stack in superior posterior temporal
regions (both of which are connected with the arcuate fasciculus). The fact that
the inferior frontal gyrus is active always during the processing of unexpected
stimuli suggests that its role is memory related, not specifically hierarchy
related. In addition, the fact that non-sequential hierarchies such as spatial
and social hierarchies are processed outside the inferior frontal gyrus also
speaks to this model.

As such, the model being proposed in this book is sympathetic to Matchin
and Hickok’s (2019) approach: These authors do not propose a specific anato-
mical correlate of syntactic operations, but rather ‘speculate that minimal
operations such as Merge or Unify are instantiated by subtler biophysical
properties within the pMTG [posterior middle temporal gyrus] such as network
connectivity patterns or cortical oscillations’.

Clarifying these positions considerably, consider also Sheng et al.’s (2019)
MEG mapping of words, phrases and sentences. Distinct ensembles of cortical
loci were sensitive to different linguistic structures: superior temporal gyrus
was sensitive to all three, and left anterior temporal lobe and left inferior frontal
gyrus were sensitive to phrases and sentences (anterior temporal lobe likely due
to the semantic combinatorics effect, and left inferior frontal gyrus likely due to
the syntactic memory buffer it provides). This broad picture is well supported
by much recent literature; for instance, Wu et al. (2019) found a very similar
fronto-temporal language network for phrasal construction.

While the left anterior temporal lobe is activated early (~200ms) in two-word
phrasal composition, the ventromedial prefrontal cortex is activated later
(~450ms); Pylkkänen (2019) suggests that left anterior temporal regions are
involved in conceptual and logical processing, and ventromedial prefrontal
regions likely contribute to late-stage composition, interfacing the phrasal
output with external systems such as episodic memory and social cognition.
If the left anterior temporal lobe is damaged, however, single-word processing
is impaired but not phrase composition (Wilson et al. 2014). Pylkkänen (2019,
64) addresses this issue with considerable clarity, with her explanation support-
ing the network-based architecture of phrasal processing assumed in this book:

If many different subroutines carry a roughly similar function (i.e., building a phrase),
then this system may be difficult to break. The function of an impaired subroutine could
be compensated for by the others, at least to some degree. In contrast, feature binding
within a word may not have similar redundancy. This would make single-word proces-
sing more fragile than basic combinatory processing. Indeed, focal brain damage hardly
ever results in the inability to form simple phrases, whereas problems in single-word
access and more complex syntactic processing are classic patient profiles.
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In another recent fMRI study by Pattamadilok et al. (2016), which supports
these ideas, subjects were presented with sentences of differing levels of
syntactic complexity (adjunct and centre-embedded structures), followed by
comprehension probes requiring subjects to correctly parse the sentence to give
correct answers. Complexity effects were found in the inferior frontal gyrus,
posterior superior temporal sulcus and the insula bilaterally at the probe
sentences but not the initial sentences, suggesting either that the increased
activity found resulted from the deployment of prediction processes triggered
by the experimental task, or that subjects engaged in ‘shallow parsing’ at the
initial sentence and only properly parsed the sentence when they were forced to
rehearse it (with the latter option being unlikely, given that participants fre-
quently had to focus on certain initial sentences and so would likely parse each
of them to ensure maximum task efficiency).

Given the likelihood that the left inferior frontal gyrus is not in fact crucial to
elementary linguistic combinatorics, recent work byWilson et al. (2017) can be
more easily integrated into this rapidly maturing neurolinguistic model. These
authors synthesised current research into sequence processing in primate fron-
tal cortex and propose a ‘ventrodorsal gradient model’ of frontal cortical
function in sequencing operations. Reviewing comparative fMRI studies led
them to propose the existence of a ‘conserved, bilateral, ventral frontal and
opercular subsystem within frontal cortex that supports the evaluation of
adjacent sequencing dependencies’. The literature suggests that in both mon-
keys and humans ventral regions of frontal cortex conduct processing of
adjacent sequence dependencies. This leaves open the possibility that more
temporal (e.g. pMTG) and subcortical (e.g. thalamus) regions are responsible
for language-specific computational processes, as suggested here.

2.5 Learn to Code: Implementing Hierarchical Phrase Structure

The prominent neuropsychologist Nikolai Axmacher begins an assessment of
cognitive neuroscience with the following thoughtful, succinct summary of the
field (2016, 1276):

In contrast to other codes, representations in the brain do not only need to provide
reliable information about things in the world. Theymust also deliver this information in
a way that allows the brain to usefully guide behavior. Thus, unraveling the code of the
brain does not merely imply mapping individual object features onto spike rates in
single cells or onto functional magnetic resonance imaging responses in specific brain
areas. To unravel the code, it is not even sufficient to determine whether a certain item is
encoded by the magnitude of cellular or network activity or by its specific timing (that is,
whether a rate code or a phase code is employed). Instead, truly understanding the neural
code involves finding out how brain representations of a given experience recruit those
neural functions that are conducive to goal-directed behavior.
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My intention in this final section of the present chapter is to expand on the
aforementioned hypotheses regarding the neurobiological implementation of
language and relate some of the proposed ideas back to earlier themes. To set
the scene for what follows, it is useful to consider the framework in Boeckx and
Theofanopoulou (2015), which highlights the inadequacy of standard cladistic
thinking so prevalent in much of contemporary biolinguistics, most notably in
the Narrow/Broad Faculty of Language distinction, under which recursion was
simply added ‘on top’ of faculties shared with other species, as if no reciprocal
causation had occurred. Boeckx and Theofanopoulou ‘very much doubt that
cognition can be studied independently of the basic neurophysiological prin-
ciples that produce it’, going against the many who claim that the three Marrian
levels (computation, algorithm, implementation) need to be studied in
a segregated fashion, privileging the computational level. For instance, while
computationally distinct, music and language share a number of important
algorithmic properties such as prediction, synchronisation, turn-taking, and
oscillatory entrainment (Doelling & Poeppel 2015). This seems to emerge
from cell assembly specialisations and distinct rhythmic profiles; language
and music have different hierarchical processing networks but shared working
memory and cognitive control systems (Rogalsky et al. 2011). As Fitch (2014a,
333) puts it, ‘The traditional notion that we can study cognition with little or no
attention to its mechanistic, neural basis is misleading, both theoretically and
practically.’

If Horgan (2017) is right to claim that ‘“[n]eural code” is by far the most
under-appreciated term, and concept, in science’, then it should be of little
surprise that this concept has not been applied to one of the most under-
appreciated concepts in neuroscience – hierarchical phrase structure. As
assumed in this book, a major tradition in contemporary linguistics, generative
grammar, argues that humans are endowed with a recursive computational
system that can generate an unbounded array of hierarchical expressions.
This system interfaces with conceptual systems (for interpretation) and articu-
latory systems (for expression). Human language is a system of structures, not
strings (Everaert et al. 2015), such that the same sequence of words can be
parsed to yield distinct meanings depending on the underlying structure:

(4) a. Jesse [said [Walt lied] again].
b. Jesse [said [Walt lied again]].
c. We [watched [a movie with Jim Carrey]].
d. We [watched a movie [with Jim Carrey]].
e. John [said [Bill left yesterday]].
f. John [[said Bill left] yesterday].

Following on from the discussion of labelling and hierarchy in Chapter 1,
natural language syntax is sensitive to structural/hierarchical distance as well as
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the simpler notion of linear/sequential distance, where the former refers to the
number of intervening superior nodes in the path from one terminal to another
in a tree structure, and the latter refers to the number of terminals in a given
output. Leaving aside the intricate and well-developed syntactic explanations,
and keeping to the core observations, the structural nature of language can be
shown through certain unexpected contrasts, which are due to differences in
how specific words are hierarchically merged and subsequently associated with
one another, rather than being due to a linear computation over strings (with
‘obvious’ in the structures below resulting in a reading which purely identifies
the individual, and ‘stupid’ resulting in a reading which adds a description to
the individual).

(5) a. Who left for this reason is obvious/stupid.
b. Who left and for what reason is obvious/*stupid.

(6) a. [CP/DP WhoDP read this] is obvious/stupid.
b. [CP/*DP WhoDP read what] is obvious/*stupid.

Other cases show how processes such as contraction are also sensitive to
hierarchical structure, and cannot simply be carried out over any chosen
word boundary.

(7) a. Kim’s taller than [Tim is] / [*Tim’s].

Verb phrase ‘ellipsis’ (essentially, omission/deletion at externalisation) is also
common in natural language, but there are places where it is unacceptable,
again due to reasons invoking hierarchical structure. The elided verb phrase in
(9b) is the complement of had, and if it is not the complement of an adjacent
overt head, then the syntax ‘crashes’ (where ‘e’ denotes the elided verb phrase
read it).

(8) a. They all had left.
b. They had all left.

(9) a. They denied reading it, although they all had [e].
b. *They denied reading it, although they had all [e].

Even human focal stress (as inNo, John went to PARIS in response to John went
to London) seems to operate within hierarchical principles of c-command and
precedence, such that the stress typically appears at the first available foci site
(Büring 2015). Willer Gold et al. (2017) show that in certain South Slavic
languages there are constructions that prefer linear order over hierarchical
order, yet these constructions are limited only to coordinate structures and
not more complex structures such as relative clauses. Their particular experi-
ments showed that agreement morphology may be computed in a series of
discrete steps, one of which is likely independent of hierarchy; yet, as the
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authors stress, these findings are wholly in line with the predictions of gen-
erative grammar, since while linear order may indeed prevail over hierarchy on
very rare occasions, this does not undermine the central importance of hier-
archy in the Slavic languages the authors explore.

Hagoort (2019) presents another strong case in favour of the fundamentally
hierarchical format of syntax: In an experimental scenario, participants are
exposed to an image of eight, horizontally organised balls. All the balls are
green except the second and third balls. Participants are told ‘Point to
the second green ball’ – typically chunked as (second [green ball]) – and
99 per cent choose the third ball. Yet it is possible that ‘second green ball’
could refer to the first green ball, i.e. the second ball in the sequence which
happens to be green. The fact that participants opt for the third ball suggests that
they are not parsing the sentence via a linear rule, but hierarchically.

Somehow the brain is able to construct from the linear speech stream
hierarchical relationships between discrete elements, ‘extract[ing] semantic
meaning from the spectral features represented at the cochlea’, as de Heer
et al. (2017) put it. Seemingly paradoxically, it would be more effortful and
complex for the brain to deal with finiteness than it would for it to be able to
comprehend an infinite number of sentences of different structures, since it
would require some cognitive function to impose an additional barrier to the
computational system. If the Universal Generative Faculty can simply apply
freely, being restricted only by external constraints, this would appear to point
linguists in a particular direction for developing neuroscientific linking hypoth-
eses: Find a mechanism in the brain which can freely combine and recombine
elements in a particular hierarchical fashion. The following discussion, and the
following chapter, is an attempt to discover such a mechanism, given what has
already been discussed in this chapter about the possible oscillatory basis of
linguistic combinatorics and phrase structure building, using what Chomsky
et al. (2019) call ‘the formal toolkit’ supplied by theoretical linguistics (a set of
elementary operations and a cognitive architecture within which language is
embedded) as a guide in investigating the neural basis of the most remarkable
and fundamental human capacity.

2.5.1 Reconstructing Language

Throughout the twentieth century and into the twenty-first, artificial intelli-
gence research has repeatedly moved in and out of synch with biology, at one
point being closely aligned with current developments only to diverge slightly
at another. Linguistics, on the other hand, has often claimed to be in synch with
biology, but has never in fact achieved this goal. Linguists have often made
explicit claims about biology, such as the idea that colour perception is influ-
enced by one’s native language and its system of nominal categorisation;
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a claim in stark contrast to empirical findings that colour categorisation is
constrained by the biology of colour vision, rather than linguistic categories
(Skelton et al. 2017). Instead of relying purely on language-based intuitions to
develop neurolinguistic hypotheses, we will start from the premise that an
examination of neural mechanisms can be a robust guide in formulating
implementational models of language. Connectome–phenome associations
may be a long way off, but we can at least begin to make advances on
Matchin’s (2016) speculation regarding the neural basis of phrase structure:
‘It might be in the connections between cortical areas, perhaps involving
subcortical structures, or some property of individual neurons’.

Much of this section will explore the limits of current research into localising
linguistic computations and representations. While functional localisation is
certainly initially desirable, the field is currently too far removed from biophy-
sics (both theoretically and in terms of technological power; consider the
controversial nature of M/EEG source localisation techniques) to observe the
neural basis of linguistic representations at the cellular level.

It should first be stressed that the term ‘neural code’ exhibits a degree of
(often unacknowledged) polysemy in the literature. The term has flexibly been
applied to both cellular and oscillatory mechanisms, although predominantly
the former. For instance, Chang and Tsao (2017) discuss the neural code of
facial identity in the primate brain, focusing on inferotemporal neurons, while
Lisman and Jensen (2013) discuss the θ-γ neural code for working memory,
focusing on oscillatory couplings (see also Dayan & Abbott 2001; Gallistel
2017a; Panzeri et al. 2017). As should be clear, I will be adopting the latter
approach.

In the concluding paragraph of his review of some major trends in neuro-
biology, Stanley (2013, 263) notes that ‘[t]he anatomical and biophysical
constraints across the various circuits in the brain naturally suggest that the
synchronization of spiking across neurons is an important element in propagat-
ing signals across brain structures’. This leads him to ‘question whether
a “synchrony code” based on this premise forms a basis of the neural code’.
Stanley’s synchrony code is effectively synonymous with the present oscilla-
tory sense of coding. He concludes by noting that although there is evidence to
support this general idea, ‘there is still much work to be done to determine how
ubiquitous this phenomenon is in different contexts and across brain regions’. It
is my hope that much of the present chapter, and also the subsequent one, can
provide a convincing case that since the time of Stanley’s conclusion in 2013
there has been much promising work supporting the existence of a synchrony
code for language.

Of what use is the concept of a neural code to the language sciences? In
a discussion of the biology and evolution of language, Friederici (2016) points
solely to neuroanatomical studies of functional correlations between linguistic
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manipulations and BOLD responses on fMRI scans. These correlational studies
are doubtless informative, but are couched in a necessarily delimited, restric-
tive conceptual framework. Top-down perspectives on neurolinguistics are
useful up until the point that sufficiently decomposed and generic sub-
operations and processes have been discovered. But insisting on a top-down
perspective ‘all the way down’ is inconsistent with both Darwinian and
Thompsonian thinking. The early developers of generative grammar in the
1950s and 1960s made important strides in their approach to language as an
innate mental computational system, but it is also something of a mystery how
anyone took seriously their highly specific, construction-oriented syntactic
transformations, as if ‘relative formation’ and ‘question formation’ (instead
of more generic computational operations) could ever constitute neurobiologi-
cally plausible components. Likewise, the lexicalist framework adopted in
recent work in linguistics (see Boeckx 2014a for a comprehensive critique)
presents a number of obstacles. Most notably, contemporary neurobiology is
far from achieving an understanding of representations, and focus should
instead be placed on investigating operations, with set-formation and labelling
having a much greater potential to be grounded in (oscillatory) brain processes
than intransitive verbs. Berwick and Chomsky (2016) ‘(speculatively) posit
that the word-like elements, or at least their features as used by Merge, are
somehow stored in the middle temporal cortex as the “lexicon”’ (2016, 159).
This sidelines well-accepted findings that conceptual representations are
widely distributed across several regions, even if the middle temporal cortex
acts as a (densely interconnected) store for many core representations and
a crucial memory buffer in phrase structure building (just as how Broca’s
area – or more specifically, BA 44v, following the recent subparcellation of
BA 44 – is most likely a similar kind of buffer in syntactic computation; see
Blank et al. 2016b for evidence of distributed syntactic processing). For
instance, Momenian et al.’s (2016) fMRI study demonstrated that nouns and
verbs both implicated regions in occipital cortex, temporal cortex and the
cerebellum; however, only verb processing implicated broader activation in
bilateral middle temporal gyrus and the left fusiform gyrus (see Konopka &
Roberts 2016 for the role of the cerebellum in language, in particular phonol-
ogy, and Lametti et al. 2016 for its role in perceptual decision-making during
phonetic tasks). More specifically, BA 44, through its temporal connections via
the dorsal pathway, is likely to act as this memory buffer (and not ‘the pure
syntactic merger’, as Wu et al. 2019 claim); or, in the language of computer
science, it acts as the stack in a pushdown automaton (Fitch & Martins 2014).
Addressing a closely related notion, Matchin (2018) draws a necessary and
important distinction by proposing that BA 44 is likely selectively sensitive to
linguistic representations but not computations, an idea which matches well
with what is proposed here. Matchin (2018) points out that the experimental
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evidence suggests that parts of the left inferior frontal gyrus can be divided into
which linguistic representations they are sensitive to: phonology for the pars
opercularis, syntax for the pas triangularis, and semantics for the pars orbitalis
(note that while Matchin 2018, 9, claims that ‘the computations of adjacent
subregions of Broca’s area . . . are quite possibly the same despite their differ-
ences in input-selectivity’, we have argued here that phonology does not
exhibit a labelling mechanism). While linguistic representations may well
have been assigned a special memory buffer (phonological loop) in BA 44,
the computations associated with Merge are certainly well distributed. In fact,
even this perspective might not be wholly accurate: Along with BA 44 being
a memory buffer (see Badre & Wagner 2007 for seminal discussion), it may
also serve to select between competing syntactic interpretations, both storing
and comparing representations (Novick et al. 2010).

With respect to any apparent human-specific computational properties of the
Broca’s area memory buffer (i.e. its apparent involvement in processing linear
morpho-syntactic relations and complex phonology; Matchin & Hickok 2019),
Palomero-Gallagher and Zilles (2019) provide a tentative answer as to its
cytoarchitectonic and microstructural uniqueness. These authors quantitatively
studied the cytoarchitecture of areas 44 and 45 using layer-specific grey-level
indices (volume proportion of neuropil and cell bodies) in serially sectioned
and cell body-stained human, bonobo, chimpanzee, gorilla, orangutan and
macaque brains (i.e. they studied homologues to areas 44 and 45 in non-
human primates). Humans were found to have the largest neuropil volume,
indicating greater space for local and interregional connectivity.

Other recent evidence points away from the traditional neurolinguistic
model. Moreno et al. (2018) used fMRI to scan the brain of congenitally deaf
adults who had acquired French sign language as their first language and
written French as a second language while watching a list of signs which
corresponded to syntactic constituents of varying sizes. They discovered an
effect of constituent structure in the basal ganglia (including the head of the
caudate and putamen), and a smaller effect on temporal and frontal regions
known to be involved in written language. Then, when the same participants
read sentences versus word lists, the former condition resulted in activation in
the same region. Quite apart from Friederici’s (2017) speculations involving
the primacy of BA 44 and its dorsal pathway, this study highlights the impor-
tance of the basal ganglia in modality-independent syntactic processing. A core
part of the labelling operation must therefore take part in subcortical structures
involving and close to the basal ganglia. While the left-lateralised perisylvian
network typically implicated in language processing is active as early as two
months into a child’s life (Dehaene-Lambertz & Spelke 2015), the central role
of the basal ganglia in generating hierarchically structured and meaningful
labelled representations cannot be ignored.
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These suggestions, along with the broader framework emerging in this book,
speak against the claims in Friederici (2017). In his Foreword to Friederici’s
monograph, Chomsky claims that ‘it is the ventral part of B44 [sic] in which
basic syntactic computations – in the simplest case Merge – are localized’
(Friederici 2017, x). The evidence reviewed earlier suggests otherwise; the
computations are not localised in BA 44 but involve a widespread cortical-
subcortical circuit, even if BA 44 appears sensitive to phrase structure.
Chomsky also claims that ‘BA 45 is responsible for semantic processes’
(Ibid); a considerably general and incomplete assessment of both BA 45 and
the brain’s semantic network (see also Chomsky 2010). Relatedly, in a recent
discussion with Ray Jackendoff, Chomsky (2019b) did not appear to know the
difference between ‘neural nets’ and ‘real neurons’, confusing networks of
brain cells of the one hand, with abstract/computerised neural nets on the other.

In other recent developments, Chen et al. (2019) explicitly set out to test the
Labelling Hypothesis I have proposed elsewhere (Murphy 2015a) and am
defending here, and their results allow us to properly frame the role of
Broca’s area in this aspect of language. The authors focused on word category
information (WCI: functional, lexical; nominal, verbal, adjectival. . .), which
naturally plays a central role in syntactic labelling. Labelling is, as mentioned,
the core process of syntax, while categorial information is one of the objects
under manipulation. While many studies have focused on the neurobiological
basis of hierarchical syntax, Chen et al. are somewhat unique in their focus on
the categorial objects manipulated by syntax. They conducted an fMRI experi-
ment using a pseudo-Chinese artificial language with structures containing
a centre-embedded relative clause. Non-Chinese (Korean) speakers were
divided into two groups: one was presented with WCI rules before scanning,
and the other did not. Participants were tasked with judging the grammaticality
of the testing sentences, with long-distance dependencies between two ele-
ments (main verb and relativiser). The WCI group were more accurate and
faster in their responses, and the scanning results showed that the left superior
temporal gyrus and Broca’s area were more strongly activated for the WCI
group. As such, connections between lSTG and Broca’s area seem critical for
the processing of categorial information involved in labelling, supporting ideas
discussed earlier about the involvement of specific temporal regions in the
labelling network.

Moreover, Ding et al.’s (2016) discovery that phrasal and sentential struc-
tures produce γ increases in STG can now be understood within the framework
presented here:WCI is likely stored in STG and/or STG retrieves theWCI from
various sources before maintaining the information in memory, and these γ
increases represent the activation of γ-itemised representations coupled with
slower δ and θ rhythms – ideas not incompatible with Hagoort’s (2005)
suggestion that the lSTG stores syntactic node information, although it is likely
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that lSTG is a multifunctional component of the language system involved in
retrieval and maintenance.

Chen et al. (2019) also found greater activation in left posterior BA 45 for the
WCI condition relative to the non-WCI condition, although no differences in
BA 44 activation were found. These findings are compatible with the claims in
Matchin et al. (2014) and also Santi and Grodzinsky (2012) that BA 45 is
involved in syntactic prediction rather than narrow syntax. As such, this leaves
little left for Broca’s area to do with respect to labelling and hierarchical phrase
structure building.

As Matchin (2018, 9) concludes, ‘If . . . the [pars triangularis] is the locus of
working memory resources rather than structure building operations, new ideas
must by explored about the neural localization of syntax.’Wewill here directly
pick up from Matchin’s conclusion by exploring a number of promising direc-
tions for evolutionary neurolinguistics.

2.5.2 Functional Polyhedra: Localisation of Linguistic Function

As the previous sections have made clear, Broca’s area has long been – and to
a large extent still is – believed to be the seat of syntax. As mentioned, Wu et al.
(2019) state that BA 44 is ‘the pure syntactic merger’. But what precisely is
Broca’s area? It is regulated by the basal ganglia and thalamus via a cortico-
basal ganglia-thalamic loop (Haber & Calzavara 2009), an integrative system
which is much more likely to be involved in structure-building operations than
purely Broca’s area alone. If anything, Broca’s area seems specialised for
executing retrieval operations which operate over constructed sets of linguistic
features; hence why, after a lesion to this area, individuals retain the ability to
comprehend and produce such feature-sets, albeit with reduced cognitive
control over them. Contrary to standard models implicating the basal ganglia
purely in physical movement, Haber and Calzavara (2009, 70) explore how it is
also involved in ‘the processes that lead to movement’ such as motivation and
planning.

Along with the above-mentioned limitations, an examination of the regions
implicated in recent oscillatory studies of language comprehension (see Lam
et al. 2016 for a review) shows that the classical Broca-Wernicke model is far
from adequate. Language comprehension generates multiple, large-scale oscil-
latory changes in a number of distant regions, and so limiting the ‘language
regions’ to Broca’s and Wernicke’s areas is unjustified, and the dynamic
functioning of the brain at once suggests that a simple mapping between
a given region and a particular linguistic representation or operation is not
going to be forthcoming. The fact that certain regions implicated in syntactic,
semantic and phonological processes are spatially overlapping suggests that
a different system of segregation will be required than standard cartographic
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approaches: namely, frequency-based segregation (see Fedorenko &
Thompson-Schill 2014 for a related proposal that ‘Network of Interest’ should
replace the common concept ‘Region of Interest’, although a Network of
Interest is still, it should be stressed, a purely correlational notion at its core).
As Tremblay and Dick (2016) document in a careful and thorough review, the
classical Broca-Wernicke model is not only based on outdated neuroanatomy,
but is also cortico-centric, language-centric (i.e. it ignores the importance of
general cognitive processes contributing to language), it does not take into
consideration the widespread connectivity required for language, and is also ill-
defined – continuing a major trend in cognitive neuroscience through the use of
anatomically ambiguous terms like ‘dorsolateral prefrontal cortex’ and ‘tem-
poro-parietal junction’. ‘Syntax’ is not to be found in any particular brain
region; rather, it is to be found in particular brain operations which are carried
out across distributed regions. The next chapter will also expand on this topic
through discussing neural plasticity.

It is worth noting in this connection that due to the frequent overlap in roles
attributed to β and α waves, Bressler and Richter (2015, 63) argue for
a redefinition of neural oscillations based on functionality, not arbitrary clinical
and frequency boundaries. Though this does not currently warrant
a reformulation of any oscillomic proposals, it is worth keeping this approach
in mind, as a reconceptualisation of the cognome may well simultaneously
require a reformulation of the oscillome. Relatedly, when it comes to the
spectral analysis of δ rhythms in M/EEG investigations of language, it may
be crucial to examine the precise waveforms generated, or risk sidelining
important details. For instance, Cole and Voytek (2017, 143) document how
the 1-5Hz sawtooth-shaped waves occur in human EEG and are typically
associated with rapid eye movement (REM) sleep:

Noting the shape of this rhythm has helped to associate it with distinct behaviors and
mechanisms that would not have been possible if it was simply filtered and identified as
a ‘delta oscillation’. In addition, sleep spindles are characterized as bursts of 8–14 Hz
oscillations that are observed during sleep, together with slow oscillations and sawtooth
waves. Sleep spindle subtypes can be distinguished by their shape.

Neurolinguistic hypotheses often rely solely on imaging studies which point to
regional specialisation for particular language tasks, but this methodological
cut-off point, while typically acknowledged by fMRI experimentalists (who
can now achieve voxels of 0.8mm3), is side-stepped by other researchers who
ignore the important language-related activation in non-specialised voxels. No
one would claim that the responses to tactile sensation in non-selective regions
are somehow not part of the story of how we become acquainted with surfaces,
and so a strict focus on, for instance, Broca’s area amounts to a severely
impoverished neurolinguistic model.
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Relatedly, it is widely assumed that human and animal concepts are com-
posed of necessary and sufficient features surrounded by a periphery of ancil-
lary but related features used to ‘point’ the comprehender in the right
conceptual direction (grey feathers may be suggestive of a bird, for instance,
but are not necessarily part of one), and any neurolinguistic models informed
purely by imaging studies will likely reflect only the implementational regions
(and not the neurobiological mechanisms) responsible for these peripheral
features.

Localisation studies also impose no constraints on the theory of linguistic or
cognitive structure they explore. This point is somewhat more obvious, but also
seems to me unappreciated in the literature. A given brain region can poten-
tially be involved in any number of mental functions. Indeed, Genon et al.
(2018) claim that since many behavioural functions can be mapped to the same
brain region, our knowledge of the functional specialisation of a given region
can be thought of as a polyhedron with many behavioural functions (‘sides’)
which can only be appreciated by investigating them from different perspec-
tives. Brain dynamics, in contrast to functional localisation, is by definition far
more constrained: A single γ cycle, for instance, cannot be claimed to be
responsible for processing a full verb phrase purely because of its narrow
temporal window. In addition, claiming that a given portion of Broca’s area
is responsible for interpreting ‘wordmovement’ (as is often done) is inadequate
biology, and only serves to give credit to a syntactic/processing theory rather
than contribute to an understanding of brain and language function.

A positive future for cognitive neuroscience will only arrive, according to
Anderson’s (2016, 9) succinct summary, when we adopt the following
guideline:

We will represent the functional activity of the brain in a multidimensional manner that
captures the underlying functional and dispositional properties, and we will give up the
notion that the neural responses we observe and measure must reflect the engagement of
a single unified function.

Brain networks do not subserve single functions, let alone single complex
linguistic functions like word movement. Pessoa (2016) examines a number
of studies in systems neuroscience and presents an anti-modular framework
through which brain networks do not have a single, unique function and are
highly overlapping. Pessoa presents the example of the amygdala, showing that
it simultaneously belongs to at least three networks: namely, visual, autonomic
and value networks mediated through connections to anterior temporal cortex,
hypothalamus and orbitofrontal cortex.

Adopting a complementary perspective, Shine et al. (2016) review recent
findings which suggest that ‘brain function is most appropriately categorized
according to the computational capacity of each brain system, rather than the
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specific task states that elicit its activity’. If these computational capacities are
in turn mediated through oscillations, as this book contends, then this would
have wide-ranging implications for the redefinition of a number of major
neurocognitive networks. We should also bear in mind the conclusions of
Ojemann (1990), who showed that while distinct features of language propaga-
tion are strictly localised, such loci are temporary and display great individual
variability, with the neuronal functions changing over time, and so we can only
ever conclude from neuroimaging experiments that cell assemblies are active in
particular tasks at time T, under condition P, and can at best be specified for
particular functions. Gu et al. (2015, 178) summarise these concerns:

With the exponential increase in neuroimaging studies focusing on the spatial localiza-
tion of cognition, the field of cognitive neuroscience has accumulated a great deal of
evidence concerning the functional role(s) of specific brain areas. In comparison, the
temporal/oscillatory components of cognition have been largely ignored.

It is the nature of these oscillatory components to which we will now return.
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3 A Neural Code for Language

A range of neurobiological models presented in much neurolinguistic work,
tainted by cortico-centrism, are incompatible with what is known about the
brain and its principal dynamics. As argued in the previous chapter, neural
oscillations provide a suitable framework through which to explore mesoscopic
computations across a number of cognitive faculties, as is already being done in
domains outside linguistics. Importing standard assumptions from theoretical
syntax, we can think of the computational system as imposing its own condi-
tions on interfacing systems. The shift in perspective to oscillatory terms allows
us to reformulate this such that, for instance, the neural ensembles responsible
for storing representations used to construct phrases require particular phase–
amplitude–locking levels in order for the interconnected regions coupled with
them to ‘read off’ their content. Studying the human oscillatory profile may
provide an excellent way of experimentally investigating what kind of features
can pass through the interfaces, and because each rhythm plays numerous, non-
overlapping roles, it is crucial for these studies to be accompanied by biophy-
sical modelling and computationally explicit mesoscopic frameworks of
regionally localised cross-frequency coupling (CFC) functionality.

Over the past decade, and as reviewed in the previous chapter, the oscillation
literature has shown great promise in exploring some major topics in linguis-
tics. The list of language-relevant findings is rapidly expanding, and these need
to be accommodated by neurolinguistic theories – an urgent task demanded by
the findings and hypotheses presented in this book. For example, recent studies
of α have shown that listeners who show better attention-to-memory capacities
showmore flexible α power allocation, leading to the suggestion that ‘selective
attention to a specific object in auditory memory does benefit human perfor-
mance not by simply reducing memory load, but by actively engaging com-
plementary neural resources to sharpen the precision of the task-relevant object
in memory’ (Lim et al. 2015, 16094). The absence of a complete dorsal-ventral
stream ‘loop’ in the macaque brain (Frey et al. 2014) appears to be only the
briefest sketch of the real underlying puzzle, and could be incorporated well
into a larger oscillomic system invoking, among other things, human-specific
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myelination rates as a way of directly modulating the phase and power of
oscillations (Pajevic et al. 2014).

As discussed at length in the previous chapter, Ding et al. (2016) provide
evidence that distinct rhythms may entrain to distinct grammatical constructs,
from words to phrases to sentences, with slow rhythms in the parietal lobe,
superior temporal gyrus and inferior frontal cortex entraining only to phrasal
and sentential structures, not syllabic ones. As also mentioned earlier, there
have been some objections raised about this and also subsequent studies, and
general theoretical proposals about the oscillatory dynamics of reading and
listening have been proposed, but the basic computational procedures of
language comprehension have been absent from these neurobiological debates.
Predictive coding hypotheses about top-down predictions influencing reading
are welcome, but more direct, fine-grained computational-implementational
linking hypotheses are needed. Simply correlating a given rhythm with a
stipulated, higher-level psychological construct like ‘lexical access’,
‘Unification’ or ‘semantic memory’ does not approximate the required degree
of interdisciplinary granularity to formulate a genuine neurolinguistic theory.
As proposed here, oscillatory interactions are likely the fundamental computa-
tional component of the generative faculty of language. Much of the recent
literature has focused on amplitude increases/decreases to the severe neglect of
CFC; both Ding et al. (2016) and a recent, comprehensive review of the
neurolinguistics oscillations literature, Prystauka and Lewis (2019), mention
CFC only once.

Further, asMeyer (2018) notes, ‘in spite of the widespread optimism towards
predictive coding, the major issue with the adaptation of the framework to
language comprehension is the gross lack of empirical reports of beta-gamma
coupling during language comprehension, as well as the even grosser lack of
intracranial evidence for the within column or network-level interplay of beta
and gamma during language comprehension’. Linguistic prediction rather
seems to be implemented via coupling between frontal γ and posterior α, if
the recent results reported in Wang et al. (2018) are any indication. Chao et al.
(2018) have shown that hierarchical predictive coding is instantiated in the
primate brain by asymmetric channelling in the γ and α-β ranges – but, again,
any direct link with language remains, at the moment, lacking. As such, despite
its popularity, we will not discuss the issue any further here.

Similar criticisms apply to Boeckx’s (2017) hypothesis. This maintains that
since both the fronto-parietel and fronto-temporal networks process sequences,
the strengthened connections between them found in the human brain ‘could
allow for the processing of sequences of sequences, of the sort attested in
grammatical constructions’. How these strengthened connections could lead to
recursion is not explained, and no further details – algorithmic or implementa-
tional – are presented.
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In this chapter, we will attempt to go beyond all of these noted limitations
and refine the oscillatory model outlined in the previous chapter. Considerably
greater empirical coverage will be presented, but the narrow focus on syntactic
and semantic comprehension will be maintained.

3.1 Encoding Feature-Sets

3.1.1 Refining the θ-γ Code

While seminal work on the dynamics of phonological computation (from
Giraud & Poeppel 2012 to Poeppel & Assaneo 2020) has explored how the
brain interprets the rhythmic nature of speech, what is less well acknowledged
is that semantics and syntax also exhibit rhythmic qualities (e.g. in the exis-
tence of phrasal embeddings, hierarchies of functional projections and many
other features). The current section of model-construction which I will now
pursue will follow Lisman and Jensen’s (2013) hypothesis that items from
working memory are extracted via θ-γ embedding (discussed in the previous
chapter, and originating in Lisman & Idiart 1995). It will also follow Kamiński
et al.’s (2020) discovery that memoranda-selective (i.e. working memory
content-selective) persistently active neurons in the human medial temporal
lobe phase-lock to θ oscillations during working memory maintenance. Such
phase-locking properties are dependent on memory content and load: ‘During
high memory loads, the phase of the oscillatory activity to which neurons phase
lock provides information about memory content not available in the firing rate
of the neurons’ (Kamiński et al. 2020, 256). In addition, posterior hippocampal
θ correlates with movement speed, whereas anterior hippocampal θ does not
(Goyal et al. 2018), and so the following claims made below about (para)
hippocampal θ will be assumed to be a result of this anterior portion and its
apparent role in non-spatial cognition.

Much of the following discussion will be devoted to developing an oscilla-
tory model for the construction of linguistic feature-sets, which I will attribute
the following properties: After inhibition reduces over the θ cycle, the most
excitable representations are itemised through low-middle γ, followed sequen-
tially by the other, less-excitable clusters. Phase resetting θ would induce a
pause in γ activity and, as a result, a γ phase reset (see Tesche & Karhu 2000).
This would determine the feature-set composition, completed after the θ phase
resets. Consequently, a ‘check list’ of items would be sent downstream to
regions oscillating at slower rhythms to be interpreted in a strict, linear
sequence; a cyclic process of competition and activation similar to ‘competitive
queuing’ models of memory for sequential order (Burgess & Hitch 1992, see
also Lever et al. 2014). This model presupposes that a given cluster X (or
indeed a given neuron within a cluster) will only fire once during the slow
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cycle, something which at least approximates neurobiological plausibility in that
spikes and bursts are followed by strong after-hyperolarisation currents which
are normally a consequence of Ca-activated K currents which last ~100ms,
hence reducing the chances of multiple within-cycle firings (Storm 1990).

Aside from hippocampal and parahippocampal θ, which other θ rhythms are
candidates for linguistic feature-set construction? Recent work by Beese et al.
(2017) demonstrates that θ power related to verbal working memory can be
segregated into domain-general and syntax-specific components. The authors
show that only syntax-specific verbal working memory modulates θ power in
Broca’s area, while cognitive control and domain-general memory resources
call upon fronto-central sites thought to be activated by midline structures like
the anterior cingulate. Hippocampal, parahippocampal and Broca’s θ are likely
crucial for the present θ-γ code. Moreover, as Covington and Duff (2016)
review, it is increasingly being shown that ‘the same hippocampal computa-
tions used in support of memory are also used for language processing’,
pointing to a shared neural code for particular computations. Assuming
Chomsky et al.’s (2019) definition of syntactic objects as sets of occurrences,
the notion that sets of linguistic features are sequentially activated and bound
together through CFC seems compatible with these more general linguistic
concepts.

Meyer (2018) reasonably speculates that CFC may be involved in ‘the
neural binding of discrete phonological units at different granularity levels,
facilitating the establishment of a coherent percept’, but, as discussed here,
it is also likely that this generic process is implicated in binding and
associating other features ranging far beyond phonology. In fact, Meyer’s
claim does not go beyond what Giraud and Poeppel (2012) already pro-
posed. In a recent proposal, Meyer (2019) suggests that sentence-level
chunking ‘rests on slow electrophysiological processing cycles’, storage
‘is supported by the functional inhibition of working memory-related cortex
through oscillatory power changes’, while retrieval ‘is enabled through
synchronisation across cortical networks’. Meyer’s proposal approaches
the bare minimum level of detail which the model in this book relies on
(e.g. ‘slow electrophysiological processing cycles’), and Meyer’s model
directly follows and even mirrors earlier proposals in Murphy (2015b,
2016a, 2016c).

One of the major limitations of the Lisman and Jensen-inspired model is that
it cannot easily deal with the dynamic characteristics of ‘leaky’ spiking neu-
rons, and it provides no mechanism which can replace items when the θ-based
buffer is complete – something with a robust neurolinguistic theory, dealing
with cyclic phrasal construction and interpretation. There are a number of
potential ways to deal with this limitation; one elegant approach is outlined
by Koene and Hasselmo (2007), who propose a ‘first-in-first-out’ item
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replacement model through which ‘distinct portions of each theta cycle in a
buffer can be synchronized with distinct modes of synaptic encoding and
retrieval that alternate in each cycle of a theta rhythm in the recurrent networks
that receive spike input from that buffer’ (2007, 1766). In contrast, the original
model (see Jensen et al. 1996) relied on temporally separated periods of several
seconds which are required for associative encoding or retrieval, a neurobio-
logically unfeasible stipulation.

The high-frequency rhythms in this model which correspond to discrete
items do not occur throughout the entire θ cycle, but rather occur during
‘duty cycles’ of high-level activity; that is, immediately after the slow rhythm’s
trough as it reaches its peak, what Lakatos et al. (2005, 1907) refer to as the
‘bursting phase’ of the wave. Between these duty cycles, γ excitability is
reduced so as to reduce overlap and interference between the distinct repre-
sentations being triggered. As discussed later, parieto-occipital α rhythms play
a vital role in this process through inhibiting interfering activity, such that
constructing and maintaining a longer item list requires a greater reduction in α
power over extended periods. It has independently been suggested that the peak
of the θ cycle is optimal for memory encoding, while the trough is optimal for
memory retrieval (Schapiro et al. 2017), allowing the brain to efficiently evade
any interference between these two processes.

Further evidence that the θ-γ code is likely implicated in language compre-
hension comes from Gorišek et al.’s (2016) study of altered oscillatory activity
in patients with Broca’s aphasia during a verbal working memory task. Their
results indicate that the stroke causing Broca’s aphasia resulted in impairments
to twoworkingmemory networks, each represented by θ and γ activity. Gorišek
et al. make the sensible inference that these two networks, respectively, repre-
sent executive and phonological processes. They found, for instance, a total
disintegration of a left fronto-centroparietal γ network in patients relative to
healthy controls, reflecting a damaged phonological loop (see also Riddle et al.
2020 for causal evidence from TMS that θ is involved in control of working
memory).

More recent work has also suggested that the two memory systems repre-
sented by the kind of θ-γ interactions presented here – namely, hippocampus-
dependent episodic memory (θ) and neocortical semantic memory (γ) – are
jointly utilised during novel word learning (Takashima et al. 2017). The authors
did not analyse CFC since they used fMRI, but it is likely that this is how the
two complementary memory mechanisms interfaced; indeed, Attal and
Schwartz (2013) discuss an emerging body of magneto-encephalographic
(MEG) methods used to achieve subcortical source localisation, with high
accuracy in detecting rhythmic signatures from hippocampal, thalamic and
other subcortical regions, and so an analysis of this kind could in principle be
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carried out (although any such advanced source localisation technique remains,
as noted earlier, controversial in the literature).

A potentially interesting topic for research surrounds whether each stored γ
item/representation within the slower rhythm is maintained with equal accu-
racy, or whether a degree of decay occurs depending on the circuits involved,
and indeed whether this would influence the retrievability and interpretability
of a given feature in comparison with its neighbours. Increases in γ, nested
within θ, have been found across working memory maintenance tasks, includ-
ing visual (Roux & Uhlhaas 2014), auditory (Kaiser et al. 2009) and somato-
sensory (Haegens et al. 2010), suggesting that this general mechanism can be
implemented via distinct neural codes triggering domain-specific
representations.

The range of potential neural codes for language is considerably broader than
one might consider upon initial inspection of the typology of wave bands
discussed in the literature (i.e. the δ-γ range). As Singer (2018) notes in a
discussion of oscillatory temporal relations:

The propensity of coupled oscillators to synchronise within a few oscillation cycles can
be exploited to establish precise temporal relations between the discharges of the
neurons participating in the respective oscillatory circuits and this provides a huge
coding space provided that information can be encoded in and read out from temporal
relations among the discharges of distributed neurons.

This delivers a capacity for generating precisely timed discharge sequences for
controlling speech, movement and presumably many other things.

Returning again to the θ-γ code, using the classical Stroop cognitive control
task to explore the neural basis of cognitive control, Verguts (2017) showed that
{θ(γ)} phase–amplitude coupling is used to increase γ power in posterior
processing areas via random frontal θ bursts, enhancing performance on the
task. This elegant model, according to Verguts, ‘solves a central computational
problem for cognitive control (how to allow rapid communication between
arbitrary brain areas)’. Verguts rightly objects to the current absence of oscil-
latory phase coding in models of cognitive control, given that this mechanism
has long been known to be computationally useful in executing rapid neural
binding. These findings support the present proposal that CFC is the mechan-
ism through which linguistic information is transferred, and also support the
general idea proposed by Verguts that {θ(γ)} coupling is used by the brain ‘for
its cognitive bookkeeping’.

The next issue which needs to be addressed concerns the regions involved in
γ-itemisation during feature retrieval, a topic requiring some understanding of
semantics. The semantic system in the brain could be modular and domain-
specific, or interactive and domain-general. Chen et al. (2017) propose a third
option, dubbed connectivity-constrained cognition (C3). This view holds that
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functional specialisation in the cortex is jointly caused by learning, perceptual,
linguistic and motor structures in the environment, and anatomical connectiv-
ity. This would predict a typically global response to the θ-driven process of γ-
itemisation. Likewise, a number of studies using a range of technologies
(electrocorticography, transcranial magnetic stimulation, lesion-symptom
mapping, amongst others) have implicated the ventral anterior temporal lobe
in domain-general semantic processing, and so it is highly probable that
interactions between this region and parahippocampal regions are crucial for
the θ-γ code.

While each γ cycle represents an individual item, each θ cycle repre-
sents the rehearsal of the set of all γ items. In the context of language, it is
reasonable to hypothesise that during internal or external speech proces-
sing, the slower rhythms responsible for phonological processing (δ and θ)
trigger the synchronisation of rhythms responsible for syntactic and
semantic feature-set composition. θ would extract and rehearse a given
feature set until another is prompted by the phonological systems; and
given the findings discussed in Chapter 2, it is reasonable to assume that
this process is marked by phrasal status, such that these items would
oscillate at γ until a new phrase is encountered, at which point they
would slow to β to be maintained as the current cognitive set (following
the model proposed in Chapter 2).

The function of ultrafast γ rhythms (100–250Hz) may provide some insight
at this point. While studies of the cognitive relevance of fast–spiking γ ripples
are in their infancy, it is known that they are implicated in the transference of
memories from the hippocampus to the neocortex for permanent storage
(Buzsáki 2010). The relevance of this function for language may arise during
post-stimuli lexical storage, as in the case of early language acquisition, and it
is possible to imagine a more direct derivational purpose for linguistic phrasal
construction and interpretation.

Motivations for assuming that the stored γ-individuated features are widely
distributed across the cortex come, most recently, from Keene et al. (2016).
This study of object-context associations in rats showed that all task dimen-
sions (object position, identity and context) were encoded in every parahippo-
campal processing stream they investigated: the medial entorhinal cortex, the
lateral entorhinal cortex and the perirhinal cortex. This degree of representa-
tional diversity across the hippocampus was present even at the single-cell
level; neurons traditionally assumed to be ‘spatial’ cells (e.g. grid cells) were
often involved in object identity, in the same way that the perhaps ill-named
‘place cells’ can also be involved in object encoding. It is therefore likely that
semantic features triggered during sentence comprehension are also widely
distributed and not specified to a particular language-relevant cortical or sub-
cortical region.
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With respect to the distributed, cross-cortical nature of the γ-itemisation
process involved in the present θ-γ code, other recent work is highly relevant.
Testing a number of congenitally blind individuals during the performance of a
property-generation task with concrete nouns, Handjaras et al. (2016) discov-
ered patterns of activity within a large semantic network comprised of para-
hippocampal, lateral occipital, temporo-parietal-occipital and inferior parietal
cortices, which was independent of the presentation modality (visual or audi-
tory). These regions are largely known to be language-relevant with respect to
semantic composition. Handjaras et al. (2016, 232) concluded that ‘conceptual
knowledge in the human brain relies on a distributed, modality-independent
cortical representation that integrates the partial category and modality specific
information retained at a regional level’.

More recent evidence in support of the model proposed in this book comes
from Pu et al. (2020). These authors note that since θ has been implicated in
memory and navigation, but also recently in language processing, this suggests
‘a shared neurophysiological mechanism between language and memory.
However, it remains to be established what specific roles hippocampal theta
oscillatons may play in language.’ They discovered, as predicted here and in
Benítez-Burraco and Murphy (2019), that hippocampal θ indexes specifically
lexico-semantic processing, rather than more general sentential processing.
Moreover, Pu et al. (2020) found transient θ phase coupling between hippo-
campus and left superior temporal gyrus both during semantically correct and
incorrect sentence endings, which following the model presented here would
indicate a general interface between lexico-semantic memory and phrase
structure-building processes.

How is this relevant to linguistic theory? Consider Chomsky’s (2019b)
suggestion that, following much recent work in generative morphology (and
also syntax, for instance Adger 2013), many syntactic operations likely take
place in the lexicon itself, before any workspaces are even constructed. That is
to say, one of the first operations in language comprehension (and also produc-
tion) is to merge a bare lexical Root (e.g. man) with a category, as in <n, r>.
This suggestion departs quite radically from traditional frameworks for lan-
guage architecture, such as the tripartite division between lexicon, generative
component and representing component in Lewis (1969, 165). From these
observations, we would therefore predict that the CFC properties outlined in
this book take place in temporal ‘lexicon’ areas at very early stages, before
progressing anteriorly (see Section 3.7 for a return to these themes). Quian
Quiroga (2012) discusses the nature of ‘concept cells’ (formerly termed
‘Jennifer Aniston neurons’, which respond to specific persons or objects) in
the medial temporal lobe, and argues that the sparse, explicit and abstract
representation of these neurons is crucial for declarative memory functions
(memories of facts and events), but these features are also likely an explanation
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for the robust medial temporal activation found during syntactic and semantic
processing (in particular, the rhinal cortex and hippocampus). Jennifer Aniston
is a relatively robust and invariant concept, altering very little with age, but so
are lexical Roots like man and boat. While the medial temporal lobe may
store invariant and abstract representational information (‘concepts’), other
details and features are likely stored cross-cortically, depending on the type
of information demanded by the language system for real-time extraction.
Medial temporal lobe neurons (with the exception of neurons in parahippo-
campal cortex) fire to pictures of persons as well as to their written and spoken
names (Quian Quiroga et al. 2009). While the anterior temporal ‘hub’ appears
to be the major site for lexical representations, the same principles likely apply:
neurons in the medial temporal lobe receive input from cross-cortical areas
supplying specific representational details, linking them to a single concept
(aiding, for instance, the learning of people’s names, involving the association
of two types of data: linguistic and visual).

A useful intervention from Clarke (2015, 416) can set these findings in an
appropriate context:

While [we are] beginning to unravel the information processing states associated with
transitions and early interplays between perception and semantics, many important
aspects of meaningful object recognition remain unclear – such as the role of network
connectivity in information transitions and the functional role of different oscillatory
frequencies.

3.1.2 Hub, Spoke and Causation

The potential importance of the ‘hub and spoke model’ of semantic representa-
tion should also be addressed here. This model assumes that the multimodel
features of objects are extracted from modality-specific ‘spokes’ across the
cortex (in particular, occipital and motor regions) by an anterior temporal lobe
‘hub’. Mollo et al.’s (2017) MEG study of manmade and animal concepts
supports this model; more specifically, their results suggest that ‘conceptual
identification emerges from the simultaneous recruitment of hub and spoke
sites’, rather than extraction preceding identification in the anterior temporal
lobe. The rapid flashes of activation throughout the entire hub and spoke system
found by Mollo et al. are something of an indication that the language system –
relying as it does on the syntax-semantics interface – is also richly dynamic and
involves large-scale activations, rather than sequential, localised activation for
specific linguistic computations such as merging, moving and chunking lexical
features, as in many current, Grodzinsky-inspired models.

{θ(γ)} coupling in entorhino-hippocampal regions has been shown to be
crucial for memory recall (Schomburg et al. 2014) and what Headley and Paré
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(2017) refer to as ‘the efficacious encoding and retrieval of declarative and
procedural memories’. Moving somewhat beyond this, reasons to believe that
the {θ(γ)} code is causally implicated in memory retrieval and maintenance
(and does not simply correlate with some experimental manipulation) come
from Vosskuhl et al.’s (2015) use of transcranial alternating current stimulation
(tACS) to decrease participant’s θ such that the θ:γ ratio changed and an
abnormally large number of γ cycles could be nested within θ. This resulted
in enhanced short-term memory performance (i.e. the storage of information,
but not the manipulation of a memorised set of items); however, working
memory operations themselves (i.e. manipulation of items) were not affected,
neither during nor after stimulation. This suggests that the CFC documented in
memory tasks is not epiphenomenal but is rather representative of a coding
scheme and the physical limitations of cognition. Given what has been
reviewed earlier, the reason why working memory operations were not affected
by θ modulation may be a result of the fact that this process does not influence
the structure of γ-itemisation nor does it change the topology of the derived
feature-set, it merely expands it. Chuderski and Andrelczyk (2015) have also
demonstrated that enhanced coupling of γ and θ rhythms – leading to a
maximisation of γ oscillations in a single θ cycle – is related to enhanced
performance in fluid intelligence tasks. Lastly, Fernández-Ruiz et al. (2019)
looked at the rat brain and showed that learning and correct recall in spatial
memory tasks were associated with extended sharp wave ripples; artificially
prolonging these ripples improved working memory performance, suggesting
again a causal role for these rhythms in representational maintenance.

It should be noted, however, that since tACS is a form of transcranial electric
stimulation (tES), it typically only affects ‘subthreshold’ local field potentials
(as opposed to transcranial magnetic stimulation, which can induce action
potentials, i.e. ‘suprathreshold’). As such, while forms of transcranial magnetic
stimulation like repetitive TMS (rTMS) can induce artificial neural activity,
forms of tES can only modulate ongoing activity through resonance
(Hanslmayr et al. 2019). For instance, Hanslmayr et al. (2014) used simulta-
neous electroencephalographic (EEG) recordings to show that 5Hz rTMS
enhances θ oscillations during stimulation, with these oscillations persisting
for at least a couple of cycles after stimulation ended (what is known as an
entrainment echo). Nevertheless, although tES effects are more delicate than
TMS, tES allows a clearer test of oscillatory entrainment. An important task for
future research is to discover ways to increase the efficacy of tES stimulation
approaches.

Following directly on from Vosskuhl et al.’s (2015) seminal study, Wolinski
et al. (2018) conducted a visuospatial workingmemory task, delivering tACS at
both slow (4Hz) and fast (7Hz) θ along with a placebo condition. In their task,
coloured squares were presented in both visual hemispheres and participants
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had to retain items either in their left or right field and compared to a probe. As
such, left parietal tACS application should have caused effects in trials in which
coloured squares in the right visual hemifield (i.e. contralateral to the stimula-
tion) had to be retained. The authors only reported modulation of working
memory capacity for the visual hemifield contralateral to stimulation, and
compared to placebo, tACS at 4Hz led to increased working memory capacity,
while tACS at 7Hz had a detrimental impact on working memory capacity. This
provides further evidence that slower θ cycles permit a larger number of nested
representations.

In addition, slower θ waves would presumably improve the fidelity of the
representations accessed, given the greater number of γ bursts nested.
However, a certain trade-off is also at play: There would also be a slower rate
of memory re-activation for a sequence of items if the θ waves are long, since
slower waves would need more time before all memory items are represented.
As such, a careful balancing act needs to be played, whereby the brain selects
an appropriate representational fidelity whilst also trying to maximise reactiva-
tion speeds. Consequently, it is likely not strictly true that working memory is
necessarily limited to a fixed number, but rather that cognitive resources need
to be allocated appropriately and responsibly if a sufficient number of sub-
features of items are to be retained over successive cycles without decaying
rapidly. Therefore, upwards of 10, 15 or a greater number of items could be
retained in working memory, but only a small number of features of these items
would be retained, and the likelihood of substantial decay would increase over
time (see Bays 2015 for a neurobiological model of how these shared cognitive
resources are implemented). This also leads to the prediction that slower γ
waves represent more fine-grained, complex representations.

Recent work suggests that phase resetting, a mechanism closely related to
CFC, is not specifically involved in memory information processing but is
rather responsible for ‘a more general synchronizing event induced by task
relevant stimuli’ (Kleen et al. 2016, 11) and is involved in synchronising
networks involved in the same task. Phase resetting can also occur at multiple
frequencies in the temporal lobe (Rizzuto et al. 2006), with the range of phase
resettings available potentially reflecting the extent to which rhythms encoding
distinct information from different regions can be synchronised. Since human
language is representationally rich enough to combine information from a
number of distinct domains (syntax, semantics, phonology, pragmatics),
phase resetting in the temporal lobe and other language-relevant regions will
likely be fruitful avenues of experimental investigation. In particular, the
phasal properties of the left temporal lobe will be of interest given recent
fMRI findings that certain areas of this region are implicated in hierarchical
syntactic representations – something which is not the case, somewhat
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surprisingly, for the left inferior frontal gyrus, according to data in Brennan et
al. (2016).

Working memory capacity also appears to be strongly limited purely in
terms of the number of objects maintained, and is only negligibly modu-
lated by how many features each individual object contains (Cowan et al.
2013). While of great interest to psychologists, this finding also brings with
it certain directions for neurolinguists. For instance, it suggests that the
CFCs used here to account for basic elements of phrasal construction are
governed largely by the slower rhythms responsible for modulating faster
rhythms storing language-relevant features, and that the properties of these
faster rhythms will present only minor interference effects. It suggests also
that the number of faster rhythms entrained to a slower rhythm (with each
fast rhythm storing a discrete representation) only weakly affects the more
global computations of object construction and maintenance. This form of
‘top-down’ analysis allows us to use psychological data to generate certain
testable predictions for lower-level neural processes.

Having covered earlier some of the basic neurochemistry behind γ clus-
ters, we will now turn to the implementational basis of θ, a clear require-
ment if a greater understanding of the causal role of oscillations is to
develop. Since θ rhythms are generated by an interplay between glutama-
tergic and GABAergic neurons, they are likely modulated by the septum,
which provides cholinergic inputs to GABAergic inputs, therefore acting as
a pacemaker of θ oscillations (Pignatelli et al. 2012). This process of serial
activation of features may also be involved in object and concept proces-
sing, with recent work suggesting that a momentary glance at an object
yields a different conceptual representation than a longer, more considered
look; different features of the object are activated in the latter scenario as
time progresses (Yee & Thompson-Schill 2016; see also Balaban & Luria
2016 for evidence that visual object representations are modified by the
context they are presented in). While {θ(γ)} coupling is likely the major
mechanism responsible for linguistic feature-set composition, both animal
and human studies have revealed that γ couples to the phase of α and β
(Canolty et al. 2006; Ketz et al. 2015), so it is possible that {α(γ)} coupling
is also involved in some aspects of phrase structure building (perhaps in the
initial stages of semantic feature activation as suggested in Chapter 2, due
to the role of α in attentional mechanisms). Lastly, further evidence for the
current model can be found in Doesburg et al. (2012), whose verb genera-
tion experimental task led to increased γ phase-locked to slower cortical θ
rhythms.

Overall, there are an increasing number of reasons to reserve a role for γ and
θ interactions in language processing.
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3.2 Encoding Phrasal Units

I have so far proposed that labelling is initiated via the slowing down of γ to β
followed by {δ(β)} coupling. This takes care of the maintenance aspect of
labelling (keeping a multi-unit complex in memory), but what of the identity
attribution aspect, which assigns to a constructed complex a syntactic identity?
Building on the earlier suggestions, this section will move away from the faster
oscillatory frequencies and suggest that the amplitude of θ (and possibly also
the phase, depending on the region) is in turn coupled with the phase of δ. We
will then progress to certain broader implications for the field.

3.2.1 What We Talk About When We Talk About δ

The reasons for assuming a role for slower oscillatory interactions in language
range across a number of domains. For instance, although phase–amplitude
coupling is most commonly found between θ and γ, recent work suggests that θ
can also entrain to δ in the human brain (Miller et al. 2010; Maris et al. 2011)
and that there is, in turn, a broader range of CFC relations in the human brain
relative to non-human primates, with the cortex exhibiting a species-specific
level of richness in its CFCs (Maris et al. 2016). Given experimental findings
that these two slow rhythms entrain to the full range of hierarchical linguistic
structures from syllables to phrases and sentences (Ding et al. 2016), the
discovery of human-specific {δ(θ)} phase–amplitude coupling is potentially
of great significance, in particular when trying to ground the present Labelling
Hypothesis.

More recently, Mariscal et al. (2019) have documented developmental
changes in EEG phase–amplitude coupling over the first three years of life,
discovering that frontal and occipital α-γ coupling, θ-γ coupling, θ-β coupling
and δ-γ coupling increases with age. Changes in δ-γ coupling were found
mostly in frontal sites. The authors found coupling across the whole scalp,
suggesting a relatively ubiquitous presence of coupling. The changes in θ-β
coupling might index (amongst other things) the maturation of the interface
between the workspace and syntax, the changes in θ-γ coupling likely index a
maturing working memory capacity, while δ-γ changes may index a maturing
combinatorial capacity (based on the findings that δ-γ coupling is involved in
fluid intelligence and increases with the number of predicates bound to a word,
as reviewed later; Brennan & Martin 2019; Gągol et al. 2018). Given that the
basic phrase structure-generating (labelling) capacity is typically assumed to
have matured very early on in infancy, this likely explains why across the three-
year period δ-θ coupling did not significantly change. Their findings also
indicate that feedforward (bottom-up) information is indexed by γ increases
at the slow wave peak in occipital regions, while feedback (top-down)
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information is indexed by γ increases at the slow peak trough in frontal regions.
The implications of this cross-phasal information distribution model should be
explored in future electrophysiological analyses of neurolinguistic datasets (i.e.
does the brain optimise representational search via cross-phasal distribution of
γ-itemisation peaks?).

To my knowledge, Lakatos et al. (2005) were the first to clearly show the
existence of δ-θ and θ-γ phase amplitude coupling (in macaque monkeys in
auditory cortex), associating them purely with stimulus-related responses in
neuronal assemblies. They propose the oscillatory hierarchy hypothesis, which
simply states that ‘the amplitude of the oscillations at each characteristic
frequency (gamma, theta, etc.) is modulated by the oscillatory phase of a
local lower frequency oscillation’ (Lakatos et al. 2005, 1904). This oscillatory
hierarchy hypothesis naturally forms the backbone of much of what this book
explores.

Evidence that {δ(θ)} coupling is involved in large-scale neuronal network
coordination relevant to language comes from findings that {δ(θ)} phase
synchronisation coordinates interactions between deep and superficial cortical
layers, modifying learning processes (Carracedo et al. 2013). In addition, while
the rat globus pallidus can nest β and γ rhythms within a slower δ rhythm,
Dejean et al.’s (2011) electrode recordings of local field potentials indicated
that when such nesting did occur, β and γwere negatively correlated and at anti-
phase, with the phase positions of both the β and γ clusters being significantly
different. The rat oscillome and its intrinsic rhythmic hierarchies may exhibit
reduced nesting capabilities relative to the human oscillome – and, indeed,
relative to the primate oscillome more generally, given Charvet et al.’s (2016)
findings of expanded anterior to posterior cortico-cortical tracts in primates
relative to other mammals. These species-specific oscillatory interactions may
lay the foundations of Hauser and Watumull’s (2017) Universal Generative
Faculty common to language, mathematics, morality and music. Greater δ
power has also been linked to enhanced subcortical activity (Gray 1982), and
given the role of subcortical structures in language, discussed earlier, the
importance of δ likely extends beyond its most basic role in modulating global
coherence. These proposals are aligned well with Chuderski’s (2016, 1)
exploration of fluid intelligence and neural oscillations, which concurs that
‘[c]ross-frequency coupling may serve as the optimal level of description of
neurocognitive processes, integrating their genetic, structural, neurochemical,
and bioelectrical underlying factors with explanations in terms of cognitive
operations driven by neuronal oscillations’.

As mentioned, I am claiming here that the above-cited {θ(γ/β)} feature-set
multiplexing algorithm can itself be embedded within δ cycles originating
within regions shown to entrain to hierarchical linguistic structures and
which can also oscillate at slow δ frequencies, namely the superior temporal
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gyrus and left inferior frontal cortex. This additional layer of nesting would
then give rise to the additional layer of hierarchy seen in human syntax, which
goes beyond both the phonological syntax of birdsong and the semantically
atomic structure of primate call systems.

Indeed, phase–amplitude coupling is itself not unique to language, let alone
humans, being involved in perception, decision-making and navigation
(Lakatos et al. 2005; Kepecs et al. 2006), and so the interactions between
distinct types of CFCs and the representations they manipulate are instead the
likely source of language-specific combinatorial capacities. There is a growing
consensus that phase–amplitude coupling can support the phase coding of
neural representations through, for instance, the categorisation of visual objects
(Watrous et al. 2015), and given the inherently semantic nature of the categor-
isation processes documented by Watrous et al. – faces, tools, houses and
scenes – it would be somewhat surprising if this form of CFC is not also
involved in the interpretation of linguistic structures. As the authors of the
study put it, exploring CFC ‘may provide new avenues for decoding the human
representational system’.

These ideas reflect another trend in the recent literature: δ used to be almost
solely implicated in deep sleep, but its function in long-range coordination of
neural processing has recently been discovered (Leszczyński et al. 2015).
Research into human δ dates back at least to 1985, when its involvement in
perception, attention and working memory was shown (Başar & Stampfer
1985), but it appears that we are only just beginning to scratch the surface of
the computational properties of δ and its role in higher cognition. It will be
important to focus on the regions of oscillatory generation, particular phasal
properties, CFCs, and other details of oscillatory dynamics when investigating
language, since δ seems to be implicated in a variety of behaviours and
cognitive faculties; indeed, {δ(β)} coupling has even been implicated by
Najjar and Brooker (2017) in paternal (but not maternal) caregiving beha-
viours. The multiplicity of functions each oscillatory band appears to have
led Karakaş and Barry (2017) to suggest that researchers pay attention to the
following parameters: ‘enhancement, attenuation, blocking, duration (prolon-
gation), latency, time-locking, phase-locking and frequency-locking of the
oscillations’.

Nevertheless, there is little doubt that oscillatory interactions are responsible
for a range of memory and attentional processes. Leszczyński et al. (2015)
conducted two independent experiments examining working memory main-
tenance using intracranial EEG. They found that in visual working memory
tasks periods of memory activation are correlated with load-dependent α power
reductions and low levels of CFC, and that these occurred in an interleaved
manner with load-independent high α levels and CFC. Fluctuations between
the two periods were a strong predictor of successful performance and were
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phase-locked to δ. Weaker levels of {δ(α)} CFC and load-dependent hippo-
campal disinhibition during extended list construction is moreover consistent
with the idea that the hippocampus plays an important role in representing long
sequences. One particular question for future research is whether this mechan-
ism is implicated in linguistic phrasal and sentential memory, and is not simply
exclusive to the hippocampus.

Are there any other indications that δ may be implicated in phrase structure
building? In naturalistic speech, phrase duration appears to be at around two to
three seconds (Vollrath et al. 1992) and anything lasting longer usually gets
chunked by comprehenders into newly formed phrases (Webman-Shafran &
Fodor 2015). Interestingly, this maps onto the phase of δ, suggesting that this
rhythm either exploits the periodicity of speech patterns to generate phrasal
interpretations or the rhythm itself imposes direct preferences on language
processing and phrasal generation. The elementary role attributed in the present
model to δ in phrase structure building – regardless of its more complex phase-
coupling relations – becomes even more justified through Meyer et al.’s (2017)
EEG study of phrasal grouping biases, which demonstrated that units inter-
preted as phrases modulated δ activity during auditory language comprehen-
sion. Going somewhat beyond other recent findings (e.g. those reported in Ding
et al. 2016), Meyer et al. (2017) suggest that δ rhythms provide an ‘internal
linguistic searchlight’ which aids the construction of linguistic phrases. Taking
this into account, along with the literature discussed earlier, δ rhythms can at
the most general level be described as reflecting top-down processes. But this
merely begs the question: What are the neurocomputational roles of such
rhythms, and how do these distinct oscillations operate within a more global
system of information transmission? (Note that the proposal of an ‘internal
linguistic searchlight’ is of similar theoretical granularity as Bonhage et al.’s
(2017) suggestion earlier that δ modulations ‘reflect chunking processes’).
Perhaps more useful directions in this respect come from Güntekin and
Başar’s (2016) comprehensive review of evoked and event-related δ responses
in humans, which indicates that this rhythm seems to be largely implicated in
attentional mechanisms and that a decrease in global δ may even constitute a
marker of cognitive dysfunction, with decreased δ being found in mild cogni-
tive impairment (MGI), Alzheimer’s, schizophrenia and Dipolar disorder in a
range of cognitive tasks such as visual and auditory oddball tasks.
Decomposing the role of δ into cognitive sub-operations will likely be a
more fruitful enterprise than top-down experimental studies when it comes to
exposing the oscillatory logic of neural computation.

Coinciding somewhat with these findings, Headley and Paré (2017) con-
ducted a large-scale review of the oscillatory memory literature in humans. In
order to account for differences in oscillatory activity in memory-relevant
regions during sleep (i.e. some forms of memory are sensitive to slow-wave
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sleep, others REM), they suggest that while θ rhythms seem responsible for
consolidating procedural memories during sleep (a proposal supported by
Khodagholy et al. 2017, who showed that declarative memory consolidation
in rats involves fast γ phase-phase coupling between hippocampal and neocor-
tical regions, in particular medial prefrontal and posterior parietal regions), the
literature indicates that δ rhythms during slow-wave sleep additionally promote
the consolidation of declarative memories. Given the presently proposed role
of δ in phrasal – and, hence, sentential and propositional – construction and
interpretation, it is possible that during sleep the language system is active in
this declarative consolidation process, what with the crucial role of language in
the generation of facts and events, the core of declarative memory. Indeed, the
potential role of linguistic computations in declarative consolidation is easy to
square with the well-known interactions between the hippocampus and cortical
δ rhythms (Hahn et al. 2006). It would be of interest for future research to
examine the CFC during declarative consolidation to examine any potential
similarities with language processing. I first proposed this idea in Murphy
(2018b) (circulated in summer 2017), and the first steps in this direction
subsequently came from Cross et al. (2018), who hypothesise that sleep-
dependent consolidation of sentence-level combinatorics is implemented via
slow neocortical δ modulations, although these ideas are yet to be experimen-
tally tested (the complete model of sentence comprehension presented by Cross
et al. 2018 is remarkably close to the one presented in Murphy 2016a, which
they cite as a ‘similar perspective’). It may well be that once modern humans
moved away from sleeping in trees and gradually began to sleep on the ground
(a process shown to result in longer, more peaceful periods of sleep), their
ability to consolidate the newly evolved combinatorial processes of language
were enhanced as a corollary. In addition, recent advances in closed-loop
feedback inactivation experiments are making headway in determining the
basis of memory consolidation and showing that θ has a causal role in spatial
memory ‘re-play’ (Zielinski et al. 2020); shifting the focus of these experi-
ments to linguistic short-term memory and the particular rhythms documented
here may well break new ground in improving our understanding of the
consolidation of sentential processing.

Considering Ding et al.’s (2016) finding of (possible) 2Hz entrainment to
phrases, and 1Hz entrainment to sentences, it is of interest that phase–ampli-
tude coupling increases when the lower-frequency power decreases (Park et al.
2016), suggesting that larger linguistic units (sentences relative to phrases, and
phrases relative to words) may require increased coupling with the faster
rhythms they are paired with, likely as a function of the number of linguistic
features/representations being constructed and maintained. When subjects
were asked to ignore an upcoming visual item, Park et al. (2016) found stronger
α power in visual cortex compared to when subjects were asked to remember it.
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In their ‘Remember’ condition, during low α, phase–amplitude coupling was
stronger.

More recently, and following on from themes in the previous chapter,
Tavano et al. (2020) have further dissociated entrainment from internal syn-
chrony. While low δ rhythms likely index a combination of grammatical
knowledge and more generic speech tracking, the authors found that repetition
of abstract syntactic categories generated a harmonic structure of their periodic
appearance unconnected to stimulus rate, separating endogenous from exogen-
ous rhythms in the δ band. The strength of harmonic structures predicted the
degree to which their native German-speaking participants were sensitive to
word order violations, and so their δ responses importantly indexed the final
point of linguistic parsing, but not the real-time temporal unfolding of syntactic
structure building and lexico-semantic combinatorics. For these latter pro-
cesses, it may be that the mechanisms explored in this book (e.g. CFC; see
also Section 3.2.3 and 3.7.1) will be of more direct relevance than entrainment
or structure-aligned synchrony, as I have argued here. For an excellent, recent
review of the electrophysiology of sentence processing which also discusses
some more traditional issues pertaining to the relation between oscillations and
event-related potentials (which seem to be organised by oscillatory phase; e.g.
the N400 is seen as reflecting δ phase-resetting; van Petten & Luka 2006), see
Martorell et al. (2020).

The literature on the role of δ in language processing is also rapidly expand-
ing. In a recent study of acoustic periodicity and intelligibility in speech,
Steinmetzger and Rosen (2017) found global increases in δ in response to
periodic intelligible speech (sentences such as ‘Say it slowly but make it ring
clear’) and conclude that ‘delta oscillations are an indicator of successful
speech understanding’. They provide no mechanistic basis for this but provide
a psychoacoustic explanation, although their findings can be incorporated into
the present model, with δ increases being responsible for constructing extended
phrases and additional neurocomputational resources being recruited to inter-
pret forms of speech which sound less natural than aperiodic speech.
Interestingly, Steinmetzger and Rosen found these δ responses only at around
1000ms after the onset of intelligible periodic sentences (with average sen-
tences being 2000ms), an expected result if a full phrasal status had not been
constructed until around this half-way point in the sentence. This δ rhythm was
found at a number of electrode sites, but only reached statistical significance at
the frontal scalp region. Furthermore, δ power increases in the latter half of the
stimulus window were also observed in the other two intelligible experimental
conditions (aperiodic speech, and mixed periodic and aperiodic). The authors
conclude that ‘this [δ power] effect is not confined to the unnatural sounding
periodic condition’ (2017, 180). But we can add a further conclusion: the
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present δ-based phrase structure building multiplexing algorithm gains further
experimental support from these commonly found δ power increases.

In a similar connection, Assaneo and Poeppel (2018) show that the temporal
patterns of speech likely emerge as a direct consequence of the intrinsic
oscillatory rhythms of cortical areas (namely, auditory and speech-motor
brain regions). They measured oscillatory synchronisation between auditory
and speech-motor regions while participants listened to syllables of various
rates. Synchronisation was only significant over a restricted range and was
enhanced at ~4.5Hz, a value compatible with the mean syllable rate across
languages. This suggests that oscillations directly impact speech patterns.

Are there any other indications that δ is involved in the more complex
syntactic and semantic processes involved in language comprehension?
Returning to a study mentioned earlier, Di Liberto et al. (2018) showed that
speech envelope tracking was more enhanced due to prior knowledge (i.e.
when semantic context is presented) in the δ band compared to the θ band, with
δ covering the slower modulations of meaningful phrases and sentences. This
supports the idea proposed here that θ plays a more mechanistic role in
constructing linguistic feature-sets while δ indexes interpretative processes.

Other recent experimental work can enrich our understanding of the impor-
tance of δ. Ohki et al. (2016) acquired MEG data from fifteen healthy subjects
performing an audiovisual speech matching task, in which they were exposed
either to sounds matching or differing from particular lip movements. They
applied phase–amplitude coupling and imaginary coherence measurements to
their regions of interest in the temporal pole, and found prominent δ power and
strong {δ(β)} phase–amplitude coupling, suggesting that the integration of
linguistic and non-linguistic sensory information is mediated through δ-phase
coherence. The detection of this oscillatory coupling may result in part from the
role of β in storing linguistic structures in memory, which may need to be paired
with visual representations through CFC. It is likely that δ is also involved in
other aspects of multisensory linguistic processing due to its ability to manip-
ulate global coherence, an intuition awaiting further experimental work.

For now, we can tentatively conclude that Ghirlanda et al.’s (2017) sugges-
tion – that the major species-defining feature of humans is a particular way of
executing ‘the coding of information’ – is not only justifiable, but may also be
most clearly exhibited in the construction of hierarchical phrase structure
through the oscillatory interactions proposed here. Indeed, these authors tested
a mathematical model of non-human sequence discrimination, collating the
results of 108 experiments. Their model suggested that ‘animals represent
sequences as unstructured collections of memory traces’, and the results of
the model predicted non-human performance with only 5.9 per cent mean
absolute error. If the enhanced coding of sequential memory is a human-
specific trait, and if the construction of hierarchical phrase structure yields
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numerous core features of event semantics (Pietroski 2018), then it is likely that
the emergence of the neural underpinnings of labelling aided the maintenance
and categorisation not simply of linguistic sequences, but of sequences more
generally, including mathematical, musical and other elements interfacing with
the Universal Generative Faculty. For instance, the output of many mathema-
tical computations depends on the order of operations executed – one cannot
simply divide, multiply and subtract in any order and generate the same out-
come – and the order of musical notes also influences aesthetic quality.

To summarise, empirical and conceptual motivations have been presented to
defend the idea that δ-θ interregional phase–amplitude coupling (ir-PAC)
constructs multiple sets of linguistic syntactic and semantic features. This
occurs when the phase of δ is synchronised with the amplitude of θ. Causal
directionality remains an open issue, and while the phase typically influences
the amplitude in standardly documented PAC, certain cases of θ-γ coupling
appear to exhibit unidirectional prefrontal-hippocampal cortex coupling from γ
activity to θ activity (Nandi et al. 2019; relatedly, Fellner et al. 2019 also
discovered that in memory encoding γ increases are found to occur significantly
earlier than paired θ power decreases). Nandi et al. (2019, 8) summarise their
findings about ir-PAC as follows: ‘Assuming that high-gamma reflect popula-
tion spiking […] and that low frequency oscillations (e.g., theta) reflect
somatic/dendritic processing […] we conclude that ir-PAC […] connects the
output of a driver and the input of a receiver network.’ These dynamics also
rely on distinct neurochemical substrates: δ is generated in the thalamus and
neocortex by synaptically coupled bursting neurons operating in networks
controlled by GABAB receptor-mediated synaptic inhibition; θ is generated
by fast-slow interactions of GABAA receptor-mediated inhibitory synaptic
inputs to principal cells (see Adams et al. 2019 for review). Lastly, the full
computational power of the present model is achieved via distinct β and γ
sources also being coupled with θ (e.g. θ-γ phase–amplitude coupling) for,
respectively, syntactic prediction and conceptual binding. Figure 3.1 outlines
the basic structure of this oscillatory model. Note that θ in Figure 3.1 could also
be conceived as θ/α (specifically 7–13Hz) due to Bahramisharif et al.’s (2018)
findings about the cortical phase code for working memory, but the strict θ
range is the more commonly supported band. Due to the complexity of cortical
layers, modulations in γ amplitude could emerge frommany different cell types
with distinct memory-related functions during retrieval and maintenance;
while this book is primarily concerned with the oscillatory basis of language,
these lower-level concerns will be picked up in subsequent sections. In addi-
tion, while the role of β in linguistic prediction has been documented quite
robustly (e.g. Armeni et al. 2019), this is not an uncontroversial stance (e.g.
Terporten et al. 2019), and it currently remains an open question how linguistic
prediction can be implemented.
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3.2.2 The Evolution of Language

Returning to some earlier concerns, given the close similarity in ‘semantics’
exhibited between humans and other primates, it is likely that no substantial
changes needed to occur in this domain in order for language to emerge and the
human-specific computational properties of δ outlined earlier to develop,
forming a core part of the present Labelling Hypothesis. It is more likely that
slight genetic changes reorganising features of the regions oscillating at δ and
those coupled to it were responsible for the emergence of language. Likewise,
the research in Moore (2017, 2018) concerning intentional communication,
which decomposes traditional Gricean notions into less complex versions and
demonstrates that these simpler concepts can provide the same level of expla-
natory adequacy whilst also bridging the gap between human and non-human
primate communication. Considering the consensus from biology, ‘phenotypic
novelty is largely reorganisational rather than a product of innovative genes’
(West-Eberhard 2003), and so it is highly probable that only minor genome-
oscillome modifications were required to reorganise the brain in such a way to
permit the emergence of hierarchical phrase structures.

Following the present oscillatory model, it seems reasonable to hypothesise
that the {θ(γ)} feature-sets invoked here ultimately shift to {δ{θ(β/γ)}} phrasal/
labelled units. An important question, which must be addressed in future
experimental work, is how this shift occurs. There appear to be two options:
Either the γ-itemised clusters first slow to β before the {θ(β)} complex is nested
within δ or the multiplexed {θ(γ)} units are embedded first and the items
slowed to β at a later point. Fewer β-itemised clusters would be able to
phase-lock to θ due to the size of each β cycle (around three β cycles per θ
cycle), potentially accounting for the unequal ratio between feature-sets
responsible for determining phrasal status and feature-sets which perform
other roles with respect to syntactic function (e.g. Tense features) and content
(e.g. lexical features). Indeed, both routes may be taken under different scenar-
ios. In the case of an ambiguously labelled phrase, it may be that γ is not slowed
to β until after phase-entrainment to δ has taken place when the precise
interpretation is fixed.

Alternatively, it may be that only some γ-itemised clusters slow to β, namely
those clusters responsible for storing the features determining the phrasal/
labelled status of a given δ-entrained set. Generative grammar has long sug-
gested that what determines the label of a given set of lexical items is only a
subset of the entire feature complex, and so it is possible that the language
system is composed of two simultaneously entrained δ and θ complexes; β
labelling features and γ non-labelling features. Pefkou et al. (2017) found that
both θ and γwere sensitive to syllable rate, but only β power was modulated by
comprehension rates and was insensitive to syllabic structure. This suggests

156 A Neural Code for Language



that θ and γ play a more mechanistic role in feature-set construction while β
does indeed appear to be involved in the tracking or prediction of semantic or
phrasal identity.

This labelling/non-labelling distinction can also be supported by more tradi-
tional psycholinguistic studies. Parsing research by Momma (2016) investigat-
ing the time course of syntactic priming effects has even suggested that
structure-building units during production are very small (facilitation as a result
of priming localises to the primed constituent), going against much of the
production literature which claims that pre-formed templates are large. The
aforementioned basic oscillomic schema (accounting only for labelled units)
may therefore carry considerable explanatory reach both in terms of production
and comprehension.

θ power has also been found to increase after the presentation of each word in
a sentence, and more specifically θ power is modulated by the position of a
word within a sentence, indicating that θ power during sentence comprehension
is somehow linked to higher-order processes such as phrase formation
(Bastiaansen et al. 2002), with the model proposed here answering the ‘some-
how’ with {δ(θ)} coupling. Further reasons to believe that δ-θ interactions are
involved in phrase structure building come from Roehm et al. (2007), who
showed that syntactic word order reanalysis resulted in δ and θ increases (see
also Brilmayer et al. 2017). Meyer and Gumbert (2018) also performed an
auditory EEG study utilising uniformly distributed morphosyntactic violations
across natural sentences, with their results providing evidence that the syn-
chronisation of electrophysiological responses at δ to speech implicitly aligns
neural excitability with syntactic information. A topic for future research
concerns the physiological properties of {δ(θ)} and {θ(γ)} coupling, their
developmental profile, and whether their emergence can be explained within
the frameworks presented here (e.g. the globularity hypothesis and empirically
motivated claims about human-specific CFCs). Hunt et al. (2016) probed the
relationship between grey matter myelination and neural oscillations and
demonstrated a significant correlation, with this being strong for networks
mediated by β, becoming even stronger during CFC. Given the primary role
of coupling in the present model, it seems that myeloarchitecture and its
support for cross-frequency connectivity should be a major focal point for
future neurochemical enquiry. In addition, glial cells have been shown to
produce slow oscillations (Amzica 2002) while long-lasting hyperpolarisations
generated by pyramidal neurons have been shown to generate δ rhythms
(Steriade 1993), but our understanding of the neurophysiological basis of
these rhythms remains fairly imprecise.

Other indications that human-specific neural features are relevant to lan-
guage evolution come from a review conducted by Lucas and Hardin (2017)
exploring Slit-Robo GTPase-activating proteins (srGAPs) and their ability to
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influence membrane dynamics. They explain how ‘[g]ene duplication of the
human-specific paralog of srGAP2 has resulted in srGAP2 family proteins that
may have increased the density of dendritic spines and promoted neoteny of the
human brain during crucial periods of human evolution’. The functional role of
these particular forms of spine density increases in higher cognition may
illuminate some questions regarding the evolution of neural dynamics.

Halgren et al. (2017) also revealed that in the human brain cortical δ phase
‘robustly modulates theta power, with an increase in theta-band power during
the falling phase of the ongoing delta rhythm’. Interestingly, both δ and θ
rhythms in upper, superficial cortical layers modulated α, β and γ during
wakefulness and sleep, suggesting a maximal capacity for the human cortex
to modulate the full roster of brain rhythms relevant for language. The presently
proposed neural code for language is also consistent with a circuit model of
cortical integration in which deep fast activity regulates superficial slow
rhythms (of the kind proposed in Jiang et al. 2015).

Further reasons to assume that the regional oscillatory properties reviewed
here are accurate comes fromVidaurre et al. (2018), who usedMEG to examine
the power and phase-coupling connectivity of brain-wide networks during rest
in humans. The brain states for higher-order cognitive networks were docu-
mented and divided into anterior and posterior networks. Both networks
exhibited high power and coherence in the α range (posterior) and δ/θ range
(anterior), findings which map on to the rhythmic profiles presented here. In
particular, the extent of δ/θ phase-coupling in the anterior brain network
included a clear range from anterior temporal regions to inferior frontal
regions, which provides strong evidence for the relevance of δ-θ coupling for
higher cognition. More recently, Wang et al. (2019) have shown that δ and θ
increases both specifically index intelligibility increases in speech processing,
further motivating a role for these slower frequencies in language
comprehension.

The emergence of these species-specific oscillatory nestings would consti-
tute the exclusive content of species-specific aspects of linguistic computation,
the neural alterations required to bring about modern homo sapiens and ‘narrow
syntax’, the basis of Tattersall’s (2017) symbolic capacity. The Labelling
Hypothesis defended in this book is therefore given renewed support. Given
that the rhythmic interactions explored in this section reflect endogenous brain
activity, and are not simply triggered by external input, this leads to a possible
evolutionary scenario in which the processes of phrase structure building
emerge directly from biophysical constraints, perhaps ultimately fulfilling
some recent claims in generative grammar that syntax is a system of mini-
mal/efficient computation.

Lastly, it should be noted that although it appears to have great potential
explanatory power, the evolution of certain linguistic interfaces likely cannot
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be reduced simply to CFC. For instance, Park et al. (2018) explore the oscilla-
tory basis of audiovisual speech integration and show that this is very clearly
implemented by two independent computational mechanisms. θ rhythms in the
posterior superior temporal gyrus/sulcus code speech information common to
auditory and visual inputs, while θ rhythms in left motor and inferior temporal
regions code synergistic inputs between both modalities. It may be that infor-
mation integrated via CFC and information integrated via simultaneous and
independent processes yield qualitatively distinct cognitive events and con-
scious experiences.

3.2.3 Phase-Phase Coupling and Other Approaches to Neural Computation

The limitations of traditional cartographic neuroimaging have been dealt with
in some detail already, but a more challenging issue to address is how precisely
the newly emerging oscillatory perspectives on language can be reconciled
with this literature. Reconciliation could take a number of forms, but it seems to
me that the most parsimonious and empirically adequate direction would be to
assume that after a phrase has been constructed via CFC feature-set construc-
tion (implicating temporal regions of the ventral stream like the medial tem-
poral lobe), regions along the dorsal stream firing at β (likely regions closer
towards the inferior frontal gyrus) would be able to synchronise with the
cortico-basal ganglia-thalamic loop via phase-phase coupling and transfer the
categorised set to be maintained through an increasing β rhythm. This model
acquires some indirect support from the suggestion that the desynchronisation
(in the case of language, after the cognitive set is built and maintained via β
increases) of induced β may reflect memory formation (Hanslmayr & Staudigl
2014), with the semantic content of a given phrasal construction constituting a
form of memory. These β increases during phrasal maintenance may also
spread to the left planum temporale, which has been implicated in long-
distance lexical storage (Kuhnke et al. 2017). Indeed, phase-phase coupling
involving approximately identical rhythms may have a number of interesting
computational roles relevant for language, and may be responsible for transfer-
ring or comparing representations of equal type or hierarchical complexity
(hence, of comparable phasal dimensions). For instance, consider the notion of
agreement discussed in Chapter 1, involving the establishment of relations
betweenmultiple lexical features. Chomsky et al. (2019) note that ‘[a]greement
phenomena indicate that there is an algorithm that relates features of syntactic
objects, called AGREE’. Associating as it does mental representations of equal
featural complexity and type, this algorithm appears well suited to being
implemented via phase-phase coupling over the regions implicated in storing
the relevant features. Long-range neural synchronisation and directionality,
involving coherence-based detection of interconnected nodes, will also likely
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play a vital role in developing a more mature model of the language system (as
Kujala et al. 2007 discuss in a seminal study of phase coupling during reading).

Some recent support for these hypotheses comes fromRimmele et al. (2019).
Using MEG, these authors had participants listen to disyllabic words presented
at a rate of four syllables per second. They found that lexical content (as
opposed to mere syllable-transition information) activated a left-lateralised
frontal and superior and middle temporal network, and also increased the
interaction between left middle temporal areas and auditory cortex at 2Hz via
phase-phase coupling. This particular phase-phase coupling likely acts as a
sound-meaning interface between auditory and linguistic representations, map-
ping acoustic-phonemic processing to lexical processing. The authors also
discovered phase–amplitude coupling between 2Hz and 4Hz in middle tem-
poral gyrus and superior temporal gyrus in conditions with lexical and transi-
tional and syllable information, but not with only-syllable information,
suggesting that syllable information is exploited for lexical-level processing.
Rimmele et al. found a decreased tracking of syllables (cerebro-acoustic
coherence) at 4Hz in superior temporal gyrus when lexical content was pre-
sented, suggesting that syllabic information was used largely in the service of
lexical interpretation. This suggests, as predicted here, that CFC implements
the coordination of distinct linguistic information, such that it aids the con-
struction of lexical items out of smaller syllabic units.

Taking into consideration much of the working memory oscillation literature
(Lundqvist et al. 2016, for instance, show that working memory information is
linked to brief γ bursts while β bursting reflects a default network state inter-
rupted by γ), it seems reasonable to suggest that features are associated in some
form (e.g. ‘valued’/‘checked’) by distinct ensembles being phase-locked,
‘agreeing’ in both rhythmic and representational senses (see also Ward 2003
for the crucial role of γ in long-term memory processing). Working memory
and linguistic phrase structure building are therefore likely implemented not
via sustained neuronal activity (as much contemporary neuroimaging work
tries to suggest), but rather via discretised, rhythmic pulses of coordinated
neuronal firing.

These proposals are in line with Mai et al.’s (2016) finding of γ-related
modulations during semantic and syntactic processing. A general computational
operation (feature valuation) can therefore approach a degree of alignment with a
general oscillatory mechanism (CFC). The question of whether these computa-
tions are achieved through increasing or decreasing phase–amplitude coupling is
an open one, and should not be assumed a priori, with distinct cognitive systems
likely employing oscillomic processes in different ways. For instance, Esghaei et
al. (2015) show that visual attention in macaque monkeys decreases phase–
amplitude coupling, seemingly to increase neuronal discriminability for attended
stimuli. Visual cortex appears to use phase–amplitude coupling to regulate
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interneuronal correlations and enhance the discrimination of visual stimuli,
selecting the appropriate representations. Relatedly, Mai et al. (2016) found
decreased {θ(γ)} coupling for speech relative to non-speech, along with
increased θ power for speech and increased γ power for real words relative to
pseudo-words (as predicted by the present model). They suggest that the reasons
for decreased coupling in speech may be due to the higher difficulty of sound
matching in non-speech sounds which result in higher psychoacoustic working
memory demands (with a greater load placed on working memory resulting in
increased {θ(γ)} coupling), yet their findings may also be due to a similar
neuronal discrimination process as the one proposed by Esghaei et al. (2015).
Phase–amplitude coupling increases (as in a range of studies reviewed earlier)
and decreases (as in Esghaei et al. 2015) consequently play a number of distinct
functional roles, although the underlying physiological mechanisms which give
rise to them are still not well understood (see also Asano & Gotman 2016 for the
emerging potential of electrocorticography to monitor the oscillatory dynamics
of language). A more serious and linguistically realistic level of engagement
with syntactic, semantic and phonological computations will also be required of
future oscillatory experiments, with Mai et al. (2016) claiming that γ increases
are representative of ‘lexical memory retrieval’ and ‘processing grammatical
word categories’, highly multifaceted processes, far from generic.

Other research has contributed to an understanding of the dynamics of
auditory processing. In particular, Keitel et al.’s (2017) MEG study of
auditory cortical δ-entrainment, and its interactions with fronto-parietal
networks, provide support for the present oscillomic model and also con-
tribute important, previously unknown details about the reach and influence
of language-relevant δ manipulations. Keitel, Ince et al. discovered that
during intelligible speech (a natural speech narrative) δ entrained with
three networks: {δ(β)} coupling occurred between δ in the left anterior
superior temporal gyrus and β in left-lateralised medial orbitofrontal areas,
which the authors claim reflected predictive top-down modulations of audi-
tory encoding (however, this finding is also compatible with the present
proposal that δ-β coupling constitutes the final stage of the Merge-labelling
algorithm). {δ(α)} coupling occurred between δ in left Heschl’s Gyrus and
α in anterior superior temporal gyrus. Finally, δ in right posterior superior
temporal gyrus coupled with predominantly right-lateralised parietal θ (spe-
cifically, in the cuneus, precuneus and superior/inferior parietal areas),
which likely reflected semantic memory engagement (note that support for
this comes from Bhattasali et al. 2018, who looked at multi-word expres-
sion processing and found the precuneus to be involved in memory retrieval
during naturalistic sentence comprehension, while anterior temporal regions
were called upon for phrase structure building). Unlike these rich δ inter-
actions, θ rhythms in auditory cortex were not significantly entrained to any
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fronto-parietal structures, even though auditory θ has been implicated in
processing a range of acoustic features (Ding & Simon 2013). Since the
stimuli used by Keitel, Ince et al. were extended narratives constructed out
of continuous, natural speech, it may be that this study has further exposed
the role of δ-entrained computations in processing higher levels of linguistic
complexity like phrasal categories and semantic intelligibility, rather than
lower-level acoustic properties. Notice that, under the present model, Keitel
et al.’s (2017) data concerning {δ(β)} and {δ(θ)} coupling can also be
explained by invoking successful phrase structure building computations
implemented via the hierarchical nesting of the β and θ complexes within
δ, along the lines discussed earlier. Gross et al. (2013) also discovered {δ
(θ)} phase-phase coupling during speech perception and that θ also con-
trolled the amplitude of γ, suggesting that δ phase likely modulates both the
phase and amplitude of θ depending on the computation. As mentioned
earlier, δ-δ phase-phase coupling likely indexes the mapping of acoustic-
phonemic processing to lexical processing, and so the δ-θ phase-phase
coupling reported in Gross et al. (2013) may index the mapping of acous-
tic-phonemic processing to more specific morphosyntactic features. As
Molinaro and Lizarazu (2018) note, ‘[h]ow this cross-frequency interaction
develops and through which cortical networks must be better evaluated in
the future’.

At a minimum, then, auditory δ entrainment is influenced by left orbito-
frontal β and parietal θ and interacts with central α. This model appears to map
onto the oscillomic predictions presented earlier, namely that β, θ and α, in
approximately the regions discussed by Keitel et al. (2017), all play distinct
roles in phrase structure building, feature-set construction, and functional
inhibition. The finding that the orbital gyrus is involved in phrasal processing
(Grodzinsky & Friederici 2006) adds further credence to this model.

Palva and Palva (2018) also review evidence suggesting that phase-phase
synchronisation of two distinct frequency bands serves to integrate and regulate
separate processes being carried out in different brain regions, and enhancing
the efficiency and scope of this process may have contributed to a number of
cognitive functions. The authors also discuss how this form of cross-frequency
phase synchrony (CFS) is the only form of CFC that could be associated with
consistent neuronal spike-time relationships: ‘While related neuronal processes
could be CF-synchronized and associated with coincident neuronal spiking
[…] unrelated neuronal processing in two distinct neuronal assemblies would
not be associated with CFS and their spiking activity would be unrelated.’ The
information represented in spectrally distributed assemblies could thus be
related via CFS. CFS would be well positioned to connect the most central
cortical (and subcortical) hubs of a given within-frequency network, positioning
CFS as ‘a putative mechanism for coordinating processing and communication
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across fast and slow oscillatory networks carrying out functionally distinct
computational functions’. Although to my knowledge (and as reviewed here)
there is currently limited evidence of important examples of phase-phase syn-
chrony in language comprehension (it is found consistently in various memory
tasks, however, as when Akiyama et al. 2017 document θ-α phase-phase cou-
pling during working memory), this mechanism should be the target of future
experimental research. Lastly, the mechanism of phase precession also seems at
play during speech segmentation when listeners predict upcoming speech,
whereby the neural phase advances faster after listeners acquire knowledge of
incoming speech, ‘skipping ahead’ of incoming stimuli (Teng et al. 2020). The
full explanatory scope of phase precession with respect to other linguistic
predictive processes (e.g. semantic or syntactic prediction) is yet to be settled.

3.2.4 Linear Grammar

It is clear from the fairly disparate collection of recent studies reviewed earlier
that δ plays an important role in a number of cognitive faculties relevant for
language, such as phrasal comprehension. This motivated its inclusion into the
present oscillatory model of language, and a seminal study by Raghavachari et
al. (2001) can add some further enhancements. They made EEG recordings
while subjects that participated performed the Sternberg working memory task,
and found that at a number of electrode sites θ amplitude increased substan-
tially at the beginning of the trial, was maintained throughout, and dropped at
the end. This phenomenon, termed ‘gating’ by the authors, seems to play a role
in organising multi-item sequences. Given these findings, and others reported
earlier concerning δ-driven phrasal sensitivity, it is likely that an equivalent ‘δ
gating’ phenomenon occurs during sentence comprehension.

The algorithm outlined here, if it is responsible for elementary phrase
structures, might also form the basis of what Jackendoff (2017) calls ‘linear
grammar’; a meaningful, compositional grammar lacking complex morpho-
syntax of the kind found across modern languages. Instead of generating ‘If you
shoot a cop then you go to jail’, linear grammar would simply generate ‘You
shoot a cop, you go to jail’, which still relies on phrases.While this can generate
a fairly extensive compositional semantics and communication system, it is
likely that the reason why complex morphosyntax developed across, for
instance, Indo-European languages over the past millennia is because it adds
certain levels of communicative precision to the simple structures generated by
linear grammar. There are also reasons to believe that there was a period
without morphology, as argued by Comrie (1992), a period with no affixes
and no morphological alternations (see Carstairs-McCarthy 2010). Relatedly,
there was almost certainly a period after syntax but before rigorous, systematic
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categorisation of lexical items, when there was an emerging distinction
between nouns and verbs without morphology (Heine & Kuteva 2002).

If the structures generated by linear grammars rely on the above-mentioned
δ-θ-γ interactions, then presumably the additional morphosyntactic elements
added do not require a novel phase code but rather the recruitment of the
multiple demand system to access structures stored in long-term memory.
This would help us localise the likely species-specific elements of the language
system.

There also appears to be some fairly compelling diachronic evidence sup-
porting this model. The generation of bare, basic nominal structures (e.g.
‘sheep’) was exhibited in Proto-Indo-European languages. Later, Proto-
Germanic languages exhibited a slot for adjectives (‘black sheep’): [NP A
[N]]. Thereafter, Old English exhibited a slot for determiners (‘the black
sheep’): [NP D [A [N]]]. Finally, early modern English exhibited a slot for
peripheral modifiers (‘only the black sheep’): [NP M [D [A [N]]]]. To take one
of many interesting examples, in a seminal paper van de Velde (2011) showed
that elements existing at the sentence level are progressively incorporated as
part of the noun phrase. This suggests that the elementary mechanisms for
phrasal construction were certainly in place from the time of Proto-Indo-
European languages, and that only some extra information derived at the
syntax-semantics interface was incorporated as part of the extended projection.
It is likely that this extra information was constituted via conceptual features
stored cross-cortically. Indeed, van de Velde summarises that ‘[t]he whole
‘growth’ process is a result of a series of reanalyses and analogical extensions’
(2011, 387). In neurobiological terms, the ‘analogy’ may well be a reapplica-
tion of the δ-θ-γ code to different cortical regions.

3.3 A Bridge to Biology

Having outlined the core computational system of language and its likely
oscillatory basis, I will now turn to the broader architecture within which this
system operates. I will present a number of ways that an oscillatory model of
language can make further explanatory connections with the biological
sciences.

3.3.1 Dual Workspaces

An emerging consensus in generative syntax is that the language system needs
to exploit not one, but two memory workspaces in order to generate and
maintain/interpret non-local syntactic relations. One workspace is used to
construct syntactic phrases, and the other is used to maintain these units once
they have been transferred (in the terminology of Adger 2017, these
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workspaces are, respectively, the Operating space and the Resource space),
yielding a simple pushdown stack. The distinction between these two memory
systems (with an expanded phonological loop housing at least one of them),
and the conflicts between global and local memory they often lead to, can be
illustrated well by the existence of syntactic illusions, such as in the sentence
‘More people have been to Russia than I have’, which speakers initially parse as
acceptable even though the sentence lacks a coherent interpretation
(Montalbetti 1984) (British writer and comedian Stephen Fry uttered a similar
type of sentence on the BBC programme QI, which is also meaningless: ‘It so
happens that more people in the world are bitten by New Yorkers every year
than they are by sharks’). More broadly, human memory seems to be composed
of a number of long-term systems and a separate, but interacting system
‘recording’ recent events which lasts a few seconds. The peculiar interaction
between what we remember briefly through this latter memory system and
long-term storage gives rise to the aspect of consciousness Edelman (1989)
refers to as the Remembered Present.

I would like to suggest that the initial {θ(γ)} code discussed earlier consti-
tutes the first workspace, and the subsequent {δ(θ)} code constitutes the
second. This would explain why left-inferior regions seem sensitive to syntac-
tic violations in fMRI and M/EEG paradigms, and why anterior temporal
regions seem to be implicated in semantic composition operations. If the
particular {δ(θ)} interactions predicted here are indeed human-specific, this
would go some way to derive the apparent uniqueness of the dual workspace
model proposed by Adger (2017) and others (as well as motivating the more
general Labelling Hypothesis I am defending here). As we have seen, many
studies point to the importance of δ in language comprehension, but from a
neurocomputational perspective CFC involving δ may also play a vital role in
the online construction of phrases, instead of purely entraining to phrasal units
(as in the Ding et al. 2016 model). In brief, the present proposal amounts to the
claim that the initial {θ(γ)} generates serial order, but since language requires
hierarchical order, an additional step – namely, a {δ(θ)} code through which
syntactic complexes are maintained in memory and thereby generating com-
plexes of complexes – may be required. When Adger (2017) recommends that
syntacticians ‘aim for an architecture that embodies the constraints rather than
representing them explicitly’, neurolinguists should respond by invoking the
aforementioned phase codes as evidence that the physical limitations of cogni-
tion arise from the coupling possibilities inherent in oscillatory behaviour and
are not externally imposed from some independent source in the overall
neurocomputational architecture.

There is also reason to believe that the cross-cortical γ rhythms triggering the
ensembles responsible for storing language-relevant features are widely dis-
tributed across the brain, and are not confined to the classical areas. Huth et al.’s
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(2016) fMRI study of the brain’s semantic maps not only revealed extreme
lateralisation (contrary to the left-lateralisation hypotheses regarding semantic
representations), it also revealed that across twelve semantic categories
(including ‘visual’, ‘violent’, ‘emotional’, ‘locational’ and ‘numeric’) a large
number of cortical areas were systematically activated when a word belonging
to each category was processed. Nevertheless, studies of phase–amplitude
coupling during working memory tasks using decomposition techniques have
demonstrated that the spatial reach of the phase-providing slow rhythm is
typically more widespread than the faster rhythm (Maris et al. 2011), a general-
isation which makes sense if the particular features extracted during phrase
structure-building are narrowly stored in specific cortical regions in contrast to
the source of slower rhythms, which can extend across full brain structures like
the thalamus and large portions of the hippocampus.

Taking a step back, the more general conclusion of recent literature on the
cognitive neuroscience of memory is that successful memory formation (in
contrast to unsuccessful formation, i.e. forgetting) is reflected in decreases in
low-frequency power (below 30Hz) occurring alongside increases in high-
frequency power (typically >40Hz). A comprehensive, dual MEG-iEEG (intra-
cranial EEG) investigation by Fellner et al. (2019) tried to dissociate distinct
memory formation processes. The authors discovered that decreases in α/β
power (8–20Hz) predicted the encoding of words but not faces, while increases
in γ power followed by decreases in θ power predicted memory formation for
both words and faces. Furthermore, these distinct relations could be tracked to
distinct brain regions, with α/β power decreases for words occurring at left
sensor sites including the inferior and middle frontal gyrus, the supramarginal
gyrus, and middle and superior temporal gyrus. Meanwhile, α/β decreases for
faces occurred at posterior sensor sites including lingual, occipital middle and
inferior gyrus in the right hemisphere.

These results also align with Beese et al.’s (2017) study of successful
linguistic memory formation across different age groups. Since processing
resources decline with age, Beese et al. recorded the electroencephalogram
from three age groups (twenty-four, forty-three and sixty-five years) during a
sentence comprehension task. Previous work has shown that syntactic but not
semantic processing is compromised in older adults (Poulisse et al. 2019).
Successful encoding in younger subjects resulted in α decreases, but as subjects
increased in age the strength of α decreases lessened to the point that, amongst
the oldest subjects, α increases were found. These results point to a change in
cortical inhibition-disinhibition balance across age groups, impacting verbal
working memory.

For our purposes, since power decreases (indicating a decrease in local
synchronisation) have often been found to co-occur with increases in long-
range phase synchronisation (Solomon et al. 2017), power decreases might
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therefore be something of a prerequisite for the formation of large-scale, fine-
grained connectivity needed for distributed representations. As such, the rela-
tionship between local power decreases and CFC is ripe for future research.
Fellner et al. draw the well-motivated conclusion that broadband shifts and
spectral tilts have limited explanatory value in terms of explaining the neural
dynamics of cognition, and a more fine-grained perspective dissociating mem-
ory processes (linguistic, visual, etc.) and power increases/decreases across
brain regions is needed.

Lastly, turning back again to linguistic theory, in the most recent model of the
generative enterprise Chomsky et al. (2019) and Chomsky (2019b) discuss a
fundamental question: When MERGE takes X and Y from a workspace (WS)
[X,Y] and forms the set {X,Y}, does it add this new object to WS, yielding
WS′ = [X,Y,{X,Y}], or does it instead replace X and Y with the newly formed
object, yielding WS′ = [{X,Y}]? Considerations of computational efficiency
lead Chomsky et al. (2019) to reasonably opt for the latter option. The fact
that the oscillatory model presented here holds that γ clusters slow to β for
maintenance is potentially compatible with this position on workspace
architecture, such that WS = [X,Y] (individual feature-sets itemised through
cross-cortical γ) is indeed ‘replaced’ with WS′ = {[X,Y]} by slower β-
generated representations (or, alternatively, the same γ-itemised units but
positioned at different points of the slower cycle), rather than newly formed
β-itemisation processes taking place alongside the maintained γ clusters.
Indeed, as Chomsky (2019b) discusses, recursion for language is different
to recursion for other cognitive modules: It involves what he terms
Resource Restriction, whereby a workspace is cleared and objects are
deleted from it. This limits computational accessibility, making syntactic
computation more efficient such that there are fewer objects possible to
manipulate. Likewise, a core function of CFC is to delimit the number of
phase-synchronised representations (e.g. limitations on the number of γ
items within θ), making rehearsal of the slower cycle a more straightfor-
ward process than if the phase were to frequently shift. As such, MERGE
effectively becomes what Chomsky (2019b) terms ‘Replace’ (an operation
rooted in the original definition of Merge in Chomsky 1995) whereby
objects are not sustained across the derivation but are replaced in the
workspace. Limiting accessibility is also computationally efficient, such
that MERGE/Replace can only operate on a limited number of representa-
tional types, like syntactic features but not certain semantic features or
workspaces. In fact, with sensory systems more generally, one of the brain’s
main functions is to limit what information it takes in, immediately dispen-
sing with the majority of data it receives. Oscillations, by targeting and
triggering very specific cell populations, in particular sequences across the
phase of slow rhythms, can implement part of this filtering process.
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In recent syntactic work which embraces this framework, Murphy and Shim
(2020) propose that the labelling algorithm can only operate over categorial
labels, such that non-categorial elements (e.g. Q, φ) cannot serve as phrasal
identifiers. The authors also discuss how labelling can be situated within the
syntactic workspace, and one might extend such a discussion and defend an
Economy of Labelling theorem, that if two workspaces have distinct numbers
of copies, the workspace with fewer copies is labelled (an idea within the
traditional Minimalist framework of the Merge-over-Move debate, which also
invoked competing derivations being assessed by the grammar, where ‘deriva-
tions’ are now seen as workspace histories). This extends Chomsky’s concern
of Resource Restriction to the domain of labelling, whereby the syntax is
limited to labelling workspaces with the fewest number of copies able to
generate a legal interpretation at the semantics interface. When syntactic
representations are merged (‘replaced’), they appear to do so across the smal-
lest possible search space (Larson 2015, 60):

General Restriction on Merge
Merge can only apply to an object in a given space if there is no possible Merge with an
object in a more constrained search space.

This notion is closely related to the ‘strong hypothesis’ entertained in Chomsky
et al. (2019, fn. 17) that ‘operations never extend [the workspace]’. These
proposals are all in line with moves already made in the literature to make the
derivation more cognitively oriented, taking into consideration memory and
search processes. Complementing Adger’s (2017) dual workspace model of
syntax, Ke (2017, 11) proposes the following:

Two-Phase Workspace Hypothesis
Narrow Syntax is able to keep two active phases, and no more, in the workspace at a
time. A phase is active in the workspace if it is not Transferred.

There are a number of instances where two separate workspaces are needed, as
when the lower phase contains unvalued features, such as in v*P-internal
subjects (where the external argument contains uf[-case]) or long-distance
wh-movement (the wh-phrase hosts uf[-q]). Experimental stimuli involving
these workspace-intensive processes would allow researchers to uncover the
oscillatory signatures of language’s dual workspace architecture.

By implementing a form of Resource Restriction, both labelling and the
currently proposed workspace model can be seen as arising from ‘third factor’
considerations. As such, this in turn motivates a neurobiological model of these
phenomena which is also grounded in (electro-)physiological constraints, such
as processes seeking minimal CFC distances and efficient ‘packaging’ of γ-
itemised representational data structures within the phase of slower rhythms
(and, in turn, packaging them at the most efficient point of the phase, such as the
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activity-intensive peak as opposed to the less-intensive trough period). As
reviewed earlier, it is becoming increasingly possible to motivate such an
account (e.g. the θ-γ code for working memory). Consider also the generative
thesis that MERGE is unconstrained and issues of labelling and ordering only
arise at the interfaces between syntax and interpretation/externalisation. This is
effectively analogous to the claim from theoretical neurobiology that repre-
sentational identity and sequence ordering is only put in place via neurocom-
putational algorithms such as the θ-γ code; that is to say, the third factors of
language design emerge from the biophysical design of oscillatory couplings.

Lastly, pertaining to these and some other concerns raised throughout this
book, a major form of evidence supporting the hypothesis that the language
system is optimised for computation (and not, say, communication) comes
through the observation that computational efficiency appears to be a feature
of biological organisation. Working on computational neuroanatomy, Cherniak
(1994) applied combinatorial network optimisation theory (Garey & Johnson
1979) to neural organisation and showed that ‘when anatomical positioning is
treated like a microchip layout wire-minimisation problem, the ‘best of all
possible brains’ hypothesis predicts actual placement of brains, their ganglia,
and even their nerve cells’ (1994, 89). Wire-minimisation therefore appears to
be a fundamental structuring principle of neural organisation, going far beyond
‘good-enough’ criteria. Likewise, Rieke et al. (1997, 267) note that while there
is no a priori ‘reason to think that […] physical limits are relevant to real brains’
and that ‘the design of the nervous system could be driven by completely
independent criteria’, they discuss a range of evidence for ‘performance close
to physical limits’ set by spike train entropy for the brain’s neurons, putting this
forward as ‘a general principle from which many aspects of neural coding and
computation can be understood’.

Overall, by minimising the language system’s phrase structure building
architecture, and by also minimising its reliance on (and the size of) memory
workspaces, contemporary labelling theory is gradually developing points of
possible contact with neurobiological models of memory and attention.

3.3.2 γ-Itemisation

I have assumed since the previous chapter that individual language-relevant
features are represented by γ cycles. These presumably exhibit a degree of
feature selectivity, in which a cell’s response depends strongly on a small
number of parameters and is maximal at some optimum value of these para-
meters (Rieke et al. 1997). But what precisely are these cycles? Regarding the
cellular mechanisms behind cross-cortical γ generation, the standard view is
that they are produced by single cells such as fast-bursting neocortical neurons
(Cardin et al. 2005) and neurons in the central lateral nucleus of the thalamus
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(Steriade et al. 1993). A more common mechanism of production is the
reciprocal interaction between excitatory glutamatergic and inhibitory
GABAergic neurons (Welle & Contreras 2017). More interestingly, these
oscillations are typically grouped into broadband γ (exhibiting a range of
spectral peaks) and narrowband γ (exhibiting little variation in frequency).
Welle and Contreras (2017, 247) note that while recent experimental work has
made some headway, ‘[t]he conditions in which these two types of gamma
oscillations are generated and their functional significance are largely
unknown’. Given the generic chunking and gating role of oscillations reviewed
here, I would like to suggest that narrowband and broadband γ parcellate
representations of distinct complexity during coupling with θ, such that broad-
band γ extracts complex linguistic features and narrowband γ extracts more
elementary representations. This matches the proposals made earlier concern-
ing slower γ cycles representing more complex features than fast γ cycles. An
experiment involving different types of syntactic and semantic features of
varying complexity would be an ideal way to test this working hypothesis.

Research by Saleem et al. (2017) and Storchi et al. (2017) appears consistent
with these ideas. For instance, these authors demonstrate that increases in
luminance (computing the amount of light in a single area) modulate narrow-
band γ, while the more complex notion of contrast (computing the difference in
luminance across two areas) involves broadband increases. In particular,
Saleem et al. suggest that narrowband and broadband γ represent distinct
channels of information transfer for distinct types of visual information.
Given that one of the major themes of recent neurobiology is the transformation
of domain-specificity into domain-generality, it is not unreasonable to suggest
that this distinction can be extended to the linguistic and other conceptual
domains, with these two major γ bands being responsible for transferring
distinct types of information of varying complexity.

Indeed, Artoni et al. (2019) have recently shed some light on this issue.
These authors constructed homophonous phrases with the same acoustic con-
tent but are interpreted as either NPs or VPs depending of their syntactic
context. After performing stereo-EEG (SEEG) recordings in epileptic patients,
they showed that VPs – which are more semantically complex than NPs –
elicited greater activity in the high γ (150-300Hz) range than NPs across
language-relevant areas. This reinforces a core proposal in this book concern-
ing the role of γ-itemisation in semantic processing.

Having explored what appears to be a legitimate, empirically motivated
neural code for hierarchical phrase structure, it seems reasonable to address
the broader topic of linking this code to findings in neurobiology ranging
outside language. A fruitful area to start this process is spatial navigation.
Constantinescu et al. (2016) have shown that the neural code which has long
been implicated in spatial navigation may also be implicated through the
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recruitment of grid cells in navigating more abstract representations, such as
conceptual space (see also Kriegeskorte & Storrs 2016). Recent work also
points to the same code being implicated in navigating auditory space. Aronov
et al. (2017) found that neurons involved in a task in which rats changed the
frequency of sound in their environment overlapped with spatial cell types in
the hippocampal-entorhinal circuit, such as place and grid cells, which, as the
authors conclude, may be involved in ‘supporting cognitive processes beyond
spatial navigation’ (2017, 719). Moreover, ‘[s]patially localized place and grid
codes might therefore be a manifestation of a general circuit mechanism for
encoding sequential relationships between behaviourally relevant events’. If
these and other domain-specific barriers are seemingly being broken – and
broken rapidly – in a manner which opens up considerable scope for investiga-
tion into the neural basis of conceptual representations, then the language
sciences should adapt flexibly to these emerging paradigms (see also Morton
et al. 2017). As we will see, this is not currently the case in major domains of
neurolinguistics, where many studies have embraced the ‘cartographic impera-
tive’ (Poeppel 2008) of confusing localisation for explanation.

Other related research indicates that the hippocampal-entorhinal complex
can encode spaces demarcated on the basis of transitions between discrete
items (Garvert et al. 2017). Epstein, Patai et al. (2017) note that each of the
navigation functions of parahippocampal regions involves a core distinction
between context retrieval and orientation. While these processes are clear to
adjudicate in the case of spatial navigation, it is currently unclear how they
might apply to semantic navigation. The authors plausibly speculate that
context retrieval in the case of semantics might involve ‘bringing up knowledge
related to a given topic’ (2017, 1510–1511), while orientation might involve
‘alignment to salient prototypes and axes in the corresponding semantic simi-
larity space’ (2017, 1511). As a result, hippocampal-entorhinal grid cells could
feasibly code for major features of the semantics-pragmatics interface, and
their evolution and development could contribute to an understanding of
certain conceptual and social cognitive capacities, while damage to this system
could result in an impairment of these functions. The importance of the
hippocampus does not end here. ‘Concept cells’ have been shown to fire in
the hippocampus when participants think about famous buildings or people
irrespective of the type of stimulus used to evoke these thoughts (Quian
Quiroga et al. 2005).

A study by Kaiser et al. (2008) showed that different γ rhythms of distinct
amplitudes code for different working memory items, and so it is likely that
different linguistic features are represented at distinct amplitudes (e.g. Number
features vs. Person features). Agreement or feature-checking (e.g. φ-feature
agreement followed by Q-feature agreement within the same syntactic cycle/
phase) may arise from the particular sequence of items extracted within a given
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oscillatory cycle, alongside the other mechanisms mentioned earlier for these
computations. Related work suggests that if the working memory load shifts
from sequentially ordered items to discrete visuo-spatial information, then {θ
(γ)} coupling is replaced by {α(γ)} coupling (Sauseng et al. 2005; see also
Nevins 2016 for a discussion of feature composition and motivations for
assuming that Number and Person features do not combine via symmetric
conjunction but rather through specific orders, possibly grounded in these
oscillatory mechanisms). The success of the human language system may
depend on how flexibly it can shift from one form of CFC to another, and
how the representations built by one coupling can be manipulated or enriched
by subsequent couplings. Fell and Axmacher (2011) point out that a major
overlapping region between working memory and long-term memory systems
is the medial temporal lobe, with a number of studies suggesting that phase
synchronisation in this region permits distinct memory systems to interact and
feed information between each other. Since this region is also crucial for lexical
memory, it is likely that phase synchronisation also permits lexicalised repre-
sentations to interface with external memory systems, allowing – amongst
other things – syntactic and semantic information about a given lexical feature
set to trigger particular memories.

Research by Sternberg (1966) suggested that short-term memory items are
recalled at a rate of one per 30ms, and this appears to be the approximate
temporal separation of γ cycles – possibly placing constraints on the number of
linguistic features able to be retrieved. Given that top-down, higher-level
processes involved in language comprehension begin to occur around 200–
600ms post-utterance (Skeide & Friederici 2016), this presumably presents
these γ rhythms with enough time to extract a number of features before top-
down processes (such as lexical-semantic categorisation and phrase structure
reconstruction, coordinated by slower rhythms) end and bind them into feature-
sets. This permits a natural transition to the well-established findings of the
cartographic literature, which has shown that 200–400ms post-stimulus lexical
information is sent from the left anterior superior temporal gyrus and superior
temporal sulcus to BA 45 and BA 47 via the fronto-occipital fasciculus, at
which point semantic relations between lexical feature-sets is determined via
interactions with the inferior parietal cortex (Binder et al. 2009). This is also in
line with Goucha et al.’s (2017) suggestion that posterior superior temporal
sulcus is involved in labelling, transforming a tree structure into a rooted tree
after syntactic categorisation.

It is also possible that clusters of features are recalled from memory at a
faster rate after a number of features have been activated together a number of
times (a process recently found to influence memory recall in mice; Cai et al.
2016), increasing neuronal excitability and biasing γ cycles such that the
triggering of one feature increases the likelihood of another being triggered.
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For instance, this process of increased excitability would ensure that clusters of
φ-features were activated in a successive sequence of γ cycles during phase-
locking with slower θ or β rhythms. As with the mouse brain (Cai et al. 2016), it
is conceivable that certain features share overlapping ensembles, with the
degree of overlap being based on frequency of activation or similarity of formal
properties (syntactic, semantic, phonological), increasing the efficiency of
linguistic computation.

Importantly, evidence that spike phase-locking during working memory main-
tenance occurs oftenwithout increases in firing rates suggests that it is the temporal
coordination and ordering of ensemble firing which the most fundamental feature
of representation manipulation, and not spike firing rate (Lee et al. 2005). Since
only a small number of faster rhythms can be embeddedwithin a θ or β cycle, there
is naturally less variance in ensemble ordering than in firing rate, which can vary
widely across cortical regions, and so the stable (relatively) ‘fixed’ nature of
semantic representations likely arises from the stability seen in ensemble orderings
rather than the contrastive variability exhibited by firing rates.

The ‘lexicon’ may consequently amount to stored time-frequency profiles,
with each item being composed of particular, sequentially excited and bound
feature-sets. To invoke standard set-theoretic notations, oscillatory embeddings
under the present model would permit the transformation of stored sets of
representations – {R1, R2,…,Rn} – into ordered sequences – <R4, R7, R3>.
Neural oscillations under this model act as a timing mechanism for controlling
the serial processing of linguistic features. There will certainly still be a need to
invoke processes such as cultural evolution to account for the ultimate com-
plexity of the grammatical system acquired by speakers, but this algorithmic
model can act as the foundation of this linguistic knowledge.

Along with novel cell structures, external constraints would also influence
the temporal serialisation of feature extraction: Ray and Maunsell (2015) note
that the coordination of γ phases across multiple, distant areas is difficult due to
conduction delays, mediated by myelin thickness and nodal structure. For
instance, a conduction delay of only 5ms could change the interactions of
coupled γ oscillators from constructive to deconstructive interference
(Pajevic et al. 2014).

Before moving on, it should be noted that while I have made the distinction
between broadband and narrowband γ, it is also necessary to consider the
different types of γ rhythms in cognition, rather than viewing γ as a monolithic
unit of cortical computation. The integration between broadband and slow (30-
50Hz) γ is an interesting case in this respect. Broadband γ correlates with
neuronal spiking; spiking is phase-locked to slow γ; and, in turn, fast γ exhibits
CFC with slow γ (Bahramisharif et al. 2016). The fact that recent studies of the
oscillatory basis of linguistic semantics and reading result in high γ responses
(with Bahramasharif et al. 2018 showing high γ responding in an item-specific
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way to certain letters) suggests that it reflects the spiking of cells that represents
specific items. Slow γ does not seem to be triggered in such an item-specific
way, and so slow γ power likely does not carry information via amplitude but is
rather responsible for temporally organising other signals (Bahramasharif et al.
2018). The rich degree of synchronisation between slow and fast γ also points
towards the possibility of multiple sites of representational coordination, rather
than purely slow δ-α coordinating cross-cortical representational extraction. It
is possible that the sites of slow γ rhythms act as relay stations between the sites
of slow rhythms and the ultimate representational content stored in broadband γ
clusters, necessitated and structured by specific projections. This proposal can
also be reconciled with recent findings that sites in frontal cortex that have
mnemonic activity exhibit brief and sporadic bursts of activity, rather than long
and sustained bursts. If information is encoded in synaptic weights (Lundqvist
et al. 2011) coordinated via γ(slow)-γ(fast) coupling, rather than specific dura-
tions of bursts, then persistent firing would not be necessary to maintain item-
specific representations.

Lastly, there is the more fundamental issue of what, precisely, γ oscillations
(and oscillations more generally) are arising from at the neurochemical level.
Since this topic goes beyond the neurocomputational and psycholinguistic
focus of this book, I will address it only briefly here. While Chapter 2 discussed
some of the apparent biophysics underlying oscillations, Leszczynski et al.
(2019) challenge some common assumptions by revealing that suprathreshold
but also subthreshold neural activity can contribute to broadband high γ (70–
150Hz) oscillatory signatures in primary visual and auditory cortex using
laminar multielectrode data in monkeys. As such, high γ origins ‘include a
mixture of the neuronal action potential firing and dendritic processes separable
from this firing’ (Leszczynski et al. 2019). Therefore, the neurochemical basis
for the present oscillatory code for language should not be assumed to be
strictly tied to neural firing patterns (i.e. multiunit activity).

3.4 Refining the Model

So far, we have implicitly assumed a rather simplistic model under which each
rhythm involved in language comprehension is generated in a macroscopic
brain region. The neurobiological validity of this assumption needs to be
questioned, and a potentially more realistic revision to the present oscillomic
model should be devised if it is found to be empirically indefensible.

3.4.1 Frequency Generators

The topic of single versus multi-frequency generators has only recently been
addressed in the literature, but it has been addressed comprehensively enough
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to permit a brief discussion of it here. Deco et al. (2017) reviewed a host of
resting-state studies and used them to compare two possible models of the
brain: one model stipulates that each brain area generates oscillations in a
single frequency, while a second model stipulates that brain areas can generate
oscillations in multiple frequency bands. Deco et al. obtained a best fit with the
resting-state MEG data they reviewed when multiple frequency generators
were placed at each local brain area in their computer model, indicating that
the brain most probably oscillates more dynamically during rest than has
typically been assumed. One immediate implication of this finding in the
present context is that the θ-γ feature-set combination procedure will likely
be able to extract muchmore local features in parahippocampal regions without
the threat of interference effects, with multiple regions within the hippocam-
pus, for instance, being able to oscillate at both frequency bands.

There also appears to be recent evidence that the present phrase-sensitive
oscillatory structures (slow δ rhythms) are constructed via a level of conscious
attention significantly degraded relative to the oscillatory structures responsi-
ble for constructing smaller linguistic structures such as syllables (faster β and γ
rhythms). In an MEG study, Kösem and van Wassenhove (2016) contrasted
acoustic and linguistic parsing using bistable speech sequences. Their partici-
pants were asked to volitionally maintain one of the two possible speech
percepts. Oscillatory entrainment tracked not only acoustic properties, but
also the participant’s conscious percept. Their results suggest that low-fre-
quency modulations are compatible with the encoding of pre-lexical segmenta-
tion cues, while high-frequency modulations specifically informed conscious
speech percepts. We can additionally conclude that the oscillations responsible
for constructing larger lexical and phrasal units are distinct from those respon-
sible for linguistic attention.

3.4.2 Basic Arithmetic

The oscillatory model defended in this book is an inherently ‘additive’ one: It
purely involves the generation of cross-cortical language-relevant features and
their combination into larger structures. Gallistel andMatzel (2013, 194) pose a
fundamental question which has not yet been addressed: ‘Complex computa-
tions reduce to sequences of the basic arithmetic operations. How are these
operations implemented and at what level of neural structure (circuit, cellular,
molecular)?’ The emerging picture I am developing here would suggest that
basic arithmetic operations over elementary representations generated by
neural clusters would occur through interacting, coupling rhythms. This is a
highly evolutionarily preserved series of computations; witness Howard et al.’s
(2019) discovery that the numerical cognition in honeybees enables addition
and subtraction, with the bees being able to use blue and yellow as symbolic
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representations for addition and subtraction. The derivational operations of
contemporary linguistic theory – word movement, feature copying and valua-
tion, agreement relations, semantic conjunction, feature deletion, and so forth –
can be summarised as implementations of basic addition and subtraction
processes operating over these generated feature sets. Section 3.7.1 will return
to this topic.

3.4.3 Coupling Concerns

There is also an emerging consensus that phase resetting of ongoing oscillatory
activity to endogenous or exogenous cues enables information transfer within
neural circuits and between distinct regions. Phase-resetting mechanisms that
facilitate CFC may even represent the construction of a cell assembly. The
phases of multiple oscillators can be reset via a burst of dopaminergic input
from the ventral tegmental area (see Gu et al. 2015). As Voloh andWomelsdorf
(2016) claim after reviewing the existing literature, ‘phase-resets can drive
changes in neural excitability, ensemble organisation, functional networks, and
ultimately, overt behavior’. Phase resetting permits ‘(1) the proper readout of
stimuli encoded in the phase; (2) the transmission of multiplexed information
over large anatomical distances; and (3) nesting of high frequency activity in
low frequency phase that increases the informational content of neural signals’.

The final point is potentially critical: One of the human-unique aspects of
language is its featurally rich lexical representations, which cannot be reduced
to simplex or binary structures and are rather composed of a cluster of distinct
syntactic, semantic and phonological features. This level of representational
complexity could possibly and feasibly be generated by more widespread CFC
yielding greater levels of representational information than that permitted in the
brains of other primates. As already mentioned, phase-aligned oscillatory
activity also permits multiplexing, or the encoding and decoding of multiple
information streams (Akam & Kullmann 2014) – precisely what is required to
bind the representationally distinct syntactic, semantic and phonological
streams of information which constitute any given lexical item. Multiplexing
allows the reconfiguration of connectivity and information types stored and
extracted from a given neural network (Akam & Kullmann 2014).

Moreover, and as briefly discussed earlier, there appears to be a human-
unique level of CFC diversity in the neocortex (Maris et al. 2016), with both
phase and frequency being modulated to transfer information stored in local
ensembles across distributed networks. Language evolution therefore almost
certainly involved some form of CFC tuning. More broadly, the encoding of
relations between events can be executed through oscillatory temporal relations
and their discharge sequences, such that organisms can learn that event X
systematically occurs after event Y due to the particular discharges responsible
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for each event (Singer 2018). These learning mechanisms likely involved in
establishing semantic relations between conceptual representations – simula-
tion studies attest that chains of conventional integrate-and-fire neurons are
able to transmit temporal information with great precision (Mainen &
Sejnowski 1995) – although how this is done in the human brain remains at
the horizons of current enquiry.What we can hypothesise with confidence is the
following: Since much of semantic structure appears to be innate in humans,
the responses of conjunction-specific neurons (labelled line codes) storing the
representations of such structures must be genetically determined, such that it is
determined which line codes are established, and hence which representations
are associated prior to experience. Recent findings have also suggested that,
although oscillatory synchronisation is often highly volatile and chaotic (non-
stationary, frequency variability, short duration etc.), whatever short bouts of
coherent synchronisation emerge they are nevertheless sufficient to contain
information about the contents of working memory and the direction of infor-
mation flow (Singer 2018).

In this sense, the computational properties of brain rhythms appear able to
implement some (perhaps all) of the core syntactic and semantic operations of
language. For example, the underlying physiology thought to generate γ
rhythms seems suited to forming cell assemblies and expediting neural com-
munication via rhythmic coherence (see Cannon et al. 2014 for a review). It is
possible that the human-unique levels of CFC diversity documented by Maris
et al. (2016) emerge out of what Lourenço and Bacci (2017) discovered to be
‘human-specific, very powerful excitatory connections between principal pyr-
amidal neurons and inhibitory neurons’, which they found to be highly plastic.
In particular, given the crucial role of these cells in generating brain rhythms,
this indicates that human-specific levels of plasticity seen in certain microcir-
cuits might result in novel oscillatory couplings, and hence novel forms of
information transfer between brain regions. The precise forms of oscillatory
behaviour generated by these forms of plasticity remains an open question, and
one ripe for future experimental research. As mentioned, it seemingly only
takes brief bouts of phase synchronisation to execute complex computations
relevant for higher cognition, which indeed makes the experimental task of
finding, say, language-relevant δ-θ coupling more difficult, but it nevertheless
makes the challenge all the more legitimate. These dynamical concerns not
only provide a more comprehensive picture of the language system than
classical models, but they also chime well with recent developments in neuro-
physiology, which indicate that a single brain function (with the exception of
basic reflexes) cannot be performed with a small number of cells or an
individual brain structure. Instead, several areas are activated at once, coordi-
nated by oscillatory dynamics, in particular during higher cognitive processes
(Yener et al. 2016).
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3.4.4 Plasticity

This issue of plasticity brings with it other implications for neurolinguistics.
Higher order cognitive functions develop idiosyncratically across individual
brains, and so neurolinguists should look for a more generalisable neural code
for language than one tied strictly to one fixed region, a code able to be
executed independently of where core steps in the processing of recursively
embedded syntax may be implemented. Certain changes in the brain through-
out development are known to be genetically determined and are experience-
independent, whereas others are experience-dependent, which require the
reception of certain input from the environment. Developmental data in neu-
rotypical and impaired brains indicate that the neural organisation for language
is neither predetermined nor strictly domain-specific (Kiran & Thompson
2019). Reallocation of distinct hemispheric resources, strengthened anatomical
connections via increased white matter density, increased coherence among
regions, and increases and decreases in neural activation can all occur during
major periods of phonetic learning (Zhang & Wang 2007), and though there is
currently a poverty of data, it is likely that other linguistic developmental
processes are established via these processes. There is also evidence in favour
of pluripotentiality, the notion that cortical tissue is able to undertake a wide
range of representations depending on the timing of development and length of
exposure (Bates 1999). The possible neuroanatomical centres of higher lan-
guage development (i.e. areas involved in phrase structure generation) may
differ between individuals, but in line with the data reviewed in this book it is
likely that the candidate areas will nevertheless be restricted to temporal and
inferior frontal sites. Under the form of emergentist perspective on domain-
specific cognitive function adopted in this book (i.e. that ancient neural
mechanisms were recruited in the service of new, domain-specific tasks, rather
than all domain-specific features of language having genetically dedicated
subcircuits), domain-general neural mechanisms used by higher linguistic
processes like phrase structure building are still nevertheless recruited in the
service of their earlier cognitive functions (memory, motor planning, predic-
tion, etc.) and have thereby ‘kept their day jobs’, as Bates (1999) would put.
Plasticity is not some form of emergency procedure which is only called upon
in times of crisis (e.g. lesions), but is part of normal, healthy brain function.

Perhaps the most dramatic form of evidence in favour of the present neural
code thesis (as opposed to standard functional localisation theses) comes from
the finding that the visual cortex of congenitally blind individuals is called upon
for processing syntactically complex sentences (involving movement opera-
tions) but not for a sequence memory task involving pseudowords or for
processing complex mathematical equations, indicating that this region can
support the computation of sentence-level syntax (Lane et al. 2015). The
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so-called ‘visual’ cortex therefore seems able to execute the appropriate oscil-
latory code for constructing and maintaining complex phrasal units.

Given all this, and considering broader implications from neuropsychology
and neurorehabilitation, I believe it less defensible to claim that region X is a
‘syntax region’ or a ‘semantics region’ than it is to claim that certain brain areas
appearmore likely and are more susceptible to have circuits set during maturity
which code for certain functions. There is no species-universal, fixed syntax
area (although each individual will likely, by maturity, have a fixed network
dedicated to it), contrary to virtually all models in current neurolinguistics.
Many such models are based on fMRI findings, which are averaged over group
databases, indicating which regions are the most common, likely areas of
syntax-specificity. But since this is not generalisable across all neurotypical
subjects, let alone all brain types, we need a different account for language in
the brain: a more abstract, generalisable neural code which can be implemented
via different circuits across different regions. There will presumably be many
factors determining where in the brain higher language functions are set,
including intrinsic anatomical connectivity and cell type, but these factors are
currently on the horizons of exploration. For example, Saygin et al. (2016)
showed that the fixation of the so-called visual word form area in children at
age eight was not based on functional responses they found at age five, but
could rather be predicted by connectivity fingerprints. This possibly reflects a
more general mechanism of development, whereby reading acquisition piggy-
backs off pre-existing circuitry.

Gomez et al. (2019) also provide a Pokémon-themed exploration of this
topic, and they effectively come to the same conclusion about recently emerged
stimuli (i.e. both written words and Pokémon are, in evolutionary time, extre-
mely recent) piggybacking off pre-existing circuitry through development.
Subjects who had extensively played the GameBoy masterpiece as children
tended to have a specific part of occipitotemporal sulcus which was sensitive to
images of Pokémon, while subjects who were sadly deprived of this experience
did not show this sensitivity. Hence, there was no innate ‘Pokémon region’ but
rather an innate ability to coordinate and fix circuitry to the specific task of
identifying Pokémon. More generally, the further away we move from direct
primary sensory regions and towards higher cognitive processes, the less
rigidly fixed the neuroanatomical basis appears to be, varying considerably
across individuals based on their history and independent genetic factors
influencing neural organisation.

3.4.5 Ironic α Decreases

The oscillatory model for language developed in this book maintains that CFC
can coordinate activity across distant cortical areas as a way of integrating

1793.4. Refining the Model



information from different representational domains, giving rise to the combi-
natorial power of human cognition and, in particular, linguistic computation.
The role of the α band is crucial in this model, but I have so far not dedicated
much attention specifically to the computational properties of this rhythm –
having focused on δ, θ, β and γ – and so this section will briefly address this.

Due to the inherently inhibitory nature of α, it is likely that this rhythm
(generated, for instance, via pulvinar connectivity with early/visual parietal
cortex) inhibits a given region permitting only the most excitable representa-
tions to be triggered. This α inhibition and information gating could contribute
to the efficient coordination of the present {θ(γ)} coupling model. The α band
would therefore act to shield the ongoing concatenation of features from
irrelevant information, which are otherwise excitable; a form of ‘protection’,
for Roux and Uhlhaas (2014). Effectively, increased parieto-occipital α is
thought to reflect functional inhibition of certain processing streams, e.g. the
dorsal visual stream would be inhibited during visual working memory tasks,
preventing the processing of irrelevant information. Hence, as demands placed
on verbal working memory increase, so too does occipital α activity (Proskovec
et al. 2019). Noguchi and Kakigi (2020) also report that fronto-parietal α (and
also β) activity increases with visual working memory load. This would con-
stitute a particular implementation of the ‘inhibition-timing hypothesis’ of
Klimesch et al. (2007), according to which α can inhibit task-irrelevant neural
circuits, increasing in amplitude over irrelevant regions. For instance, Friese et
al. (2013) discovered that successful memory encoding not only yielded
enhanced {θ(γ)} phase–amplitude coupling, but also decreased prefrontal and
occipital α (see also Kaplan et al. 2014 for evidence of the role of {θ(γ)}
coupling in spatial memory retrieval, with their θ source being the medial
temporal lobe, and also Tamura et al. 2017 for evidence that hippocampal-
prefrontal {θ(γ)} coupling reflects a compensatory mechanism to maintain
spatial working memory performance during environments of increased diffi-
culty). Likewise, Michelmann et al. (2016) found that when subjects mentally
replayed a short sound or video clip, α decreases were found in sensory-specific
regions. Pursuing a similar research agenda, and using simulated neural net-
works, Gips et al. (2016) also showed that inhibitory αmodulation coupled to γ
serves to temporally segment visual information, preventing an overload of
information. Finally, α decreases at right fronto-temporal sites were also found
when clear syllables were temporally expected, with a longer foreperiod dura-
tion (Wilsch et al. 2015); these expectancy effects also appear in language, with
increased semantic predictability leading to reduced parieto-occipital α
(Wöstmann et al. 2015).

The role of α seems well suited, then, to Headley and Paré’s (2017) descrip-
tion of certain generic oscillatory mechanisms, which may play something of
an administrative role: ‘They may serve as general-purpose mechanisms that
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enable the efficacious encoding and propagation of activities within and
between networks, while at the same time being blind to their information
content’ (see also Meyer et al. 2013).

Explorations of discourse processing have also shed some light on the likely
computational roles of α. Regel et al. (2014) contrasted literal and ironic target
sentences which followed a particular context; in turn, the literal contexts were
either grammatical or contained a syntactic violation. They discovered α
decreases and θ increases in response to ironic sentences and syntactic viola-
tions, in comparison to grammatical literal sentences. Akimoto et al. (2017)
also discovered greater α desynchronisation in the right anterior temporal lobe
in response to ironic relative to literal sentences. As a result, α desynchronisa-
tion might index greater processing demands (intention of others, theory of
mind, etc.), or at least a ‘broader’ processing network, for irony
comprehension.

Wianda and Ross (2019) also provide evidence for distinct functional roles
for α which can be executed in parallel, with α desynchronisation being found
during memory encoding in a Sternberg memory task, and α power increases
during memory retention in the same task. The authors found that α-γ phase–
amplitude coupling (in the upper α band) also revealed centres of local com-
putation involved in encoding and retention. This phase–amplitude coupling
depicted a hierarchy of information flow from frontal to temporal and occipital
brain areas. Recent findings about α in language processing can likely be
subsumed to an extent by this multi-function model of encoding and retention
in higher cognition.

The finding that α is generated in the thalamus and hippocampus (Buffalo et
al. 2011) lends further support to the roles defended in this book for subcortical
structures in language comprehension, and the spatial proximity of thalamic
and hippocampal rhythms suggests that the above-mentioned oscillomic model
of feature-set composition could be implemented highly efficiently, with mini-
mal conduction delays (see also Kleen et al. 2016). The susceptibility of
particular circuits to synchronise with α is modulated by cholinergic and
serotonergic mechanisms alongside glutamatergic afferents acting via metabo-
tropic receptors (Uhlhaas et al. 2008). Both metabotropic glutamate receptors
(mGluR) and muscarinic acetylcholyn receptors (mAchR) generate thalamo-
cortical α, with this distinction being of particular functional relevance: Vijayan
and Kopell (2012) tested a conductance-based thalamic model of awake α
which demonstrated that mAChr-generated α supports information processing
during tasks, while mGluR-generated α performs the role discussed earlier of
shutting out interfering information. Thalamic α has also been implicated in
modulating cortical γ power, and is also suited to synchronise distinct cortical
regions oscillating at α (Gips et al. 2016), increasing the likelihood that it plays
an important role in phrase structure building and semantic composition.
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Thalamic, hippocampal and frontal α and θ rhythms may consequently act
as, respectively, inhibitory and control processes which modulate γ-related
processes involved in the retrieval and activation of language-relevant features,
with β then being employed in the maintenance of existing feature-sets in
memory (see also Crandall et al. 2015 for evidence of neocortical control of
thalamic gating, enhancing the role of the thalamus in higher cognitive func-
tions). Whether θ or α are involved in synchronising γ would likely depend on
which γ-itemised regions are implicated and the ‘size’ of the feature-set needed
to be constructed.

Altogether, this suggests that linguistic communication and the interpreta-
tion of speech/gesture/sign results in multiple brains being coupled together,
their oscillatory activity in some degree of synchrony. Taken with the more
established findings that β desynchronisation is involved in the execution and
processing of active and passive movements (Neuper et al. 2006) and the
observation of another person’s movements (Babiloni et al. 2002), and con-
sidering also Hickok’s (2014) convincing rejection of the supposed centrality
of mirror neurons in social cognition, we could conclude that a more appro-
priate metaphor for how the brain interprets other minds might be ‘mirror
rhythms’.

One final study sheds some further light on the computational properties of α.
Piai et al. (2016) used EEG to explore context-driven word retrieval in patients
with a left-temporal stroke (100 per cent overlap between patients in the middle
temporal gyrus) and healthy controls. Retrieving an appropriate word from
memory resulted in α-β desynchronisation at left temporal and inferior parietal
lobe sites in healthy controls, but the brains of patients recruited identical right-
hemispheric sites to perform this task (there being no significant difference with
respect to task performance between patients and controls). Piai et al. also found
hippocampal θ to be modulated by the amount of contextual linguistic informa-
tion provided by their experimental sentences, which again indicates that para-
hippocampal θ is involved in the presently proposed θ-γ code. This points
oscillatory investigations in a particular direction for lexical retrieval during
sentence comprehension, and it also suggests a potential role for posterior
transcallosal white matter connections via the splenium in right-hemisphere
language comprehension. Indeed, the role of the right hemisphere in language
comprehension is becoming much clearer with recent MEG forays into natural
speech processing (Alexandrou et al. 2017).

Overall, while there is likely a specific role for α in certain brain regions in
early-stage phrase structure building, the fact that α responses (in the form of
(de)synchronisation, but also coupling) are found across such a wide range of
linguistic processes suggests that it acts as a general information and attentional
mechanism, e.g. with the magnitude of α desynchronisation being proportional
to the degree of cortical activation.
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3.5 Further Topics in Memory, Attention and Combinatoriality

The question of how the neural code for language interfaces with other
cognitive systems will likely be the central topic of future research in
neurolinguistics. An emerging theme in this book is that research into
non-linguistic systems can help improve our understanding of the oscilla-
tory dynamics employed by the language system. This will involve an
engagement with the literature on memory, attention and combinatoriality,
working out how best to incorporate these findings within a coherent
oscillatory model of language.

3.5.1 Hippocampal Binding

As one of the leading research groups exploring the computational properties of
θ, Hanslmayr et al. (2016) review the experimental literature from rodents and
humans and suggest a general trend: While hippocampal {θ(γ)} phase–ampli-
tude coupling mediates the binding of distinct episodic memory representa-
tions, the desynchronisation of slower neocortical rhythms (α and β) also
appears to mediate the encoding of episodic memories, exposing the inhibitory
role of α in aiding successful memory encoding and retrieval by other regions
of the brain. The hippocampal synchronisation system therefore appears to
bind information, while the neocortical desynchronisation system stores the
representational content. Both episodic memory and language involve the
binding of discontiguous representations such as distinct memories and unre-
lated semantic features (a hallmark of linguistic creativity exhibited in, for
instance, polysemy). This crucial computational similarity may imply that both
systems recruit the same hippocampal-neocortical system for aspects of their
representational triggering and storage.

There are also interesting comparative directions opening up with respect to
explorations of the neurobiological basis of episodic memory: Panoz-Brown et
al. (2016) report for the first time that rats can remember multiple episodic
memories encoded in different contexts, suggesting that this capacity is not
unique to humans, and that the well-known oscillatory basis of memory in rats
could inform discussions of human memory.

More generally, since it is situated at the terminus of the processing pathway,
the hippocampus is assumed by Hanslmayr et al. (2016) to be involved in
learning and interpreting complex conjunctive representations, whereas more
atomic representations are interpreted in regions further towards and including
the neocortex. A fascinating, unanswered question surrounds the mechanistic
interaction between these two systems: At the neural level, how do slower
hippocampal rhythms (and indeed other closely situated subcortical slow
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rhythms) relate to faster neocortical ones? Further research is required in order
to address this question.

The role of the hippocampus in language may also range beyond what has
presently been described and speculated. For example, recent work by Ellamil
et al. (2016) points in very promising directions, demonstrating the central role
of the hippocampus in spontaneous thought generation (often termed ‘mind-
wandering’, which putatively takes up 20–50 per cent of daily life;
Killingsworth & Gilbert 2010), with a large portion of the region’s neurons
being equally involved in short-distance and long-distance connections (see
also Kucyi 2018). This may also explain some of the qualities of spontaneous
thought, such as the fact that they often contain semantic representations ‘of
wild diversity and content’, as the authors put it, since these hippocampal long-
range connections interface with numerous cortical regions responsible for
storing a variety of representations. If spontaneous thought were generated in
another, less densely connected region, it would likely exhibit a greater degree
of semantic regularity. It may also be the case – as argued in Teyler and
DiScenna’s (1986) hippocampal memory indexing theory – that through retain-
ing indexes of neocortical representations, these hippocampal ‘memory traces’
achieve an archetypal role of word meaning as typically conceived by seman-
ticists, namely that individual lexical items are instructions to build concepts
(Pietroski 2018), and instructions for the language system to employ distinct
cognitive systems to construct a larger, richer representation.

The hippocampus, then, could not only explain core features of what
Ellamil et al. (2016, 195) call ‘the restless nature of our minds’, but it could
also more specifically shed some light on lexical semantics (see also Mišić
et al. 2014 for evidence that the hippocampus is a crucial convergence zone
for information flow). Above all else, these observations reinforce the
central position subcortical structures should occupy in any neurolinguistic
model.

3.5.2 Cartographic Reconciliation

We have so far covered much ground with respect to brain dynamics and brain
shape. Some attempts have also been made to reconcile traditional cartographic
neurolinguistic models with the one emerging in this book. However, some
issues concerning functional neuroimaging remain to be addressed before this
chapter can progress to a number of final refinements to our understanding of
the oscillatory nature of language. This will allow us to properly situate the
literature on memory, attention and combinatoriality within the context of
linguistics.

Biophysiological research has conclusively shown that the cortex operates
via interactions between ‘feedforward’ and ‘feedback’ information, projecting
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between deep and superficial layers (Larkum 2013). The set of feedforward γ
rhythms employed in the present oscillatory model of language would be
mostly generated in supragranular cortical layers (L2/3) (Maier et al. 2010),
while hippocampal θ would be generated via slow pulses of GABAergic
inhibition as a result of medial septum input, part of a brainstem-dienceph-
alo-septohippocampal θ-gene rating system (Vertes & Kocsis 1997). The
interactions between the hippocampus and medial prefrontal cortex necessary
to focus attention on language-relevant features (considering the conclusions of
Lara &Wallis 2015 on the role of prefrontal cortex in working memory, which
stressed the centrality of attention rather than storage, and also the conclusions
in Morton et al. 2017 regarding the role of the medial prefrontal cortex and
hippocampus in memory integration) may be mediated through an indirect
pathway passing through midline thalamic nucleus reuniens (Jin & Maren
2015). Empirically speaking, this model is compatible with the finding that
sentences containing licit lexical categories result in increased γ relative to
sentences involving violations of word category (Bastiaansen et al. 2010).
Differences in θ power are known to exist for function words versus content
words (Bastiaansen et al. 2005; a finding incorrectly reported in Friederici et al.
2017, 131 as differences in γ power, despite Bastiaansen et al. 2005, 535 stating
that ‘we were not able to analyse activity in the gamma frequency range’),
indicating at least some role for θ pockets of distinct sizes (or memory traces) in
accommodating different types of linguistic representations.

Friederici’s (2016) claim that BA 44 and its dorsal fibre connections to the
temporal cortex ‘support the processing of structural hierarchy in humans’ is
therefore not incorrect, but is rather a piece of a larger system found in the
language-ready brain (see also Zaccarella & Friederici 2015, and also Bulut et
al. 2017 for evidence that the familiar left inferior frontal and anterior temporal
regions are implicated in processing Chinese sentences, stretching beyond the
usual list of Indo-European languages tested, and finally Bradley et al. 2017 for
evidence that BA 44 is sensitive not just to hierarchically organised Noun
Phrases – as in Zaccarella & Friederici 2015 – but also Verbs Phrases, Adjective
Phrases and Preposition Phrases). Indeed, structural hypotheses regarding
language comprehension and production are necessarily limited by technology:
fMRI may (and in fact appears to) implicate distinct structures from, for
instance, MEG. Relying solely on fMRI to build a cartographic model of the
language system will lead to hypotheses ignoring the dynamical nature of the
brain’s activity.

If there is no specialisation in the brain for complex syntax, but there is for
lexical-semantic processing (as is shown in Siegelman et al. 2017), why is there
so much focus on BA 44 and dorsal stream activity in the literature? The reason
may be that the dorsal stream corresponds fairly well to domain-general
regions, which suggests that the domain-general executive system is
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responsible for interpreting complex morphosyntax. The fact that there is
specialisation for lexical information simply supports the present γ-itemisation
model, in which distinct regions are specialised for certain representations and
semantic categories.

Zaccarella and Friederici (2017) review the neuroimaging literature and
suggest (in contrast to Friederici 2016) that the most ventral anterior portion
of BA 44 may be the seat of ‘the Merge computation’. Although there are a
number of reasons to believe this model to be highly reductive and neurobio-
logically implausible (as discussed earlier), this fMRI literature nevertheless
needs to be reconciled somehow with the oscillatory framework developed
here. I would like to suggest, building on earlier observations, that the language
system exploits BA 44 as part of its external memory during phrase structure
building; while the oscillatory phase code outlined in this book is responsible
for structure building operations, circuits in BA 44 are used to maintain sets of
feature-sets; and given what has been discussed here, the prediction which
follows from this is that this region would exhibit β increases during this
process. In newborns, the dorsal pathway connecting BA 44 to the posterior
temporal cortex is not fully formed with respect to its myelination (Perani et al.
2011), presumably barring the development of this phylogenetically young
(relative to most cortical structures) memory buffer. Crucially, the development
of this pathway throughout childhood correlates with performance on hier-
archically structured sentences (Skeide et al. 2016), suggesting that while the
pathway is indeed important for external syntactic memory (the more mature
the pathway, the more complex the structures it is able to ‘send’ to the inferior
frontal memory workspace), it is not essential for structure building computa-
tions (although further evidence is needed to elucidate the precise role of the
dorsal pathway in syntactic processing). Furthermore, minimal linguistic hier-
archies such as two-word phrases seem to trigger no significant activation in
subcortical regions in fMRI experiments, suggesting either that these regions
become more sensitive to maintaining and (re)analysing larger structures, or
that fMRI itself is not sensitive to tracking the dynamic activation in these
regions during minimal phrasal construction.

Due to a recent subparcellation of BA 44 into five subregions (Clos et al.
2013), each of which likely contributes functionally distinct processes to
linguistic computation, Zaccarella et al. (2017) close their fMRI study of
simple phrasal constructions by commenting that ‘[f]uture investigations on
merge may want to use highly detailed parcellation maps to allow for a finer
grained structure-to-function cortical mapping’. But this cartographic research
programme will lead to a conceptual dead end. Even if particular syntactic and
semantic sub-operations could be correlated with particular subregions of BA
44, this would be of limited theoretical value. Functional studies can only take
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us so far; oscillatory investigations have the potential to build far stronger
bridges between linguistic theory and neurobiology.

Nevertheless, what the cartographic programme can say with confidence is
that cortical regions relevant for language in the left hemisphere share a similar
multireceptor organisation. Zilles et al. (2014) constructed a receptoarchitec-
tonic ‘fingerprint’ of areas shown to be involved in syntactic processing, and
demonstrated a remarkable similarity between BA 44 (both ventral or dorsal
parts, BA 44v and BA 44d), the inferior frontal sulcus, the posterior temporal
gyrus and sulcus, and the posterior superior temporal gyrus. This common
molecular structure for the cortical syntax network is likely an evolutionary
novelty, although further receptoarchitectonic studies with non-human pri-
mates will be required to explore this topic in greater detail.

3.5.3 Grounding Memory and Attention

Oscillatory research into the development of attentional mechanisms will be
crucial for language scientists attempting to explain fundamental features of
linguistic behaviour. Recent work shows a direct correlation between the
emergence of endogenous attentional mechanisms (mind-internal directed
attention, in contrast to exogenous attention, directed at the environment) and
the ability to track non-adjacent morphosyntactic dependencies, both emerging
at around twelve to fifteen months (de Diego-Balaguer et al. 2016). Infants also
display a bias such that words featuring adjacent reduplications (such as
neenee) are easier to learn than non-reduplicated words (Ota & Skarabela
2016). This occurs due to exogenous attentional mechanisms maturing earlier
than endogenous ones. Ota and Skarabela (2018) more recently suggested that
register-specific reduplications of the kind found in infant-directed speech
evolved as a response to a predisposition in infants to parse words featuring
adjacent reduplications better than words without such reduplications.

Recent work suggests that spatio-temporal patterns of processing syntacti-
cally complex, memory-demanding sentences result in left parietal α increases,
while higher β is found for long- relative to short-distance dependencies (β is
more generally implicated in the maintenance of existing cognitive sets; see
Engel & Fries 2010; Sheng et al. 2019). A possible reason for this is that the
greater working memory load needed to resolve long-distance dependencies
requires a higher frequency band to synchronise the cell assemblies implicated
in the feature-sets of the filler and gap; certain assemblies would be preacti-
vated by the filler (since dependents share a subset of their features). As
Grimaldi (2019) summarises, ‘beta synchronization serves to bind distributed
sets of neurons into a coherent representation of (memorised) contents during
language processing’.
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Elaborating on the earlier discussion concerning the presently proposed
oscillatory code for language, because γ is modulated by cloze probability
(Wang, Zhu et al. 2012) {θ(γ/β)} synchronisation may be the central mechan-
ism of feature-set binding within phrase structures, with γ being responsible for
semantic prediction and feature-binding (compositional meaning) and β being
responsible for syntactic object maintenance (monotonic labelling) and possi-
bly also feature-binding, depending on the format of the feature. Much recent
work has shown that β is sensitive to syntactic violations (Kielar et al. 2014,
2015) along with semantic incongruities (Wang, Jensen et al. 2012), with β
power decreasing when such anomalies occur. An interesting part of these
findings is that such β decreases were found not just in standard perisylvian
‘language’ regions, but also large areas of occipital cortex and parts of the
superior frontal gyrus. Supporting the present assumptions about the role of β in
labelling, recent work has also correlated cortico-basal ganglia-thalamic loop β
with working memory (Parnaudeau et al. 2013). Lastly, memory formation of
verbal material has been linked with β power decreases in the left inferior
frontal gyrus. Suggestions that this link is a causal one come from an rTMS
study revealing that synchronising the left inferior prefrontal cortex at β
(~18.5Hz) impaired verbal memory formation (Hanslmayr et al. 2014). The
entrained β oscillations also persisted for ~1.5s after stimulation, leading to an
‘entrainment echo’.

A recent study concerning episodic memory also made a small step towards
the goals for neurolinguistics outlined here. Heusser et al. (2016) showed that
episodic sequence memory is supported by a θ-γ phase code, such that ‘ele-
ments within an experience are represented by neural cell assemblies firing at
higher frequencies (gamma) and sequential order is encoded by the specific
timing of firing with respect to a lower frequency oscillation (theta)’. This
should surely boost the confidence of language scientists trying to show that
some form of phase–amplitude coupling is responsible for basic aspects of
syntactic and semantic feature composition. Given that baboons have recently
been shown to be capable of accurately storing the linear position of single
episodes (Noser & Byrne 2015), a comparative neuroethological approach to
episodic memory could easily be adopted. Interestingly, Heusser et al. found
phase–amplitude decreases over items in a sequence in left lateralised and left
posterior MEG clusters, not increases. This was due to the broadening of the γ
distribution over a θ cycle. This finding also closely matches the work of Vaz et
al. (2017), who discovered that successful memory formation resulted in
phase–amplitude coupling decreases in left temporal lobe (θ coupled to low
γ), left and right inferior frontal gyri (θ coupled to high γ), and medial temporal
lobes along the parahippocampal gyri and the right orbitofrontal cortex (α
coupled to low γ). This suggests that these two anatomically distinct sites of
coupling were responsible for two different memory processes which are
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ultimately responsible for successful episodic memory encoding. Over-cou-
pling may therefore place certain limits on cortical processing flexibility.
Alternatively, as argued by Vaz et al. (2017), phase–amplitude decreases may
be due to the fact that γ cycles are distributed over a greater number of phase
bins of the slower rhythm.

In more recent work, Bahramisharif et al. (2018) asked participants to retain
a sequence of three letters for several seconds, and showed that γ representa-
tions of the individual letters peaked at distinct phases of the θ/α (7-13Hz)
cycle: γ representations of the first letter peaked earlier in the θ/α cycle than the
second letter, and the second letter earlier than the third. Thus, the θ/α cycle
appears to organise the sequence, dictating the order of representational encod-
ing. The γ rhythms ensure that cell populations putatively coding for individual
elements fire approximately 20ms after the preceding cell population fires.
Given the cluster of syntactic and semantic features attributed to individual
lexical items during comprehension, this ~20ms time course can readily be
exploited by the language system to activate and rehearse word-internal repre-
sentations. For example, the cortical phase code supported by Bahramisharif et
al. (2018) – or an analogous one – could ground the serial representation of
items in language processing. Mapping this neural code onto linguistic repre-
sentations and real-time language processing, as proposed here, can take a
number of potential experimental routes.

These mechanisms can also shed potential light on the implementational
basis of the syntactic notion of multidimensionality. Consider a structure such
as ‘The young, eager, happy, either going to Oxford or Cambridge, pleasant
man’. These forms of modificational structures are unbounded and unstruc-
tured, can involve coordination involving disjunction (‘either X or Y…’), and
are highly complex semantic structures. CFC could implement the ‘Pair-
Merge’ operation typically invoked in the linguistics literature (a form of
adjunction, not modifying the hierarchical structure of the element it adjoins
to, which can be reduced to a set-forming process, Oseki 2015) to yield multi-
dimensional structures, with multiple points of phase-synchronised contact
between γ-itemised units representing each item. More specifically, consider
the proposal in Griffiths and Fuentemilla (2020) for how θ-γ coupling can
construct episodic memories interrupted by event boundaries (e.g. a conversa-
tion interrupted by a disruption, and then continuing afterwards). These authors
suggest that during the course of the first event (i.e. the first part of the
conversation), each element of the ongoing event is coded for by a unique
hippocampal cell population locked to a discrete phase of the θ cycle. The event
model is maintained as a θ-γ code for the event’s duration. These are by now
standard assumptions; however, Griffiths and Fuentemilla propose an innova-
tion, such that as the event unfolds and becomes more complex, new cell
populations coding for new elements of the event are added to the end of the
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existing θ-γ code (along the lines of the system in Heusser et al. 2016 discussed
earlier). This procedure could readily map to elements in the multidimensional
structure (‘young, eager, happy…’) which make the structure increasingly
complex. When an event boundary is encountered in Griffiths and
Fuentemilla’s system – or, for us, when an interruption occurs in the multi-
dimensional structure such as a shift in categorial format to, for example,
disjunction – the θ-γ code is rapidly replayed to facilitate additional retroactive
encoding of the finalised event representation, most likely reflected in a spike in
hippocampal activity after the boundary. Through this process, the current
event/structure becomes conjoined (Pair-Merged) with the original event/struc-
ture. As proposed earlier, slower δ interactions with this θ-γ complex would
also be needed to index and monitor the phrase structure identity of the units
constructed, unlike in the case of Griffiths and Fuentemilla’s (2020) episodic
memories, which involve no such hierarchical structure.

To again briefly elaborate on proposals made earlier, in the model I am
pursuing here α is assumed to play an important inhibitory role, but I would
additionally like to suggest that it is closely related to θ cycles such that α can
coordinate feature-sets organised by θ. Since α is a crucial part of domain-
general attentional mechanisms, I will adopt the claim in Jensen et al. (2014)
that direct attention is allocated only to the first items in a given θ- or α-
constructed sequence, and that the final (and hence least excitable) items are
processed pre-attentively. Along with explaining a number of visual phenom-
ena (see Jensen et al. 2014), it is possible that this mechanism is responsible for
certain facts about language, such that, quite often, only certain features of a
given word or phrase come to attention during sentence comprehension and are
made ‘prominent’. The firing of particular neural clusters representing a given
feature X could also engage fast GABAergic inhibition (a result of γ activity)
and inhibit the firing of clusters representing feature Y. Indeed, it has been
found that patients with attention deficit hyperactivity disorder exhibit
impaired control of posterior α (Mazaheri et al. 2010), and it is possible that
these sorts of oscillatory connectomopathies could explain deficits in cognitive
functions reliant to some extent on attention.

A recent thesis by Heinz (2016) includes novel experimental work confirm-
ing some of these proposals. Heinz asked participants to perform two tasks
demanding short-term retention of visual working memory items. EEG results
suggested that α oscillations reflect the implementation of an attentionally
selective executive control process which inhibits task-irrelevant processes
and supports the stability of active item retention.

The assumptions of the present oscillatory model are also supported by a
self-paced reading study which monitored oscillatory dynamics. Vignali et al.
(2016) had participants read syntactically and semantically well-formed sen-
tences, sentences containing a semantic violation, and word lists. Fixations at
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semantically unrelated words elicited lower β desynchronisation, while γ
power increased as well-formed sentences were processed. This γ effect was
not found with word lists. In addition, θ power increased in the 300–800ms
window after sentence onset in well-formed sentences, but not during word
lists, lending support to the present hypothesised role of θ in memory retrieval
and syntactic ‘chunking’ operations. A further advantage of the present model
is that it points to the compatibility between dynamical systems approaches to
the brain and more traditional computational models which treat the brain as a
digital computer. These perspectives are not incommensurable if we assume
that particular discrete computational operations are executed via dynamical
properties of neural oscillations.

This account, if accurate, would serve as part of a model for the neural
formatting of human thought. Human-specific diverse phase relations (Maris et
al. 2016) would permit a greater degree of featural ‘size’ via the range of cross-
coupling information gating. Similar approaches (accompanied by hodological
research into the pathways responsible for a given CFC relation) could be taken
to the oscillatory behaviour of non-human ape brains (a topic returned to later).

In the present model, bottom-up γ would rapidly shift the ongoing set of
featural representations through a standard feedforward mechanism, updating
hippocampal θ and the widely distributed inter-areal β. The responsibility for
linking distinct cortical areas into neurocognitive networks (NCNs; Bressler &
Richter 2015; otherwise known as coordinative structures; Kelso et al. 2013),
or large-scale, self-organising cortical networks, likely falls to β. Bressler and
Richter (2015) claim that this rhythm plays dual roles, being implicated in NCN
maintenance and transferring top-down signals to lower levels in the cortical
hierarchy, e.g. the γ range (see Lewis & Bastiaansen 2015, Lewis et al. 2015).
Supporting evidence comes, for instance, from seminal work by Klimesch et al.
(2001) which demonstrated that interpreting pseudowords resulted in
decreased β power over left frontal and left parietal regions relative to real
words. This model is compatible with the need for phrases to be labelled via
two (domain-general) sub-processes, mentioned earlier: object maintenance
(keeping the constructed set in memory) and property attribution (affording the
set an independent computational identity), since β would be able to simulta-
neously maintain an object as a cognitive set (via its steady or increasing
amplitude) and attribute a specific representational property to it (via top-
down feed-back and transferring prediction signals).

Work by Fedorenko et al. (2016) using intracranial recordings has also
revealed monotonic γ increases over the course of sentence processing during
both reading and listening, a finding absent during the reading of nonword-lists.
Since nonword-lists result in higher cognitive demand, the γ increases during
sentence comprehension are most likely due to an underlying neurocomputa-
tional procedure which derives the structure of the sentence, constituting
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support for the model proposed here. Interestingly, Fedorenko et al. found
distributed γ increases across the fronto-temporal language network, rather
than narrowly localised activation, going against more classical models and,
again, supporting the notion that cross-cortical γ clusters are implicated in
sentential feature-set construction. This study underscores the need for neuro-
linguists to explore possible algorithmic models to explain their data, rather
than redescribing their results through embedding them in rhetorical construc-
tions in the manner of Fedorenko et al. (e.g. associating dynamic processes like
‘γ increases’with higher-order, complex, multifaceted cognitive processes like
‘successful comprehension’).

EEG experiments conducted by Lewis, Lemhӧfer et al. (2016) indicate that
when gender features are mismatched, β immediately decreases relative to
gender agreement. This effect is present in L2 speakers only when they are
explicitly asked to focus on the ungrammaticality of the gender violation;
normal reading does not yield this β decrease. These results at once suggest
(contrary to the actual conclusions drawn by Lewis, Lemhӧfer et al. 2016) that
focusing purely on individual rhythms will not deliver a comprehensive model
of phrase structure building and feature-set construction, since β in this instance
seems to be modulated more by attentional load than any necessary structure-
building operations: Phrases are constructed whether the L2 speakers are
consciously focusing on ungrammaticalities or not, and yet a β difference is
found. Indeed, number agreement violations seem to not modulate β at all
(Davidson & Indefrey 2007), although the evidence here is mixed since Pérez
et al. (2012) found α and (exclusively) low β decreases after subject-verb
number agreement violations (‘The cook3sg *cooked2sg …’). These decreases
after agreement violations typically occur alongside θ increases, pointing to the
recruitment of additional lexical access resources (e.g. Kielar et al. 2015).

Yet the present oscillatory model also crucially diverges from an NCN
account. To claim that β fluctuations denote NCN revisions is to restrict one’s
theory of neural computation to the most general, psychological level of
analysis, and the operations and sub-processes of representation construction
remain at a distance. The few current oscillatory models of sentence compre-
hension that exist (Lewis & Bastiaansen 2015; Vignali et al. 2016) all rely on
basic notions such as rhythmic increases and decreases, and little else besides.
Attempting to construct serious linking hypotheses by keeping solely to experi-
mental constructs like β desynchronisation, without exploring the processes
that give rise to such effects, is to commit the same mistake correlational,
functional imaging studies have done for decades, limiting theory construction
purely to immediate empirical observables.

Other recent work suggests that rhythmic modulation is far from a baroque
procedure, occurring not only between cortical micro-columns but also within
them. A study of human temporal neocortex detected γ in superficial layers and
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also θ in supra- and infragranular layers (Florez et al. 2013). The γ phase lagged
behind the θ phase, pointing to an influence on θ from deep to superficial layers.
It is noteworthy for our purposes that γ was strongly modulated by the θ phase.
If emerging research suggests that temporal cortical regions are saturated with
phase-modulating oscillatory activity, this should point neurolinguists in new
directions for exploring the implementation of linguistic computation.

3.5.4 Reservoir Computing, Discrete Results and the Syntax of Silence

At this point, concerns will naturally arise about the explanatory scope of the
oscillome. To what extent can this model of neural dynamics – informed as it is
so deeply by findings from research into non-linguistic cognitive domains –
suffice with respect to linguistic computation? Exploring a branch of recurrent
neural networks – reservoir computing – may provide additional neurocompu-
tational power to the present oscillomic model. Enel et al. (2016) discuss how
mixed selectivity in cortical neurons is generated by randomly connected
recurrent networks, with this mixed selectivity contributing to the representa-
tion of diverse situations which an organism can then use to respond appro-
priately in novel contexts. With reservoir computing, the recurrent networks
are fixed, and learning only changes the connections these fixed neurons have
to output neurons, not the networks themselves. Enel et al. (2016) summarise
that ‘[t]he fixed recurrent connections provide the network with an inherent
high dimensional dynamics that creates essentially all possible spatial and
temporal combinations of the inputs which can then be selected, by learning,
to perform the desired task’. The ability to recombine past and present sensory
inputs allows reservoir networks to generate mixed selectivity in order to
deliver what Enel et al. (2016) call ‘pre-coded representations of an essentially
universal set of contexts’.

Reservoir computing involves the arbitrary combination of present and past
sensory inputs via circuit loops, something of potentially great use to a lan-
guage system which exhibits novel combinations of seemingly discrete and
fixed representations. It would be worth investigating whether language-rele-
vant regions of the left inferior frontal cortex such as Broca’s area, along with
middle temporal regions and subcortical structures implicated in language,
exhibit reservoir computing capacities, with recurrent networks of the kind
explored by Enel et al. potentially generating stored (neurally fixed) lexical
representations which can be accessed and deployed in novel situations, acting
as a particular perspective the brain imposes on the world of sensory experi-
ence. In other words, since learning only changes the connections that fixed
neurons have to output neurons and not the actual networks, this combination
of representational persistence alongside implementational dynamism is pre-
cisely the kind of granularity that models of the lexicon could be formulated at.
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Related research has shown that the output cells of reservoir networks can feed
back into these networks and act as working memory via an input-driven
attractor which can maintain this information (Pascanu & Jaeger 2011).

These ideas have been implemented by Hinaut and Dominey’s (2013)
reservoir network, through which BA 47 receives recurrent online input related
to word categories with plastic cortico-striatal connections. Hinaut and
Dominey exploit the homology between the cortico-striatal system and reser-
voir computing, with recurrent frontal cortical networks being the reservoir and
plastic cortico-striatal synapses being the readout. The authors showed that this
network can successfully decode grammatical structure from sentences
through generating parallel sets of predictions about sentence meaning,
which are confirmed or updated during processing. Szalisznyó et al. (2016)
followed up on this work to show that cortico-striatal language pathways utilise
this reservoir logic to dynamically adjust for syntactic complexity during
online processing and assign thematic roles, suggesting that this is a neurobio-
logically realistic model of language comprehension.

In tandem with reservoir logic, another potential way to ground basic
features of linguistic computation is via sequences of ‘Discrete Results’, or
discrete spatio-temporal functional units formed by fast-spiking interneurons,
which is the name Castejon and Nuñez (2016) give to the cortical mechanism of
extracting, coding and memorising neural information. The authors discuss
how a synchronised network of fast-spiking inhibitory cells can control a
spatially distributed set of excitatory pyramidal cells, forming an ensemble.
Fast-spiking interneurons limit the temporal window during which action
potentials can be created, and so pyramidal cells are more likely to fire at
precise temporal points. As a result, there will also be a cycle of no spiking,
creating what Castejon and Nuñez call ‘Silent Gaps’, and this cyclic nature of
pyramidal firing within ensembles defines Discrete Results. As the authors put
it, ‘[i]nformation is encoded in the precise relations between temporal struc-
tured discharges’. They add that ‘discrete cortical processing can be dynami-
cally adjusted to meet the finest processing resolution depending on perceptual,
task or attentional demands’. Evidence for this view includes data showing that
perceptual coding and discrimination are enhanced by increasing fast spiking
(Lee et al. 2012). It may be that this cyclic process of forming Discrete Results
produces the emergent phenomenon of neural oscillations at the population
level of ensembles. The Discrete Results model also permits the same cells to
be implicated in multiple representations, with only modulations in Silent Gaps
being needed.

While Merchant (2001) can point theoretical syntacticians in the direction of
a ‘syntax of silence’ for ‘omitted’ or ‘elided’ structures like in ellipsis and
sluicing (e.g. ‘Someone called but I can’t say who <called>’, where the lower
copy is not pronounced), this issue of spiking gaps can also lead neurolinguists
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to a discussion of the (neural) syntax of (spike) silence. Li and Tsien (2017)
propose a Neural Self-Information Theory, according to which neural coding
operates via the self-information principle under which variability in the time
durations of inter-spike-intervals is self-tagged with discrete information. As
such, different periods of spiking inactivity would carry different information,
depending on the variability-probability distribution of the inter-spike-interval.
Inter-spike-intervals which have a high probability (e.g. the balanced excita-
tion-inhibition ‘ground state’ is the most highly predictable) would therefore
carry minimal information, while extremely transient or prolonged silence
would carry more information. The ways in which patterns of spike silence
can influence larger-scale forms of synchronised oscillatory behaviour is a
topic for future research.

3.5.5 Modelling Phrase Structure Generation via Phase–Amplitude
Coupling

Phase–amplitude coupling is a diverse phenomenon, as this book has demon-
strated. Yet, if our understanding of the neurochemical basis of oscillations
appears opaque, then our understanding of the biophysical basis of phase–
amplitude coupling is even more so. Theoretical neurobiologists disagree on
how precisely to mathematically capture this phenomenon. This section aims to
embed the present oscillatory model of language more directly within these
nascent frameworks, although a more concerted effort to comprehensively
describe the properties of various coupling processes will be left for future
work.

Theoretical neuroscience is based on the proposal that methods from mathe-
matics and physics can provide insight into nervous system function (Dayan &
Abbott 2001). Embracing this proposal, consider first how a core tenet of signal
processing is that a linear output from an input-state-output system will have a
frequency profile identical to its input. For nonlinear systems, energy at a given
frequency in the inputs appears at different frequencies in the outputs. This
results in CFC between two sources, when the output of one source provides an
input to another (Chen et al. 2008; Kramer & Eden 2013; Sotero 2015).
Pyramidal cells can produce a range of intrinsic dynamics based purely on
the type and localisation of conductances, such that a combination of sodium,
potassium and calcium conductances yield simultaneous γ and θ signatures on
tonic depolarisation. We have already suggested that CFC, supposedly gener-
ated by these neurochemical dynamics, plays a role in neural computation.
There are currently two main schools of thought with respect to modelling
these neural population dynamics, each of which can potentially provide
insights into the nature of oscillatory coupling (see the seminal review in
Sotero 2015, from which much of this discussion is adapted). One approach
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involves neuronal networks where individual cells are described by Hodgkin-
Huxley-type equations (using multiple compartments for the soma, axon and
dendrites, or alternatively single compartments for computational simplicity;
White et al. 2000), and the other approach involves neural mass models
(NMMs) where only the average activity of neuronal populations are enter-
tained, putting aside second-order statistics (i.e. variance and covariances)
(Jansen & Rit 1995). Both of these provide a potential means of studying
phase–amplitude coupling.

One way to construct an NMM is to suppose that each neural population
executes two mathematical operations, following Jansen and Rit (1995): (1)
conversion of postsynaptic potentials into the average density of action poten-
tials, modelled via a sigmoid function; (2) conversion of action potentials into
postsynaptic potentials via a linear convolution with an impulse response
function (which describes the evolution of a variable along a time horizon
after a given moment, a concept used in signal processing and economics;
Hamilton 1994, 318–320). The Jansen-Rit model is achieved when the impulse
response function has the following form:

gðtÞ ¼ Gkte�kt

This yields a system of second-order differential equations describing the
dynamics of postsynaptic potentials across neural populations. This model
invokes pyramidal cells, excitatory interneurons and inhibitory interneurons,
and is described by a system of second-order differential equations:
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x0 is the excitatory postsynaptic potential feeding into the two populations of
interneurons, and x1 and x2 are, respectively, excitatory and inhibitory post-
synaptic potentials entering into the pyramidal population. Γ1-4 are the connec-
tion strengths between populations, and the EEG signal is assumed to be
proportional to x1(t) – x2(t) (see Sotero 2015 for details of how this model
can be realised through δ-α phase–amplitude coupling)

As indicated, models of phase–amplitude coupling generation consist of
inhibitory networks (White et al. 2000) or networks with both inhibitory and
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excitatory cells (Spaak, Zeitler et al. 2012). For example, considering the
former (Inhibitory-Inhibitory networks, or I-I networks) White et al. (2000)
provided a simulated hippocampal inhibitory network with fast and slow
interneurons which generated θ-γ phase–amplitude coupling under certain
fixed conditions. Their network was comprised of single compartment neurons
modelled with the Hodgkin-Huxley formalism, where i = 1,…, N counts the
number of cells in the network, Ii is the applied current, and η is normally
distributed noise:

C dVi
dt ¼ Ii ¼ INa ¼ IK ¼ IL ¼ IS þ η

Sodium (INa), potassium (IK), leak (IL) and synaptic (IS) currents are given as:

INa ¼ gNam
3
∞
hðVi � VNaÞ

IK ¼ gKn4ðVi � VKÞ
IL ¼ gL ðVi � VLÞ
IS ¼

XN

j¼1

gs;j
N sjðVi � VsÞ

In White et al. (2000), synaptic conductances gs,j were valued as fast to fast
cells, fast to slow cells, slow to slow cells or slow to fast cells (further equations
for the gating variables h, n and s are in White et al.; see also Sotero 2015 for
discussion). Phase–amplitude coupling was achieved when there were strong
connections between the same populations, or weaker connections between
populations (in particular, from fast to slow populations). Modelling the cou-
pling dynamics of the language network should therefore follow these insights,
such that the forms of phase–amplitude coupling proposed in this book as being
responsible for generating phrase structure building would be predicted to
occur as a consequence of either strong within-population connections or
weak between-population connections where the directionality of coupling is
from γ to δ, or γ to θ, or γ to α. Hülsemann et al. (2019) also provide evidence
that of all the methods of computing coupling, only the generalised linear
model cross-frequency coupling (GLM-CFC) method and the modulation
index (MI) can detect biphasic coupling.

Continuing with this particular form of coupling, and shifting focus from I-I
to Excitatory-Inhibitory (E-I) networks, consider how the hippocampus is also
composed of pyramidal cells. Kopell, Börgers et al. (2010) develop a model
comprised of pyramidal cells, fast-spiking basket cells and oriens lacunosum-
moleculare (O-LM) interneurons. The outputs of these O-LM neurons are
projected as slow inhibitory postsynaptic potentials onto the distal apical
dendrites of pyramidal cells. Basket cells and O-LM cells were modelled
with a single compartment, while pyramidal cells were modelled by five
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compartments (one for basal dendrites, one for soma, three for apical den-
drites). Along with sodium, potassium, leak and synaptic current (as mentioned
earlier), Kopell, Börgers et al. (2010) also considered two additional currents:
the h-current and the A current (see Tort et al. 2007 for further details and
equations for each compartment). The results indicated that O-LM cells alone
can coordinate cell assemblies, and that a single θ rhythm can coordinate
different cell assemblies with distinct γ frequencies.

Applying these insights to the present model, it seems neurobiologically
plausible to suggest that the hypothesised δ-θ, δ-γ and θ-γ interactions claimed
here to form the core component of phrase structure building rely on an
additional dynamic mechanism: modulation of γ-itemisation via amplitude
coordination by slower rhythms, and hence a phase–amplitude coupling-
based manipulation of representational format and complexity.

More recently, Sotero et al. (2019) investigated the interactions between
different temporal scales of information flow in complex networks to better
understand the basis of phase–amplitude coupling. They looked at two types of
networks, Erdős-Rényi networks and scale-free networks. The former type is a
random graph where each possible edge has the same probability p of existing,
and the degree of a node i(ki) is defined as the number of connections it has to
other nodes. The degree distribution P(k) of the network is a binomial distribu-
tion, decaying exponentially for large degrees k, permitting only small degree
fluctuations. The other type of network, scale-free networks, is constructed on
the assumption that new nodes in a network are not connected at random but
with high probability to those which possess a large number of connections (i.e.
hubs). In these networks, P(k) decays as a power law, yielding scale-invariance,
permitting large degree fluctuations.

Sotero et al. found that scale-free networks facilitate phase–amplitude cou-
pling between slow and fast frequency components, while Erdős-Rényi net-
works facilitated coupling between slow frequency components. As such, it is
likely that regions of the brain hosting forms of slower couplings responsible
for phrase structure building in the present model (e.g. δ-θ and δ-β couplings, in
addition to slow phase-phase coupling) host certain properties of simulated
Erdős-Rényi networks.

The final part of Sotero et al.’s (2019) analysis involved comparing phase–
amplitude coupling between Alzheimer’s disease patients and healthy controls.
They found that the strongest form of phase–amplitude coupling in both of
these populations was across a particular pathway, a right superior frontal-right
medial orbitofrontal-left superior frontal pathway. The phase–amplitude cou-
pling pathway that increased the most for Alzheimer’s disease patients was left
insula-left pars opercularis-left superior temporal, suggesting a hyperactive
level of coupling strength relative to healthy controls. This issue of over-
coupling has been discussed elsewhere (Murphy & Benítez-Burraco 2016),

198 A Neural Code for Language



and appears to relate to perturbations in information flow and may also be
caused by white matter degradation (Wang et al. 2015), but this finding is also
potentially relatable to the existence of certain language deficits in Alzheimer’s
disease, since this pathway cuts across major portions of language-relevant
cortex. For instance, naming disorders, impaired auditory and written compre-
hension, fluent but empty speech, and semantic paraphasia have all been
documented as typical deficits in Alzheimer’s disease (see Szatloczki et al.
2015 and references therein). This issue, along with the others addressed in this
brief section, are ripe for future experimental and modelling work.

3.6 Implications and Qualifications

The remainder of this book will attempt to make some final qualifications with
respect to the implications of assuming an oscillatory perspective of language.
For instance, what are the implications for language development, philosophy
and other neighbouring domains? Afterwards, the final section of this chapter
(3.7) will discuss how to further extend the neural code presented here.

3.6.1 Language Acquisition and its Implications for the Oscillome

Although I have so far paid little attention to the topic, electrophysiological
studies of infant and child language processing will be crucial in furthering our
understanding of the growth and development of the oscillome, since the
developmental characteristics of human oscillatory behaviour are far from
well understood. To take one of the very few current examples of this,
Schneider et al. (2016) recently showed θ and β power decreases in adults at,
respectively, left frontal and parietal sites and right parietal sites during the
processing of ungrammatical sentences. These results were not replicated in
children, despite similar abilities to detect ungrammatical construction. The
children instead displayed an N400 effect at ungrammatical words while adults
showed a greater P600 effect (see also Schneider & Maguire 2019). These
results suggest that syntactic neurocomputational mechanisms go through
various, dynamically marked developmental stages.

Continuing this line of research, Leong et al. (2017) used EEG to show that
infants not only entrain to the speech rhythm, but appear better prepared for this
than adults. Examining gaze-directed speech in which an adult spoke to an
infant, partial directed coherence (PDC) was computed for all pairwise con-
nections at all EEG frequencies. PDC is a directed measure of statistical
causality (How much does i predict j, independent of j’s history). Leong et al.
showed that phase coupling was weaker when the adult speaker shifted their
gaze away during speech in θ, α and β (see also Schoch et al. 2017, who explore
across-night dynamics of slow oscillations in children).
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A study of γ synchronisation in children also revealed greater synchronisa-
tion when a representation of two objects was held in memory during occlusion
relative to one object, reflecting object maintenance demands rather than
sensory processing and lending support to the present claim that γ power
reflects the generation of item sequences from across cognitive domains
(Leung et al. 2016). Medial temporal lobe θ rhythms increased when partici-
pants successfully linked two distinct memories. These rhythms were synchro-
nised with the medial prefrontal cortex, an area involved in storing knowledge
networks. Increased hippocampal-medial prefrontal cortex θ coupling appears
to be causally implicated in memory integration (Backus et al. 2016).

What is also needed is a more extensive investigation of the oscillatory
activity of infants during complex thought, before they acquire language.
Much of the language neural network is already in place (left-lateralised)
before birth, suggesting that exposure to speech is not necessary for the
oscillatory basis of elementary syntax to develop (Dehaene-Lambertz 2017).
Moreover, Winkler et al. (2018) explored the ontogenesis of embedding
through implementing nested relations in tone sequences, hence minimising
perceptual and memory demands. They examined five-month-olds’ brain
responses in two auditory oddball paradigms, presenting sequences with one
or two levels of embedding, interspersed with deviant sequences violating
embedding rules. Event-related potentials indicated that the infants were sen-
sitive to the embedding violations. The study which most closely approximates
an extension of these interests is Brookes et al. (2018), who used MEG to
investigate stationary (i.e. time averaged) and rapidly modulating (dynamic)
electrophysiological connectivity in participants aged nine to twenty-five
years. They found that stationary functional connectivity (gauged via inter-
regional coordination of neural oscillations) increased with age in α and β
bands, particularly in bilateral parietal and temporo-parietal connections.

The topic of bilingualism is of great relevance to oscillatory studies of
language, given its potential to refine (and falsify) hypotheses about the role
of certain bands and frequency interactions in language processing. To take a
recent example, Burgaleta et al.’s (2016) study of bilingual brains revealed
significantly expanded subcortical structures relative to monolinguals, loca-
lised in bilateral putamen, thalamus, left globus pallidus and right caudate
nucleus. The caudate has also been implicated in lexico-morphological proces-
sing (Fiebach et al. 2004) and has been argued to support syntactic operations
(Kotz et al. 2009) – pushing the language system even further beyond the
classical regions.

These global (and indeed globular), dynamic concerns also speak to Gallistel
and Matzel’s (2013) assessment that, as a fundamental mechanism of synaptic
transmission, the properties of long-term potentiation cannot explain the prop-
erties of associative learning and memory. As Fitch (2014b, 392) writes, we
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should be ‘under no illusions that the theory of computation, with its stacks and
queues and rewrite rules, provides anything even close to a final model of
biological computation’. Along with being able to describe how the brain
performs large-scale interregional computations (potentially moving towards
alleviating Fitch’s anxiety), oscillatory phase hierarchies may support the
extraction of morphological representations (see Leong & Goswami 2015 for
related discussion). These considerations, and the experimental oscillatory
literature reviewed here, suggest that there is a genetically specified computa-
tional mechanism in the human brain for hierarchically organising feature sets
and for allowing the transference of information from distinct memory and
perceptual systems to the system responsible for constructing and holding in
memory such feature sets (broadly, the ‘language system’).

Fitch also favours a single-neuronmodel of representational storage, through
which single neurons carry discrete representational information and may even
be responsible for individual representations. Indeed, there are a number of
reasons to be wary of any model which places the synapse at the centre of
representation/memory formation (for excellent discussion, see Trettenbrein
2016), and so single neurons may be a more fruitful place for investigation
(even if synaptic plasticity itself is likely not wholly irrelevant for learning and
memory). As Trettenbrein (2016) summarises the literature: ‘[M]emory per-
sists despite synapses having been destroyed and synapses are turning over at
very high rates even when nothing is being learned.’ Pursuing this intuition,
Ryan et al. (2015) suggest that synapses should be understood as providing
‘access points’ to information already stored within cells. Linked memories
furthermore appear to share synaptic clusters within the dendrites of over-
lapping neural populations, and the locus of protein synthesis shapes the
structure of the memory trace (Kastellakis et al. 2016). Explorations of single
neuron-based representations (though, as argued earlier, likely not computa-
tions, which require larger dynamic systems) will be an important venture in
the coming years; yet as Kristan Jr. (2016, R950) notes, this task faces a number
of obstacles:

[S]ome perfectly good neurons have no processes, some vertebrate neurons do not
generate action potentials, and some small (less than a millimeter in any dimension)
invertebrate animals get along just fine without fast action potentials in any of their
neurons.

3.6.2 Processes and Processors

It seems from what has been reviewed that memories and representations are
(somehow) stored within cells, and that synaptic connectivity simply provides
ways of accessing them. It also appears that the neural basis of representations

2013.6. Implications and Qualifications



is getting gradually smaller (i.e. the cellular and subcellular level), while the
neural basis of computations is getting larger (i.e. systems level oscillatory
interactions). Verguts (2017), for instance, can note that different neural popu-
lations which have their spiking patterns modulated by γ rhythms are, ‘pre-
sumably, cognitive representations’. For now, exploring the neural basis of
computations and their oscillatory basis seems like a more manageable task
than investigating representations. Despite leaving representations at a safe
distance, this approach permits a renewed understanding of the classical soft-
ware/hardware distinction, which Sternberg (2011, 158) succinctly defines as
‘the distinction between processors and the processes that they implement’ (see
also Jirenhed et al. 2017).

Be that as it may, Gallistel (2017b) also points out that computational
operations necessarily operate over the objects that carry the information
about which they are computing. In the design of a computing machine, he
argues that it is vital to place the computing part as close to the information-
carrying part as possible. As Sterling and Laughlin (2015) summarise:
‘Compute with chemistry; it’s cheaper.’ This puts neurolinguistics and compu-
tational neuroscience into a major conflict: As noted, while the source of
representations is getting smaller, the putative source of operations is getting
larger. Therefore, part of the computational operations themselves must be
carried out also at the cellular level. Relatedly, the proposed γ pockets respon-
sible for processing language-specific features constitute only the beginning of
a full neurophysiological account, which will ultimately extend to lower-level
biophysics. For now, experimental work investigating the localised oscillatory
basis of particular linguistic features can help distinguish the role of different
cell types in language, much like how oscillatory research into spatial memory
has helped elucidate the role of place cells.

Returning to the hardware theme, in modern humans there is increased
fronto-cortical connectivity and a more developed role for the subplate in
achieving this, which likely altered the structural and functional role of cortical
γ oscillations. The evolution of the subplate additionally aids language network
interconnectedness, which relies not only on axon pathways but on the syn-
chronous firing of cortical cell assemblies transmitting information between
each other (although in what format this ‘information’ is stored remains
unclear). This gives rise to γ, essential for higher cognition. Relatedly, fast-
spiking interneurons such as chandelier cells play an enhanced role in humans
relative to other species, aiding the cortex in transmitting longer sequences of
information (Molnár et al. 2008). Different interneurons can compete to gen-
erate the same γ rhythm, as Clowry (2014, 227) summarises:

The degree of involvement of each cell type dictates the frequency of the network
rhythm within the gamma band. This ability to switch between frequencies opens up the
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possibility for a group of neurons to bind with different neuronal assemblies depending
on which frequency channel was in operation.

As previous sections have shown, there is a dense literature on the functional
role of brain rhythms in a number of cognitive domains, which could inform
major debates in the field of linguistics. For instance, Jensen et al.’s (2012)
approach to the visual system’s prioritisation of salient unattended stimuli
claims that γ rhythms phase-lock to posterior α- and β-oscillating regions to
form a clocking mechanism sequentially activating particular visual represen-
tations, such that object X in a given scene is interpreted before object Y,
imposing general cognitive set-constructing rules of efficiency. At oscillatory
peaks, α or β inhibition would prevent neural firing and only the most excitable
clusters would be able to fire, with less excitable ones firing at later stages of the
slow cycle (see also Jensen et al. 2014). CFC may consequently be able to
connect segmentation/parsing with representation decoding/interpretation,
with oscillations (implementation) being the mechanism to address segmenta-
tion (computation) via coupling and phase resetting (algorithm). This type of
multidimensional perspective on language can already be found in Bechtel’s
(1994) model of mechanistic explanation, in which different levels of descrip-
tion are composed of discrete entities with causal-explanatory force between
each level. Instead of coming up with new names for the Language/Logic of
Thought (à la Hauser 2016) or tweaking and revising models of the Italian left
periphery and addressing other computational concerns, it may be more ben-
eficial (both to linguistics and neurolinguists) if efforts were instead made to
discard as much of the ‘attendant logico-philosophico-mathematical baggage’
(Tomalin 2006, 188) carried by modern linguistics and retranslating or re-
embedding only the bare minimum required for hierarchical phrase structure
building into the biological and neurophysiological sciences (returning to an
original goal of the minimalist programme).

It is also well understood within the linguistics literature that there exists a
‘lexical’ layer (composed of ‘content’ words like John, likes andMary) which
interacts with a ‘functional’ layer (composed of question and tense words like
did and what). A more globular brain may have resulted in richer interactions
between the neocortical regions storing conceptual representations and sub-
cortical structures responsible for building feature-sets, introducing the duality
of semantics (Chomsky 2000) through which content and function items
interact via hierarchical relations. Interestingly, as noted by Miyagawa et al.
(2013), the lexical layer seems capable of recursive embedding, whereas the
functional layer seems more restricted; for instance, no language can generate
structures like {cp{tp{cp{tp…}}}}. Since this functional layer shares other
similarities with birdsong syntax, and since songbirds share a number of
homologous neural structures putatively responsible for their ‘phonological
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syntax’, the possibility arises that the oscillomic code responsible for depth-one
hierarchical structures is also shared across humans and songbirds, and it would
follow from this that the feature-set algorithm proposed earlier is responsible
for the recursion exhibited not simply by the lexical layer, but rather by the
interaction of the two layers: Lexical elements alone cannot generate
unbounded hierarchical structures (e.g. ‘book want’, ‘Sam watch’), and it is
only with the introduction of functional items or morphological elements that
the novelty of human language syntax arises. There is a notable component of
rhythmicity to this interaction: Lexical and functional elements are often
combined in sequence, as in the following phrase:

(10) {L ate {F the {L pie {F that John ate}}}}

It is possible that some of the unique aspects of language exist purely to
generate an interaction between these two layers. Displacement and agreement,
for instance, connect items from across the two layers:

(11) What did you eat __?

In this instance, a lexical item has been displaced to the functional layer,
facilitating novel conceptual combinations and hierarchical relations. Cross-
frequency interactions between the structures responsible for storing represen-
tations from each layer (presumably facilitated, amongst other things, by a
more globular braincase and calvaria) may give rise to this L-F-L-F pattern.
Indeed, Singer (2018) even claims that ‘as common in evolution, properties like
the unavoidable oscillations of networks with recurrent inhibition, that initially
were at best functionally neutral attributes, may have acquired functional
relevance once embedded in a novel context’, namely a more globular context.
If this is the case, then evolutionary neurolinguists would be justified in
speculating that the forms of oscillatory interactions reviewed in this book
can be exploited for computations ranging far beyond feature-binding, assem-
bly formation and the encoding of relations.

As Rizzi (2012) notes, functional elements trigger language’s fundamental
computational Merge operations, and are consequently ‘the locus of much of
the syntactic action’ (2012, 491). They also express basic syntactic parameters
and are consequently responsible for most cross-linguistic variation. It may be
that lexical/content structures are derived from pre-existing conceptual repre-
sentations while functional elements may have been the result of reciprocal
causation (Lewontin 1983), birthed by the novel interfacing of the Universal
Generative Faculty with other, distinct representational domains. In line with
this perspective, content and functional words appear to have a distinct neural
grounding, with content words eliciting greater activation in middle and ante-
rior temporal cortex, a subregion of the orbital frontal cortex and the para-
hippocampal region (Diaz & McCarthy 2009). In addition, due to the close,
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reciprocal anatomical connections between subcortical structures (e.g. thala-
mus, hippocampus) and the cortex, the default perspective should be that any
human-specific morphological change in the cortex (e.g. the left inferior frontal
regions) would naturally impact – and likely functionally implicate – the
organisation of subcortical structures. Bohsali et al. (2015) document substan-
tial structural connectivity between Broca’s area and the thalamus, in particular
the pulvinar (which receives extra GABAergic cells migrating from the gang-
lionic eminence in humans; Letinic &Rakic 2001). It is highly probable that the
well-documented expansion of Broca’s area in humans resulted in thalamic
expansions, likely enhancing its ability to act as the (cartographically) central
oscillatory modulator in the binding of distant cortical representations. Indeed,
the only sensory system which does not include a thalamic nucleus receiving
sensory signals and transferring them to primary cortical regions is the olfac-
tory system, and unless it is discovered that the sense of smell plays an
unprecedentedly important role in language processing, it seems safe to assume
that the thalamus is central to the coordination and integration of cross-modular
representations, required for typical sentence comprehension involving distinct
conceptual domains.

Are there any other electrophysiological findings relevant to this discussion
of linguistic rhythm, and which might help ground the aforementioned obser-
vations about L-F-L-F patterning? Not much is currently known; however, Li et
al. (2019) conducted an EEG study in which participants listened to Mandarin
Chinese sentences that had a regular or irregular rhythm context preceding a
critical noun. Although other details of their study will not concern us, it is
notable that during the regular-rhythm context they found amplitude increases
in β relative to the irregular-rhythm context. This likely relates to prediction
satisfaction and the ease with which the existing cognitive set could be main-
tained (which is more difficult when stimuli are irregularly structured). We
would therefore predict β increases in standardly structured L-F-L-F syntax
relative to non-standardly structured syntax.

The reciprocal connections between these cortical and subcortical structures,
newly enhanced and reshaped by modern human evolution, is in some ways
parallel to the notion that labelling is needed by the conceptual system in order
for syntax to transfer objects to it (Shim 2018). Broca’s area and the cortico-
basal ganglia-thalamo-cortical loop are in many anatomical respects indepen-
dent, but they both need to coordinate their oscillatory activity if they are to go
beyond their individual functions – of large-scale representational segregation
(thalamus) and acting as a memory buffer and executive system (Broca’s area)
– in order to reach a level of computational complexity neither would be able to
in isolation. Cyclically concatenating objects (via cortical-subcortical loops)
permits certain cognitive processes, and maintaining established hierarchical
relationships permits certain others, but it is only when structures are cyclically
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transferred into hierarchical units that ‘narrow syntax’ can emerge (the con-
clusion drawn in Chapter 1).

Matchin and Hickok (2016) provided further evidence against the classical
Broca-Wernicke model of neurolinguistics, with syntactic perturbation (invol-
ving the cued, mid-utterance restructuring of the planned syntax of a sentence)
being shown to not involve Broca’s area or the anterior temporal lobe, but
rather a cortical-subcortical network involving the right inferior frontal gyrus
(Lam et al. 2016 also provide an oscillation-based rejection of the classical
Broca-Wernicke model). More broadly, the response profile for Broca’s area
during sentence processing seems to reflect domain-general functions such as
working memory or cognitive control, rather than exclusively syntactic opera-
tions (Matchin & Hickok 2016).

Finlay et al. (2001, 278) discuss the evolutionary implications of these kinds
of proposals: ‘[T]here is no reason to presume selection pressures for cortically
based functions drove brain expansion at all. […] [T]he brain grows as a
covarying whole, increasing in size according to a fairly straightforward log
function. It is just as likely, therefore, that pressures for enhanced archicortical,
corticoid, or subcortical processing could have triggered the adjustment of
global timing constraints that led, incidentally, to much bigger isocortices.’
They add that ‘[s]uch demands on subcortical processing could have had little
or nothing to do with the suite of cognitive traits (language, advanced tool-
making) we prefer to think of as distinctly human’, which points to some form
of exaptation for the evolution of linguistic computation at least with regards to
subcortical-cortical reciprocal connectivity (see also Kolodny&Edelman 2018
for an alternative perspective that the exaptation yielding language evolution is
related to sequential processing and motor execution – a less likely scenario
under the framework presented in this book). This perspective is commensur-
able with the idea that labels are not part of syntax itself, but are rather
convenient ways of marking the effects of syntax on the interfaces – ‘and
hence (informally speaking) “don’t exist”’, as Epstein et al. (2017b, 25) put it –
since the brain’s implementation of phrase structure building arises from this
mutual interplay between cortical and subcortical structures and is not expli-
citly marked by any immutable neural cluster.

3.6.3 The Physics of Language: Finding a ‘Perfect’ Solution

Perfection is achieved, not when there is nothing more to add, but when there
is nothing left to take away. Antoine de Saint-Exupéry, Airman’s Odyssey

Studies of the human oscillome (and the remarkable symmetry exhibited by
human neural networks; de Lange et al. 2016) could provide an elegant way of
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grounding some recent proposals about third factors in language design. We
will here briefly review some of these emerging avenues.

Using Laplacian Eigenmodes to analyse MRI and DTI data, Atasoy et al.
(2016) demonstrate that resting brain function is related to brain shape. They
argue that ‘the critical relation between the neural field patterns and the delicate
excitation-inhibition balance fits the neurophysiological changes observed
during the loss and recovery of consciousness’. The eigendecomposition of
the Laplace operator may provide fundamental principles permitting a direct
macroscopic description of collective cortico-cortical and thalamo-cortical
dynamics. The spatial harmonic waves they observed seem to predict resting
state networks and obey the same physical principles as other self-organising
phenomena (such as tiger and zebra stripes or the patterns of vibrating sand),
lending support to Descartes’s original intuition that the brain is organised
through principles of ‘efficient causation’, and not being incompatible with
recent work in generative grammar suggesting that syntactic computation
operates via principles of efficient computation (Narita 2014a). As Torday
and Miller (2016) put it, ‘Life must adhere to basic physics, and then too,
cognition must as well.’

What is the relevance of this to language? Consider how, as was discussed
earlier (Section 1.6.2), the syntactic operation AGREE might be formed
through a process of symmetry-formation (Narita et al. 2017), and it may
well be the case that the CFC of neural oscillations can achieve a similar
level of symmetry (such as how the phase/amplitude of distinct rhythms can
be symmetrically related) to derive these effects. Syntactic derivations seem to
be a cyclic process of symmetry-breaking and symmetry-formation, with the
ultimate state typically being one of symmetry (phases are formed and trans-
ferred, new objects are merged and their features are valued, featural symmetry
is established etc.). The standard distinctions between External Merge and
Internal Merge, and the lexical relations (predicate-argument structure, selec-
tion etc.) and discourse relations (quantificational information, topic-focus etc.)
they each derive, can also be seen, respectively, as exhibiting asymmetric and
symmetric relations. Narita et al. (2017) even extend the symmetry-forming
tendencies found in AGREE operations to formal syntactic features more
generally.

Another way to approach language evolution through third factors is to
construct a physics of language. Though this is currently the most speculative
subfield of biolinguistics, some concrete and fairly comprehensive proposals
have been made. At the most general level, the materialisation of physical
principles of optimisation and ‘least effort’ can be found in the structure of the
genetic code (Itzkovitz & Alon 2007), the evolution of insect wings
(Kingsolver & Koehl 1985) respiratory patterns in birdsongs (Trevisan et al.
2006), and brain wiring (Cherniak 2010). The instantiation of Fibonacci
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patterns in language has been documented by Medeiros (2008) and Piattelli-
Palmarini and Vitiello (2017). Medeiros, for instance, has argued that the
Fibonacci numbers govern syntactic tree structures such that the construction
of a higher node in a tree is only forced when the number of syntactically
licensed words reached a Fibonacci number, with these elementary physical
principles supposedly governing the labelling mechanism. Piattelli-Palmarini
(2017) discusses recent work showing that ‘in identifying sequences of tones or
syllables, [and] in predicting their continuation and in remembering them,
humans have a special facility when the sequences are Fibonacci sequences,
even with respect to superficially similar sequences’. Since Fibonacci
sequences cannot be easily guessed by probabilistic expectations, a Bayesian
explanation is likely to be inadequate (as it likely is for other aspects of
language), and lower-level physical principles may exhibit more explanatory
power. As Fitch (2010a, 110) correctly notes of Bayesian models and informa-
tion theory: ‘The main difficulty with such approaches is that, at the computa-
tional (“automaton”) level, they are too powerful: they can do virtually
anything. We need more fine-grained analyses of simple, less powerful systems
if we are to understand the limitations of real brains.’ If these ideas carry any
weight, then they must ultimately be related to the oscillatory model of
language developed here – how exactly one might do this will be a topic for
future research.

3.6.4 The Representation Problem

The various extensions from working memory and other neural codes to a
linguistic neural code seen in the model presented in this book is similar to Gu
et al.’s (2015) coupled excitatory-inhibitory model, which they claim explains
‘how interval timing and working memory can originate from the same oscil-
latory processes, but differ in terms of which dimension of the neural oscilla-
tion is utilized for the extraction of item, temporal order, and duration
information’. In this respect, I think it is sensible to assume with Postle
(2006) that working memory should be regarded as an emergent property of
neural systems representing distinct pieces of information, such that ‘if the
brain can represent it, the brain can also demonstrate working memory for it’
(2006, 29; indeed, there may also be something to the claim that working
memory can be reduced to a form of attention). Though we have so far touched
on the algorithmic phase-locking/resetting properties of language – the back-
bone of the working memory/syntax interface – there still remains the problem
of how the brain evolved the ability to create linguistic representations to begin
with, a problem we will not attempt to solve here. Indeed, Poeppel (2017, 172)
correctly notes that ‘we do not have even the foggiest idea of how information
of any type is actually stored in the brain (notwithstanding descriptive and
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largely metaphorical statements on patterns of synaptic connectivity, which
begs the question)’.

Nevertheless, there are some potential avenues one might pursue to explore
the representation problem. Concerning the topic of what type of grammatical
representations are manipulated by the brain, Greenhill et al. (2017) used a
Dirichlet process mixture model (a probability distribution whose range is itself
a set of probability distributions) to explore the rates of change in lexical and
grammatical data from eighty-one Austronesian languages, showing that while
many features change rapidly, there exists ‘a core of grammatical and lexical
features that are highly stable’ (2017, E8822), and hence are strong candidates
for being central components in the dynamics of language evolution. These
stable features include inclusive vs. exclusive distinctions, gender distinctions,
the existence of tense auxiliaries, prepositions, clause chaining and the pre-
sence of animacy features on the noun/class gender system (see Dataset S2 in
Greenhill et al. 2017). Recent work has revealed that different cortical regions
appear responsible for storing distinct representational formats, with γ rhythms
in the ventrolateral prefrontal cortex signalling low-level, stimulus-based cate-
gory abstraction (e.g. dog) and β rhythms in the dorsolateral prefrontal cortex
signalling high-level, rule-based category abstraction (e.g. animal; Wutz et al.
2018). A slight reorganisation in the shape of the prefrontal cortex (of the kind
discussed in Neubauer et al. 2018) may have permitted the brains of anatomi-
cally modern humans to generate oscillatory migrations and phrase synchro-
nisations such that these two major ontological representational bases could
interact more efficiently, potentially allowing the generation of a greater num-
ber and broader range of low-level categories to be stored within a given high-
level node.

While the aforementioned Wutz et al. (2018) study found increased β during
high-level abstraction, Antzoulatos and Miller (2016) found increased β and δ
synchrony between and within prefrontal cortex and posterior parietal cortex,
with β being selective to task-relevant dimensions and δ additionally respond-
ing to task-irrelevant dimensions of stimuli. Finding a link between these
results, Riddle et al. (2019) used tACS during a cognitive control task to
show that by artificially increasing δ-β phase–amplitude coupling, participants
were more accurate in tasks involving greater abstraction (relative to sham
trials). This might indicate that δ-coordinated β rhythms indexingmotor control
inhibited motor initiation and slowed down evidence accumulation (whereby β
increases index the current cognitive set in memory), hence improving task
accuracy. Meanwhile, Riddle et al. also artificially increased θ-γ phase–ampli-
tude coupling, and found that this also improved task accuracywhen the set size
increased (i.e. when in their match/non-match task the number of on-screen
objects participants needed to make judgements about increased). This maps
directly onto the present assumptions about θ-γ coupling indexing (cross-modular
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and cross-domain) representational concatenation and maintenance. While Riddle
et al.’s (2019) seminal study attributes causal power to coupling in cognitive
control, for our purposes it should also be noted that cognitive control involves a
certain degree of selecting among potential, already-activated cortical representa-
tions. That δ-β and θ-γ phase–amplitude coupling are involved in this suggests that
phase–amplitude coupling can in fact be used as a neurocomputational algorithm
for feature extraction and association.

Likewise, understanding of how the brain processes adjective-noun combi-
nations is still in its infancy, but could also contribute to our understanding of
the representational basis of language in the brain. A recent MEG study by
Fyshe et al. (2016) revealed that the neural representations of adjective seman-
tics entrain to α – yet, they explain their results with the conclusion that, ‘during
semantic composition, oscillatory activity is used to coordinate brain areas, to
retain and to recall information as it is needed’. A more refined picture could
certainly be generated given the model presented in this book. For instance, the
semantic operation of Function Application has not properly been exposed via
neuroimaging (see Pylkkänen 2019 for discussion); at best, left anterior tem-
poral lobe seems sensitive to combinatorial processes sensitive to conceptual
relations between words, but the real-time neural implementation of Function
Applications remains in obscurity. Nevertheless, Frankland and Greene (2020)
have recently provided evidence that left-mid superior temporal cortex
(lmSTC) and anterior medial prefrontal cortex (amPFC, specifically BA 10)
play distinct roles in computing thematic relations and compositional event
structure in natural language; for example, lmSTC encodes broad thematic
roles (likewoman-as-agent) while the amPFC (BA 10) seems to encode narrow
roles (woman-as-chaser in ‘The man chased the dog’). I think oscillatory
interactions of the kind discussed in this book can direct future enquiry here,
in particular given that Function Application is guided by syntax. Of course,
semantic composition should be computationally tractable, or a subset of
polynomial-time computable functions, in addition to super-polynomial-time
computable functions for which one or more input parameters are small in
practice (van Rooij 2008).

Perhaps the most promising work in this direction comes from Sun et al.
(2020). These authors identified hippocampal CA1 neurons in mice whose
activity is modulated not only by spatial location in a maze, but also by the
number of laps completed around the maze. They term these ‘event-specific
rate remapping’ (ESR) cells, and show that they remain lap-specific even when
the maze length is unpredictable. ‘Laps’ are therefore treated as fundamental
computational units. As such, ESR cells may form parts of an independent
hippocampal code: ‘an “event code” dedicated to organizing experience by
events as discrete and transferable units’ (Sun et al. 2020, 651). This hippo-
campal event code is possibly connected in humans to natural language event
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semantics, only the units of eventive computation would scale beyond ‘laps’
and include thematic roles and their associated event structures (Pietroski
2018), forming part of the broader neural code for language outlined in this
book.

Still, this discussion brings with it certain foundational (or philosophical)
concerns, such as the ‘aboutness’ of things like β-generated categorial repre-
sentations.Without going into toomuch terminological depth, there are reasons
to assume that linguistic and, more specifically, syntactic representations lack
intentionality, and do not exhibit an aboutness relation with the external world.
Instead, they are mind-internal configurations imposed on the data of sense,
certain aspects of which are ‘transduced’ from language-external cognitive
systems (following Adger 2019b; Pylyshyn 1984). Indeed, similar brain
regions are selectively activated when evaluating whether scenarios involving
fictional characters could occur in our reality (e.g. ‘Is it possible to speak to
Cinderella?’) compared with those involving real entities (e.g. ‘Is it possible to
speak to Bernie Sanders?’) (Abraham et al. 2008), very much supporting a form
of internalism according to which mental representations are imposed on the
data of sense for interpretation, as opposed to properties of the world being
extracted (somehow) by neural mechanisms.

The representation problem becomes more vivid when we consider how the
type of phonological representations explored in Giraud and Poeppel’s(2012)
dynamical model of the human auditory system crucially rely on perceptual
events. Syntactic representations, in contrast, are internally self-generated.
Nevertheless, if γ waves, for instance, reflect a fundamental unit of linguistic
interpretation, as proposed earlier, then analysing the time course of γ
embedded within slower rhythms would likely be a fruitful direction for
experimental research in humans, even if the semantic content manipulated
by such rhythms remains ‘invisible’ – as, indeed, it may remain, given our
cognitive ‘scope and limits’ (Russell 1948), ‘bounds of sense’ (Strawson 1966)
and other such constraints (contra the claims in Ravignani et al. 2018, for whom
the existence of progress in the study of language evolution disproves myster-
ianism, or the view that human scientific enquiry necessarily has limits; see also
Ravignani et al. 2014; Buzsáki 2010).

There is one last avenue I would like to pursue, and it relates to a topic
already brieflymentioned earlier in this chapter and has bearing on the potential
neural basis of representations, namely the potential for grid cells to implement
not just spatial navigation, but conceptual navigation. Examining these hippo-
campal-entorhinal processing mechanisms involved in spatial navigation
(place cells and grid cells), I would like to argue that certain cognitive repre-
sentations can be implemented in the same fashion. Place cells in the hippo-
campus preferentially fire when an animal occupies certain environmental
positions, while grid cells in the medial entorhinal cortex exhibit multiple firing
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fields located at the vertices of equilateral triangles tiling the environment
(providing a ‘grid’) (Bellmund et al. 2018). Cognitive spaces, if we assume a
connection to place and grid cells, must to some extent be spanned and
delimited by dimensions satisfying geometric constraints such as betweenness
and equidistance. This enables concepts to be represented via grid and place
cells as convex regions of cognitive space. For example, along a simple axis
based on speed and weight, different types of vehicles can be plotted (fast but
light, slow but heavy etc.), which place cells can implement through modulat-
ing the size of firing fields in a given hippocampal region, while entorhinal grid
cells can implement these concepts through providing a continuous code and
having different cells activate across the dimensions of the grid, yielding
relations like larger than once we consider the temporal, oscillatory dynamics
of the system. More generally, grid cells would produce nearby positions on the
grid for similar stimuli, and larger distances between positions for dissimilar
stimuli.

On the notion of convexity, Bellmund et al. (2018) assume that for all points
x and y in a given grid region, the points between x and y also fall into the
region. Bellmund et al. (2018) further note that considering properties or
concepts as convex regions enables a form of generalisation (and, hence,
learnability), in that a property of stimuli x and y can be inferred to be shared
by stimulus z falling between x and y. A general concept can be mapped
between multiple nodes, while a more specific instantiation of a concept will
occupy a specific place in the grid. What are the implications of this? Most
prominently, for any given concept p falling into a specific region of the
entorhinal grid, relations can automatically be derived based on the proximity
of its node to other parts of the grid. In these newly understood cognitive
spaces, ‘stimuli can be located based on their values along the feature dimen-
sions mapped by place and grid cells’ (Bellmund et al. 2018, 8; for the most
recent form of evidence in favour of this hippocampal concept memory model,
under which the hippocampus encodes domain-general cognitive maps, see
Theves et al. 2019).

For our purposes, we can propose that encountering a series of stimuli will
result in a trajectory being mapped along this space, triggered and coordinated
by oscillations coupled with distinct brain regions, depending on the faculty
involved in the interpretation of experience, e.g. a linguistic interpretation of a
series of stimuli would involve – under the model presented in this book – CFC
between the particular linguistic subdomain (compositional semantics in ante-
rior temporal regions, etc.) and the hippocampal-entorhinal complex.

In this way, given what is known about the computational scope of entorhinal
grid cells, spatial navigation can therefore serve as a model system for the
constraints and neurocomputational principles of cognition. Any semantic
concept which can be implemented via interacting and neighbouring nodes
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on an axis could be implemented via place and grid cells, e.g. larger than, next
to, more, climb (including its Boolean operator requirements). Even concepts
like justice, involving some representation of valuation between distinct levels
as a means of calculating a place on a continuous spectrum, might be amenable
to this explanation.

Overall, spatial codes for place and grid cells could provide an initial format
for cognitive representations, which the language system likely exploits – a
picture consistent with the evolutionarily preserved circuitry of the hippocam-
pal-entorhinal circuit (in this connection, see also Bush & Burgess 2019 for a
discussion of recent evidence that the phase code for location exhibited by
place and grid cells is preserved across species). Certain basic properties of
cognitive map navigation, such as spatial coding, landmark anchoring and
route planning, might therefore be recruited by nonspatial domains, like lan-
guage, to form fundamental elements of thought (Epstein, Patai et al. 2017).

It may appear that we are moving somewhat beyond our initial authority by
discussing these issues. Yet consider the following: Maidenbaum et al. (2018)
examined oscillatory patterns in entorhinal cortex using intracranial EEG
(iEEG) while neurosurgical patients navigated a virtual world and showed
that the power of entorhinal θ bilaterally exhibited a distinctive six-way sym-
metric directional modulation (peaking at 6.1Hz). This matches the properties
of grid cells, which are activated when one crosses a series of locations
arranged in a hexagonal lattice tiling the environment – six primary axes
which correspond to the underlying structure of the cells themselves, which
have a hexadirectional structure. Maidenbaum et al.’s findings indicate that
these oscillations correlated with grid representations (i.e. the oscillatory beha-
viour detected was a signature of grid cells), and that the signal correlated with
spatial memory performance. As such, researchers are beginning to ‘recon-
struct’ (or at least confirm) the cellular basis of cognition based on the type of
oscillatory signatures detected. It will be of considerable interest to the lan-
guage sciences to push this research direction towards language comprehen-
sion. Not only could this be used to test the present grid cell hypothesis of
conceptual navigation, but it could also be used to detect other likely candidates
for the cellular basis of language-relevant oscillatory signatures.

3.6.5 Philosophical Reflections

In this section, I will address some broader issues which often hover in the
background during discussions of neural computation and language evolution.
Developing a comprehensive, falsifiable oscillatory model of linguistic com-
putation has been the primary objective of this chapter and the previous one, yet
it is also important to occasionally take a step back and attempt to situate these
concrete proposals within a proper historical and theoretical context, in
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particular given that philosophical biases are difficult to avoid and should be
‘called out’ and scrutinised (Anderson et al. 2019).

Having developed an oscillatory model of the language system through
establishing significant isomorphisms between linguistic structure and oscilla-
tory behaviour, there remain unaddressed tensions between the Darwinian
thinking of descent, evo-devo perspectives on the organic form-function
divide, and the generic computational properties of the language faculty. As a
way of addressing these tensions, it is useful to first draw attention to the
inadequacy of traditional linear cladograms, ‘according to which every see-
mingly new or more sophisticated feature of a cognitive mechanism, viewed as
a novelty, is represented as a node on top of the old and shared elements’
(Boeckx & Theofanopoulou 2015). The lack of non-human models for lan-
guage has often been used to discourage biological enquiry into language, with
linguists focusing purely on computational issues (Chomsky’s 2018b, 37,
decision to discuss the nature of consciousness and language by ‘excluding
here Marr’s “hardware level”’ is typical of the field). But evolutionary homo-
logues to language should be sought not just in the animal world, but also
within the human brain.

A general defence of a highly interdisciplinary comparative biolinguistics
was made by Hall (2012), who noted that a biolinguistic approach to phonology
would lead to an expansion of the concerns of phonologists (embracing parti-
cular aspects of biology), but would also simultaneously lead to a narrowing of
other particular concerns, since ‘[i]f some of phonology is really syntax, and
some of it is really phonetics, then relatively little of phonology is phonology’.
The point is well directed: By translating linguistic theory into non-syntactic
terms (i.e. neurobiological and biophysical terms), notions such as language
and cyclicity can be resituated and potentially given a biologically plausible
level of explanation, as was attempted in the previous chapter. The range of
available biophysical discussion has by now expanded sufficiently to permit the
construction of a science of language which can exploit the full interdisciplin-
ary range seen in the cognitive, biological and natural sciences.

A notable justification for an interdisciplinary study of language is found in
Miłkowski’s (2012, 81) assessment of the limits of computational explanations
of cognition, which notes that ‘[s]ome really basic cognitive systems, such as
sponges or plants, may be explained in terms of simpler computation models,
whereas more complex processes require interlevel explanations to give mean-
ingful, idealized explanations and predictions’. The biological study of lan-
guage should be concerned with presenting generic computational operations
that, in Poeppel’s (2012, 52) words, ‘could be implemented quite straightfor-
wardly in neural circuits’. There are doubtless certain domains which have
regularly exploited the findings of modern neuroscience and, more often,
quantum physics and other fields, in particular, certain strands of psychology
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and neo-spiritualism (see Burnett 2016 for the pitfalls of ‘neuro-nonsense’).
Care must be taken, then, to decompose the language faculty into the kinds of
constituent computational parts which could be deemed neurobiologically
plausible. The right level of granularity must be sought after at all levels of
biological and cognitive analysis. As already discussed, linguists approaching
the biology of language who keep to discussions of syntax and semantics do so
from purely atheoretical grounds. There is nothing in the principles of theta-
role assignment, agreement relations or the labelling algorithm which prohibits
the formation of multidisciplinary perspectives on language evolution and
language processing. Just as classical concepts like mind and motion are now
understood to be too coarse-grained and vague to be of any empirical use, so
too should linguists begin to see labels and movement as inadequate to the task
of constructing cognitive phylogenies.

One of the core advantages of a multidisciplinary approach to language is
that it permits the combination of constraints from distinct disciplines to narrow
the hypothesis scope. Matsunaga and Okanoya (2014), for instance, discuss
what they call ‘potential regulators in the faculty of language’, a superfamily of
proteins (cadherins) identified as cell adhesion molecules and which may play a
role in vocal behaviour. This biolinguistic perspective is to be welcomed, but
the target of this discovery is the sensorimotor faculty, not the syntactic faculty –
a conclusion not attainable through sticking to intuitive, E-language concepts
and not differentiating between language, communication, speech, and so
forth.

Relatedly, the concept of third factors is often ridiculed for being ‘vague’, as
if it supposedly constitutes a uniform neurobiological mechanism. Similarly, in
1734 Bishop Berkeley criticised the intuitive notion of infinitesimals as ‘Ghosts
of departed Quantities’ (1992, 199), and it was not until 1966 that Abraham
Robinson provided a firm mathematical foundation for them through his Non-
Standard Analysis. This should encourage us not to rule out a forthcoming
formulation of specific third factor constraints within the domain of, for
instance, molecular biology or neurobiology (see Johansson 2013 for an
insightful critical review of the third factor literature and its goals and limita-
tions). As mentioned earlier, neural oscillations may well be what is needed to
explain the minimal search principles of labelling, departing from the neo-
Darwinian adaptationism of contemporary neurolinguistics (e.g. Schoenemann
2012). As already discussed, and as Lightfoot (2011, 313) puts it, there are
certain properties about the mind that ‘are not selected for and are not acci-
dental by-products, but they emerge because of deep, physical principles that
affect much of life’. Following up on this, he notes that ‘[t]he fundamental
properties of physical systems limit the mutations that organisms and specific
organs might undergo’ (2011, 314). Gould (1997) concurred with this perspec-
tive and criticised what Lightfoot terms ‘natural selection-it is’ by inventing the
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concept of the ‘singularist’, namely somebody who only invokes a single
evolutionary force (typically natural selection) to explain a given trait. As
Lightfoot correctly concludes, the functions of the brain are ‘specified by
precise, interconnected regional circuits and all this is constrained by physical
and biochemical laws’ (2011, 314), with the efficiency displayed by oscillatory
interactions being formed through these laws. Ultimately, Lightfoot concludes,
‘natural selection is just one force and it operates only at the level of behaviour;
the physical and biochemical constraints on the brain system are other forces
that define possibilities’ (2011, 317).

One final philosophical issue to address relates to the existence of computa-
tional efficiency. Considering the present demands of a multidisciplinary
approach to language evolution, it may be useful here to distinguish between
laws of physics and laws of nature. The former laws are found in the physical
sciences, such as Newton’s laws of motion, while the latter are underlying
principles which have parametric application via distinct mechanisms (e.g.
neural, entomological) across various domains ranging from insect navigation
to subatomic particles. Likely candidates for natural laws include least effort
(Zipf 1965/1949) and last resort principles, implemented within the context of a
specific explanatory theory (linguistics, neurophysiology, chemistry, etc.). The
labelling operation in theoretical linguistics utilises notions of least effort, a law
of nature, but would not apply to the motion of planetary bodies, which would
implement this natural law through different mechanisms. Similarly, brain
rhythms are a manifestation of a natural law of ‘periodicity’ (the term used in
the earth sciences) or ‘oscillation’ (physics) or ‘cyclicity’ (engineering and
linguistics), which all refer to the steady recurrence of a particular theoretical
structure (see Tass 1999 for a discussion of dynamic synchronisation in physics
which may be responsible for the oscillations of the dynome, in a similar way
that oscillomic operations may be responsible for the cyclicity of the cognome;
see also Rodrigues et al. 2016). As argued here, the neural mechanisms which
construct the human computational system are likely not unique to language,
being instead domain-general and operative in other cognitive faculties (see the
hierarchical processing found in vision (Ursini 2011) and motor planning
(Fujita 2009)), and indeed other species (Schlenker et al. 2014). Higher cogni-
tive functions implicated in γ, for instance, have their origin in ‘a limited set of
circuit motifs which are found universally across species and brain structures’
(Bosman et al. 2014, 1982). These considerations have direct theoretical and
experimental implications for linguistics, neuroscience and anthropogeny.
While it could be said that the present oscillomic approach to language amounts
to a special kind of localisation, understanding brain rhythms could on the
contrary shed light on why language is restricted to its particular computational
properties, and not some other imaginable operations which fall outside neu-
rophysiological constraints.
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3.7 Extending the Model

In this final section, I will propose a number of possible extensions to the model
of linguistic computation proposed in this book. Taking stock, it will be
suggested that these revisions provide the most satisfying way to ground
generative frameworks of language within the brain sciences, implementing
in neural dynamics not only linguistic operations, but also the broader archi-
tecture of the language faculty.

To briefly summarise our current position before approaching new terrain:
We have proposed an oscillatory framework for phrase structure building,
involving, at a minimum, {δ(θ)} phase–amplitude coupling to construct multi-
ple sets of linguistic syntactic and semantic features, with distinct β and γ
sources also being embedded within θ for, respectively, syntactic prediction
and conceptual binding. This provides a specific neural code for recursive
hierarchical phrase structure (reapplying the set-forming operation to its
own output), with α being involved in the early stages of binding (Pina et al.
2018) to synchronise distant cross-cortical γ sites needed for the θ-γ code of
working memory and to modulate attentional resources. True recursion defines
its output value in terms of the values of all of its previous applications,
grounded in the initial application (Lobina 2017), and this self-referential
quality of recursion can be implemented via repeated nestings of θ within
successive δ rhythms. As mentioned, the θ-γ code is a generic mechanism
utilised for visual, auditory, somatosensory and even vibrotactile working
memory (von Lautz et al. 2017), and is also involved in interregional commu-
nication (Solomon et al. 2017), and so it is likely recruited by the language
system. θ-γ phase-phase coupling in the human hippocampus has also been
shown to be involved in multi-item working memory maintenance (Chaieb et
al. 2015), and different cognitive domains may construct representational
stacks via different types of couplings. Given the rich interfaces between
language and other cognitive and perceptual domains, it is likely that language
processing is implemented via a range of CFCs, as argued here.

3.7.1 Travelling Oscillations

Building on a large body of work into the nature of oscillations (Le Van Quyen
& Bragin 2007; Patten et al. 2012; Kopell et al. 2014), Zhang et al. (2018)
present novel insights into a relatively new mechanism for large-scale neural
coordination in the form of travelling oscillations which cycle cross-cortically
at a speed of ~0.27–0.75 metres per second. These form spatially coherent
waves that move across the cortex. In purely physical terms, a travelling wave
is a disturbance travelling through a medium such as water, air or a cellular
network. Instead of involving precise zero-lag synchrony (involving perfect
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temporal alignment between synchronied oscillations), Zhang et al. show how
a range of phase offsets can be achieved (whereby the phase of multiple
oscillations differs), producing travelling waves of various shapes such as
plane, radial and spiral waves. The propagation of travelling oscillations was
found in 96 per cent of neurosurgical patients (through electrocorticography)
and was consistent with good performance on the Sternberg working memory
task (Sternberg 1969). Zhang et al. (2018, 1269) conclude that ‘human beha-
viour is supported by travelling waves’. These waves have recently been
implicated in multiple sensory, motor and cognitive systems, and Muller et
al. (2018, 1) recently speculated that ‘travelling waves may serve a variety of
functions, from long-term memory consolidation to processing of dynamic
visual stimuli’. Summarising recent literature, Muller et al. (2018, 8) suggest
that hippocampal CA1 travelling waves in the θ band exhibit a particular
computational role (‘patterning pyramidal spiking from small to large place
fields in each theta cycle’) which can be contrasted with the putative role of
travelling fast γwaves in the same region (‘pattering spiking in either direction
of the dorsoventral axis in hippocampus’). More broadly, it seems clear that
travelling waves serve to organise spike timing along a particular behaviourally
relevant axis.

It is clear from Muller et al. (2018, table 1) that only visual, sensorimotor,
motor, hippocampal and macroscopic computational principles of travelling
waves can be proposed with any certainty, with the development of large-scale,
high-precision recording technologies being able to expand current under-
standing. What precisely constitutes the range and influence of travelling
waves over the rest of cognition is a topic for future study, and Muller et al.’s
project should readily be expanded to language processing such that neurolin-
guists should investigate the computational role of travelling waves across
various regions. For now, we can begin to sketch possible directions and
explanations for these discoveries.

Zhang et al. (2018) discovered what they define as travelling theta and alpha
oscillations, although their analysis reveals that the full range of migrating
waves stretched from 2Hz to 15Hz, therefore implicating mid-δ. Mid-δ is
involved in phrasal chunking, though not sentential chunking (which low-δ
seems responsible for). This could potentially lead to a refined neural code for
language processing: δ waves cycle across the cortex, building up the syntactic
representation phrase-by-phrase and being endogenously reset by a newly
constructed phrase, either travelling to parts of the cortex responsible for
storing the required semantic representations or being coupled to travelling θ
waves which perform the same function. The second option seems more likely,
given what is known about where δ seems to be localised during language
comprehension (Ding et al. 2016). The limitations of semantic processing
could be derived either from the physical limitations placed on the speed of
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travelling cycles as they move from station to station (~0.25–0.75 m/s) or the
width of the propagating waves (median: ~2.4–4.8cm) which might limit the
range of conceptual structures manipulated. What exactly the precise wave
structure is for the neural code for syntactic composition remains open, and ripe
for future empirical work.

As discussed in previous chapters, the brain was reshaped in our lineage via
globularisation, through which our braincase adopted a more globular shape,
and so I would like to hypothesise that this granted oscillations the ability to
travel across new areas of the cortex and subcortex whilst also being coupled to
a number of other regions. This would have opened up new interfaces for
conceptual representations (in particular, it may have helped pair the entity and
event semantics networks in, respectively, the anterior temporal lobe and
angular gyrus with networks in inferior frontal gyrus responsible for morpho-
syntactic linearisation and externalisation), and in combination with the present
neural code would also have derived Gärtner and Sauerland’s (2007) equation
‘Interfaces + Recursion = Language’. Further, Zhang et al.’s findings support a
model of travelling waves as a network of weakly coupled oscillators (WCO),
according to which the travelling wave is a result of phase coupling. According
to the WCO model, oscillators are arranged in a linear array and are weakly
coupled with their neighbours. The model also assumes that there is a spatial
gradient in intrinsic frequency across the oscillators. Since the travelling wave
is assumed to be the result of phase coupling, these assumptions conspire to
yield the prediction – fulfilled by Zhang et al.’s (2018) data – that faster waves
would travel in the direction of slower waves. The language model proposed in
this book complements these findings, since Zhang et al. found that waves
typically travelled in a posterior-to-anterior direction. It is assumed here that
elementary syntactic combinatorics involves a parahippocampal and cortico-
basal ganglia-thalamo-cortical loop (concatenation and semantic conjunction)
coupled with posterior superior temporal gyrus, which is later coupled with left
inferior frontal regions such as BA 44 and BA 45 which act as crucial memory
buffers for the maintenance of hierarchically organised syntactic objects.

It should be noted that Zhang et al. only analysed grid electrodes in neuro-
surgical patients (which are placed on the cortical surface) and not intracranial,
subdural electrodes which penetrate portions of grey matter. As such. Zhang et
al.’s data only pertains to gyri, not sulci, and further analyses of sEEG sites are
needed to validate the general picture presented in Zhang et al. and discussed
here in relation to language comprehension.

Both this model and the WCO travelling wave model predict posterior-to-
anterior directionality as the language system proceeds from selecting linguis-
tic features (parahippocampal, thalamic and basal ganglia regions), to combin-
ing them (posterior temporal regions), to attributing to them a labelled identity
(cortico-basal ganglia-thalamo-cortical loop) and, finally, to storing them in
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working memory (left inferior frontal regions, in particular pars opercularis).
This directionality also notably correlates with the rhythms hypothesised to be
responsible for these operations, with faster γ and β rhythms in posterior and
central regions being coupled with slower central θ and α rhythms, which in
turn travel towards slow left inferior frontal δ regions they are coupled with.
While faster γ and β rhythms have currently not been shown to migrate, we can
assume that this reinforces the neuroanatomically fixed nature of conceptual
representations as being stored in typically resilient neural clusters (= repre-
sentations), which can nevertheless be coupled to slower, travelling rhythms (=
computations).

More pertinently, Zhang et al. (2018, 1276–1277) conclude that ‘[w]hen
phase coupling is absent, there are no travelling waves because intrinsic
oscillation frequencies differ between electrodes’. This suggests a strong
degree of co-dependence between the phenomenon of CFC and travelling
waves. If certain findings reviewed in this book are accurate – in particular,
the finding of human-specific phase coupling diversity, hypothesised here to
have occurred due to cranial reshaping – then the language system likely
evolved as a direct outcome of a broader range of oscillatory migration routes
which resulted from new interregional phase couplings. One of language’s
hallmark characteristics of breaking modular boundaries and combining repre-
sentations from distinct domains to be stored cyclically in an expandedmemory
buffer (or phonological loop; Aboitiz, 2017), would arise immediately from
this – as would the language system’s ability to interface with conceptual and
articulatory apparatuses. Though we have explored how the core oscillatory
architecture of particular cross-frequency interactions can generate phrase
structure building, the work of deriving the mechanism of syntactic combina-
torics was previously left simply to phase–amplitude coupling. We can now
add to this basic mechanism the understanding that language-relevant repre-
sentations can be accessed cross-cortically through a process of posterior-to-
anterior wave propagation.

Since the posterior-to-anterior propagations documented in the literature are
involved in feedforward processes, it is possible that instances of anterior-to-
posterior migration (a phenomenon documented in Zhang et al. 2018, and
which was extremely rare compared to the reverse migration pattern) have a
distinct functional role such as supporting feedback or top-down processes. It
would be of interest to explore in future work whether δ waves propagate in an
anterior-to-posterior direction at particular points of syntactic processing,
perhaps accessing distinct loops of a memory buffer stretching from pars
opercularis to posterior regions of Broca’s area as the number of syntactic
labels/nodes increases. Moreover, these findings should encourage neurolin-
guists to reconsider some core assumptions considering event-related poten-
tials, which might (under the present framework) result from travelling waves
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transiently organising at a given time point and phase. The general anterior-to-
posterior directionality is preliminarily supported by Pylkkänen’s (2019, 65)
review of the time course of syntactic and semantic processing, which proceeds
as follows (see also Fromont et al. 2020 for event-related potential evidence
that syntactic and semantic information may be processed in parallel, which is
not incompatible with the overlap between the 200-250ms and 200-260ms
windows below):

180–220ms: Angular gyrus shows sensitivity to argument structure.
200–250ms: Posterior temporal lobe shows combinatory effects.
200–260ms: Left anterior temporal lobe shows conceptual combina-
tory effects.

300–450ms: Left inferior frontal gyrus shows sensitivity to long-
distance dependencies.

350–460ms: Ventromedial prefrontal cortex shows combinatory
effects.

If δ rhythms are shown to migrate during phrase structure building, it would be
possible to attribute particular computational roles to these oscillations in the
way Muller et al. (2018) have done for spatial navigation. For instance, travel-
ling δ waves could be responsible for patterning spiking from single- to multi-
unit lexical structures in each δ cycle.

In my view, these observations speak against the idea that linguistic compu-
tation is based on regional stasis (e.g. the common claim that BA 44 and its
temporal dorsal pathway constitutes the basis of natural language syntax) and is
rather implemented via a cortical circuit even more dynamic than previously
assumed (for perspective: Zhang & Jacobs 2015 discovered for the first time
travelling θ waves, but only throughout the human hippocampus; see also
Patten et al. 2012). Indeed, Muller et al. (2018, 12) note that ‘the existence of
stimulus-evoked travelling waves in the sensory cortex presents a challenge to
the orderly topographic arrangement of selectivity first described by Hubel and
Wiesel at the trial-averaged level’. Likewise, the existence of weakly coupled
travelling oscillators presents quite a dramatic challenge to the language
sciences, and it has been my intention here to sketch out possible directions
for reconciling the cortical language circuit with these emerging discoveries
and principles.

Current neurolinguistic work on oscillations provides simple associative
oscillation-computation models mapped to strict brain regions, as when
Meyer (2018) claims that β is strictly involved in prediction, or when Ding et
al. (2016) propose that δ entrainment to phrasal and sentential structures is a
core feature of language comprehension, or when Bastiaansen and Hagoort
(2015) claim that γ is involved in semantic unification and β is involved in
processing syntactically coherent structures. All of these studies doubtless shed
some light on the dynamics of the cortical language circuit, but they should be
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understood to be only a partial take, with the existence of travelling oscillations
potentially forcing a more elaborate set of models to emerge.

It may not simply be oscillations, then, but more specifically travelling
oscillations that could provide the optimal way to bridge neuroanatomy and
brain dynamics. Travelling wave cycles represent spatially discrete pulses of
neural activity corresponding to distinct behavioural states, and the future task
for the language sciences is to investigate how travelling waves might serve as
a general mechanism for transmitting discrete pockets of neural activity in
ways which map onto the functions of semantic, phonological and syntactic
combinatorics. Muller et al. (2018, 1) document ‘the generality of their role in
cortical processing’ but their role in language processing remains unknown.
Indeed, in their original discovery of travelling waves, Patten et al. (2012, 7)
speculate that ‘the thalamus may exert an important influence on cortico-
cortical propagation via thalamocortical reentrant loops’, and since travelling
waves appear to propagate along corticocortical fibres, the role of the thalamus
may be crucial. Touching briefly on a related lower-level issue, in a recent
seminal study Guo et al. (2017) used extensive sampling and optogenetic
dissection to show that corticofugal (thalamic projecting) neurons in layer 6
can mediate δ and θ phase resetting. As such, corticofugal neurons seem
capable of influencing the entrainment of a syntax-relevant frequency band,
and these cells should therefore be the subject of further enquiry into the
neurobiological basis of the language oscillome.

Travelling oscillations may also be able to account for certain language
disorders and aphasias, since in the literature there are often cases documenting
damage to brain areas not typically seen as language areas and yet which
negatively impact language processing (Papathanasiou et al. 2017). It is pos-
sible that the migration of oscillations is disturbed by lesions and other forms of
brain damage, which may serve to block them. Likewise, there are an even
greater number of documented cases regarding the survival of key language
skills after a supposedly core language region is damaged (see Ardila et al.
2016). Under the present perspective, this could simply imply that only part of
the migration route was taken, impairing some representations from being
accessed but nevertheless leaving much intact, or indeed that only part of the
migration route was damaged. It is well known, for instance, that Broca’s
aphasia can be caused by damage to a number of areas outside Broca’s area,
such as the superior longitudinal fasciculus (see papers collected in Bastiaanse
& Thompson 2012). Lesions to the precentral gyrus, anterior insula, and even
the basal ganglia and anterior temporal lobe have been implicated in Broca’s
aphasia (Abutalebi & Cappa 2008); see also Woolnough et al. (2020) for a
comprehensive examination of the role of the insula in language. Crucially,
notice that these structures lie along the broader language circuit implicated in
the model developed in this book, suggesting that damage to different stations
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of the path taken by language-relevant travelling oscillations (mediated neces-
sarily by connecting neural streams) can result in aphasias just as severe as
those resulting from damage from more classically core language regions.
Disruption of the anterior head of the caudate and putamen results in verbal
aphasias (Lieberman 2000), which may be due not simply to damage to white
matter fibres projecting from the cortex to the striatum (à laNadeau & Crosson
1997) but more specifically because oscillations responsible for constructing
necessary speech signals are blocked from travelling across the full network
responsible for vocal production, extending far beyond the thalamus (it should
be noted that transmission speed in cortical grey matter is estimated to be
approximately 1,000 times slower compared to white matter, pointing us
towards likely sources of linguistic computational efficiency; Kurth et al.
2017). A similar explanation might account for the various verbal communica-
tion deficits resulting from lesions to the globus pallidus (Strub 1989). A
possible way to provide some criteria of falsification for these hypotheses
would be to conduct MEG or EEG scans of participants with various aphasias
alongside neurotypicals during basic semantic and syntactic processing tasks,
determining whether particular oscillations migrate as a function of a linguistic
manipulation and whether they do so in ways which significantly differ
between these groups.

Turning briefly to another area where travelling oscillations may provide
novel insights, Gągol et al. (2018) discovered that fluid intelligence level (gf),
or the ability to solve novel problems via abstract reasoning regardless of prior
knowledge, depends on the precise synchronisation of fast rhythms to the phase
of slow rhythms. In particular, {δ(γ)} phase–amplitude coupling was found to
be indicative of gf (more precisely, low γ at ~36Hz and δ at ~3Hz), suggesting
under the model proposed in this book that δ coordinates the extraction of
various cortical representations (Chacko et al. 2018 also showed {δ(γ)} phase–
amplitude coupling to be crucial for spatial attention). No intervening rhythms
are involved in this form of phase–amplitude coupling, unlike in linguistic
computation, which involves hierarchical structures and hence coupling
between δ, θ, β and γ of differing combinations. Buzsáki et al. (2013) discuss
that the propagation of low-frequency oscillations across the cortex is consid-
erably faster in the human brain than in the smaller rat brain, likely explaining
the origins of gf. Mechanical morphogenesis – or ‘the process through which
simple mechanical forces can lead to instabilities that [contribute] to the
emergence of complex shapes’ (Foubet et al. 2019, 3) – may also play a role
in the development of complex neocortical organisation, further motivating the
idea that core features of the cortical language network are a third factor effect.

Further, the close rhythmic similarities between the oscillatory basis of fluid
intelligence and language processing support the notion discussed earlier that
the computational basis of memory and certain language processes – Load,
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Maintain, Spell-Out, Concatenate and so forth – is shared (with the exception
of labelling and cyclicity). Billeke et al. (2017) provide related evidence from
EEG that the coupling of the amplitude of slow γ ripples (90–110Hz) to the
phase of cortical δ differs as a function of cognitive task, ranging frommemory
recall to directed attention, supporting the role of δ-γ interactions in fluid
intelligence.

Duncan (2013) discusses his fronto-parietal Multiple Demand system and
regards it as the basis of fluid intelligence, with this system more broadly
implicating subcortical structures like the thalamus and basal ganglia. It
seems to follow from this model and the findings in Gągol et al. (2018) that
{δ(γ)} coupling ranges over this fronto-parietal circuit, with the general pro-
cesses of fluid intelligence possibly being enhanced by elementary forms of
linguistic computation involving Search and Concatenate processes. While
general forms of intelligence are coordinated by {δ(γ)} coupling, more com-
plex, hierarchical syntax arrives only through a broader range of CFCs. This
likely explains why fluid intelligence is also at risk of impairment in the event
of brain lesions, with either the paths of the travelling δwaves across the fronto-
parietal Multiple Demand circuit either being limited, or the cortical γ clusters
they are typically coupled with being unable to synchronise. Flanagan and
Goswami (2018) also present evidence that changes in the magnitude of the
phase synchronisation index (ΔPSI) of slow amplitude modulations in the δ-θ
range accompanies both phoneme deletion and plural elicitation – basic mor-
phophonological tasks – suggesting that sensitivity to slow rhythms in speech
forms is a major aspect of morphophonological knowledge.

Another potential avenue for oscillatory theories of language is to implement
logical operators like not, and, nand, xor, not and Neg-and. For
instance, the first could be rooted in phase asynchrony. Merging/synchronising
two oscillations might implement an and operation, an increase in amplitude
of a long-range wave relative to the stable signature of a local travelling wave
might serve to represent a not function, the rapid de-synchronisation or phase-
resetting of multiple waves could execute a nor computation, and the annihi-
lation of two oscillations might implement a xor logic gate. The localisation of
these operations would vary as a function of which representations were
involved (shapes, numbers etc.). Empirically, these hypotheses would be read-
ily falsifiable given the use of an experimental paradigm which permitted a
careful execution of these basic semantic operations, such as in a setting where
participants were tasked with implementing these operations over a range of
auditory, linguistic and visual objects (see Baggio et al. 2016 for initial attempts
to map the neuroanatomical basis of logical connectives, which implicate left
pIFG and left aIFG). In addition, Zhang and Pylkkänen (2018) used MEG to
look at neural correlates of conceptual negation, and showed that left anterior
temporal lobe was involved in both conceptual and logical processing,
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suggesting that it is not entirely unreasonable to suppose that semantic combi-
natorics and logical operators call upon analogous neural codes.

While there are currently no electrophysiological reports pertaining to this
issue, Coetzee et al. (2019) conducted a related study. Although the issue of the
oscillatory code is not touched on, these authors provide evidence that logical
and linguistic processes are implemented in distinct brain areas. Using contin-
uous theta burst stimulation (cTBS), a form of TMS, they demonstrated that
inhibition of Broca’s area impairs accuracy on a linguistic task but not on a
matched logic task. Inhibition of fronto-medial cortex (media BA 8), an area
implicated in deduction, produced the opposite performance pattern. Deductive
reasoning may not be parasitic on language, then, but as mentioned there may
be a common oscillatory code implementing these lower-level computations in
distinct brain areas.

What else can be said of the potential function of travelling waves?
According to Wexler’s (1998) Unique Checking Constraint (UCC), a
child’s linguistic system is limited to checking only one syntactic property
per linguistic environment. For instance, in the clausal domain Agreement
and Tense features cannot both be checked, and so only one is eliminated
(producing the Optional Infinite stage of language acquisition). Since we
are beginning to understand the oscillatory differences between child and
adult language comprehension (Leong & Goswami 2015), this constraint
may be due to particular limitations on travelling θ oscillations across
cortical areas responsible for coupling with γ pockets storing Agreement-
relevant and Tense-relevant features, with maturity likely providing the
brain with a broader and more extensive travelling path. Recent work from
Kurth et al. (2017) examined slow oscillations in sleep in a group of
children (n = 23; two to thirteen years) and showed that with increasing
age, slow oscillations propagated across longer distances, with an average
growth of 0.2 cm per year. The speed of the travelling waves remains
unchanged across childhood, suggesting that the interface component of
the language system is subject to greater developmental changes than the
core neural code for phrase structure building. Since this area of neuro-
biological research is a recent development, further studies of child lan-
guage processing within these frameworks will be needed to elaborate on
these hypotheses any further.

The psycholinguistic possibilities of testing the morphology of travelling
oscillations using MEG seem highly promising. An interesting question for
future research concerns the relevance of travelling subcortical oscillations
(e.g. parahippocampal migrations) and the morphology of travelling waves in
non-human primates. As Alexander et al. (2016) also point out, the existence of
travelling waves suggests that many MEG studies that analysed only standing
waves are missing a large chunk of the puzzle. Relatedly, the fact that the
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lateralised location of oscillatory entrainment displays substantial individual
variability (as Lam et al. 2018 show in a sample of 102 MEG participants)
emphasises the need for travelling waves to be taken seriously as part of any
analysis of sentence comprehension, since while the location may differ, the
underlying neural code (of specific CFCs) appears to be robust.

3.7.2 Neuroethological Perspectives on the Neural Code for Language

Contrary to popular opinion, imposing our mind on non-human animals is not
a sign of our respect for them: perhaps it is the opposite, to colonize a territory
that we cannot chart. Hinzen & Sheehan (2013, 58)

Extending the insights presented in this book further, we will here attempt to
assimilate much of the aforementioned in order to explore the evolution of the
neural code for hierarchical phrase structure. The core insights presented from
ethology, animal communication, brain dynamics and philosophy of biology
will be used to address the differences in oscillatory profiles between humans
and our closest relatives.

There have so far been conducted no neuroethological experiments using the
kind of stimuli which would allow researchers to compare the oscillatory basis
of putatively human-specific computations (like phrase structure building) to
the neural responses of non-human primates attempting to interpret or parse
identical structures (see Murphy 2016b). For instance, Kikuchi et al. (2017)
expose humans and monkeys to artificial grammars. Not only does this not
guarantee that the human subjects would recruit their language systems, but
even if it did, Kikuchi et al.’s data analysis did not investigate the kind of CFCs
over the particular regions and rhythms claimed here to be responsible for
phrase structure building. The authors only examine coupling between low
frequencies and γ (see their Figure 2), and not coupling between low frequen-
cies such as δ, θ and β (or indeed phase-phase coupling). The authors found that
‘learned ordering relationships modulate the observed form of neural oscilla-
tory coupling in [humans and monkeys]’, but this is a far cry from interpreting
or generating hierarchically structured expressions.

Contextualising this somewhat, Franz Mesmer was likely the first to discuss
what he referred to as ‘animal magnetism’, an idea mocked during his time and
which claimed that all living organisms have electrical fields which they can
manipulate to change their behaviours (see Pearson 1790). But the existence of
oscillatory dynamics influencing cognition and behaviour is not too far distant,
even if the electric fields are brain-internal rather than features of the environ-
ment. This has been shown to be relevant to human cognition in this chapter,
but what about non-human primates? As Chapter 1 explored, there are many
differences between language and non-human primate call systems, but the
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continuities that do exist become more obvious when we consider the neural
mechanisms underlying call perception, which include (but are not limited to)
the following: mechanisms for facial recognition (Freiwald et al. 2009), vocal
perception (Petkov et al. 2008), perceiving auditory sequences (Wilson,
Kikuchi et al. 2015) and the integration of multisensory stimuli such as voices
and facial movements (Ghazanfar & Eliades 2014). These common mechan-
isms lead to the possibility that apes and early hominins were placed in
communicative scenarios with a substantial number of overlapping features,
and evolved similar mechanisms as a response (an instance where adaptation-
ism certainly has a place).

When the neural code for language later emerged, it would have been built
into these mechanisms, naturally interfacing with many of the pragmatic
features already in place, hence the existence of what linguists term the
syntax-pragmatics and semantics-pragmatics interfaces. Non-human primate
communication, though syntactically simple, is nevertheless accurately char-
acterised as a discrete, rule-governed computational system operating over
semantically complex representations, and so the idea that the human brain
developed a cyclic labelling mechanism on top of this already-existing system
to yield language seems well motivated. Evidence reviewed in Seyfarth and
Cheney (2017) helps us elaborate on what discrete refers to in discrete compu-
tational system: When a baboon hears a call, they form a representation of the
meaning by making a number of pragmatic inferences about discrete elements
relevant to the ‘conversation’: ‘[T]he type of call, the caller’s identity, recent
events, and the caller’s dominance rank and kinship affiliation’. With respect to
the receivers, ‘the discrete elements of call type, caller identity, and kin group
are combined according to the rules of call delivery to create a message whose
meaning is more than just the sum of the meanings of its constituent elements’
(Seyfarth & Cheney 2017, 82).

This general claim that there are common, pre-existing mechanisms for the
language system to interface with is not without other sources of evidence.
Räsänen et al. (2017) show that prelinguistic speech segmentation into sylla-
ble-like units (a process common to all infants acquiring language) can be
accurately achieved through attending simply to sonority fluctuations, which
they show are ‘highly informative of syllable and word boundaries’ (2018,
130). The question for future research is whether infants use sonority-based
rhythmic units as discrete perceptual chunks or probabilistic cues to linguistic
structure, and how this seemingly domain-general chunking/probabilistic pro-
cedure was recruited by the language faculty during the course of human
evolution.

As Chapter 1 reviewed, non-human primate syntax generally seems limited
to single-instance concatenation and a form of adjunction, itself a form of
concatenation. The communication systems of non-human primates
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(prosimians, monkeys and apes) appear to have a fully specified semantics
related to basic, non-complex concepts.

Reboul (2015) presents related, convincing arguments against the common
idea that human language is a communication system; indeed, communication
is not a natural class and so any putative human communication system cannot
have been subject to the laws of evolution, and is rather a collection of distinct
processes like intention, reference, imitation, etc. (see also Reboul 2017). In
fact, the term communication will always need considerable unpacking, no
matter what theoretical context it appears in. As Chomsky (2018b, 34) notes,
‘probably 99% of our use of language’ involves ‘talking to ourselves, some-
thing that we do constantly, night and day, and can only be prevented by a
dedicated act of will’. Chomsky notes that while internal speech is ‘conscious’
in its phonology, everything else about it is unconscious (syntax and seman-
tics). Dor (2017, 44) even argues that the evolution of language aided our
ability to lie possibly more than it aided our ability to communicate: ‘We
evolved for lying, and because of lying, just as much as we evolved for and
because of honest communication.’ He adds: ‘Language would be much
simpler had it evolved just for honest communication, and we would be
much less imaginative, suspicious and inquisitive, and emotionally controlled.
Wewould probably have very little symbolic culture, nomyths, no propaganda,
and we would also probably insult each other much more often’ (Dor 2017, 57).

Returning to syntax, Schlenker, Chemla, Schel et al. (2016) review studies of
Putty-nosed monkeys, Campbell’s monkeys, King Colobus monkeys and New
World monkeys, and conclude that all are capable of morphologically simple
calls, but that Campbell’s monkeys may be additionally capable of producing
finite-state root-suffix structures (-oo) with an independent meaning generated
by a simple conjunctivist semantics (contra Tallerman 2016). These call sys-
tems seem capable of concatenation (to what end, such as compositional
semantics, remains open for debate), but not hierarchical phrase structure-
building. This may be a consequence of their lack of a labelling mechanism,
likely human-unique, which would also explain why basic call pairs do not
appear to form even the simplest of labelled structures such as compounds like
‘apron string’ (subordinate), ‘sword fish’ (attributive) or ‘bitter sweet’
(coordinate).

Monkeys appear unable to, firstly, construct nested and cross-serial depen-
dencies, which are plausibly defined as dependencies between phrasal labels,
not terminal strings (Fukui 2015). Secondly – and following directly from this –
they are unable to construct a categorial identity for a multi-set object and
maintain this object in memory. These two processes (property attribution and
object permanence), though not species-specific, appear to function in humans
in two unique ways: they are executed unboundedly, not being limited to n
applications, and they interface with a large number of other cognitive systems,
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not being confined to a small subset of representations. This system becomes
more dynamic with the attribution of exocentric categorial labels which are
distinct from either of the objects in a compound, such as the Brazilian
Portuguese ‘quebra-quebra’ (‘break-break’, or ‘riot’), in which two verbs
conjoin to be labelled N, not V.

If primate calls are non-compositional, then it may be that the lexical atoms/
roots used in human language are partly derived from such calls, since neither
primate calls nor roots can be combined together to form new calls/words,
being feature-less. Roots need to merge with categorial labels and other
morphological elements to enter the derivation (Panagiotidis 2014, 2015). If
labelling is human-unique, then we would expect that a degree of variation in
language change – indeed, perhaps a substantial degree – would result from
labelling choices. This is precisely what van Gelderen (2018) found, with
labelling failures in [XP, YP] structures (typically leading to movement)
accounting for a number of syntactic phenomena cross-linguistically. It
would be of interest to see if any primates have call systems involving multiple
cases of conjunction, involving either whole units or morphemes, as in
‘interest-ing-ly’ (though likely nothing as complex as ‘edit-or-ial-ize’).

As we have seen, monkey calls have a highly constrained syntax, with, for
instance, Black-and-White Colobus monkey calls being limited to snort-roar
patterns. The generative power of concatenated -oo morphemes would not go
beyond the finite-state, and would require only a concatenation operation and a
memory buffer capable of maintaining two objects in memory (see Veselinovic
et al.’s 2014 analysis of Diana monkey calls and their ‘merged associations’). It
follows that keeping to computational concerns, though such investigations are
necessary, will provide impoverished and biologically inadequate evolutionary
scenarios.

In a combinatorial system like human language, in which roots appear to be
underspecified for meaning and need to be conjoined with grammatical feature
complexes in order to be interpreted, ‘fewer elements are required to express
the same number of possible messages, and so it allows for more efficient
communication than a system in which each signal has a distinct form’ (Scott-
Phillips & Blythe 2013, 1). Bonobos, our closest living primate relative, exhibit
a degree of functional flexibility in their peep calls (Clay et al. 2015), and so
presumably it did not take a particularly drastic neurological reorganisation to
arrive at the flexibility of human language. Recent evidence points to the
precuneus (a central hub of brain organisation) as being prominently expanded
in modern humans (Bruner et al. 2017), and given its role in visuospatial
integration and consciousness, it may also be involved in linguistic and non-
linguistic combinatoric systems.

Attaheri et al. (2015) documented a P500 effect in macaques in response to
mixed complexity grammars, homologous to the human P600, a late positivity
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relating to complex syntactic processing. The type of processing reflected in
such late positivities in macaques may be a dormant faculty, not actively used
by them but exposed in artificial circumstances, and when placed in a new
domesticated environment and skull size may have adopted a novel function.

If non-human primate brains are restricted in their cross-cortical and sub-
cortical rhythmic coupling profile and they are limited to extracting a reduced
sequence of features, this may explain why monkey calls convey limited
information, not interfacing with conceptual systems responsible for actions,
agents, patients and so forth. The finding that Campbell’s monkeys are limited
to the deployment of the roots boom, hok and krak and a bound affix –oowould
follow naturally from this oscillatory profile. The primate electrophysiological
and oscillatory literature is comprehensive enough to permit a tentative recon-
struction of call comprehension from the perspective of brain dynamics. For
example, Brincat and Miller (2015) found functional differences and fre-
quency-specific interactions between the Rhesus hippocampus (HPC) and
prefrontal cortex (PFC) when the monkeys were learning object pair associa-
tions, with θ synchrony being stronger after errors and decreasing with learn-
ing, while correct associations promoted β-α synchrony which was stronger in
the HPC-PFC direction.

Interestingly, when the homologue of Broca’s region in the monkey brain is
lesioned, call vocalisations are not impaired, suggesting other regions are
involved, such as the limbic system and brainstem (Sage et al. 2006). On the
interpretation side, macaques share similar call comprehension substrates with
human language comprehension in the left posterior temporal gyrus (Heffner &
Heffner 1986). The superior temporal gyrus is implicated in the interpretation
of species-specific vocalisations in macaques (Hackett et al. 2001). However,
the density of white matter connections between Broca’s and Wernicke’s
regions is also greater in humans than in monkeys (Petrides & Pandya 2009),
and the human arcuate fasciculus connecting the two regions substantially
projects to expanded temporal association cortex implicated in semantic pro-
cessing. It is possible that these structural changes partly yielded the increased
rate of information transfer between conceptual and articulatory systems in
humans, restricting monkey calls to their limited hormone- and alarm-related
content. Moreover, Wilson, Kikuchi et al.’s (2015) fMRI study of humans and
macaques during nonsense word and rule-based sequence processing revealed
that areas specified for sequence comprehension in the ventral frontal and
opercular cortex, adjacent to BA 44 and 45, have functional counterparts in
the monkey brain. This leads to the possibility that ‘language-related processes
in modern humans are functionally integrated with highly conserved, originally
non-linguistic processes shared with our extant primate relatives’ (Wilson,
Kikuchi et al. 2015, 10), the basis of which are likely oscillatory in nature
(both humans and macaques also appear to use similar auditory sequence
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learning strategies when processing artificial grammars; Wilson, Smith et al.
2015). Hage and Nieder (2016) also claim that complex behaviours such as
sequence planning and strategy formation are encoded by neurons in the
monkey lateral prefrontal cortex, which may constitute a precursor to elements
of the human neural code for syntax. The authors summarise that there are two
neural circuits for controlling speech. The first is a volitional motor network
reliant on the prefrontal cortex (in particular, Broca’s area) and a phylogeneti-
cally more ancient vocal motor network reliant on limbic areas and the brain-
stem, implicated respectively in initiating and controlling motor output. While
the volitional circuit is present in monkeys, its links to the vocal motor network
are extremely weak, such that monkeys can only control the initiation of
stereotyped vocalisations, and not subsequent muscle movements.

Returning to the oscillome, consider also the findings of Esghaei et al.
(2015), who documented the phase–amplitude coupling of local field potentials
from extra-striate area MT of macaque monkeys, a region specialising in
processing visual motion. They discovered that directing spatial attention
into the receptive field of MT neurons decreased the phase–amplitude coupling
between the low-frequency phase (1–8Hz) and higher power (30–100 Hz) of
local field potentials, suggesting that CFC is suppressed as a function of visual
attention (see also Lowet et al. 2016). Esghaei et al. (2015) suggested that the
macaque visual cortex uses phase–amplitude coupling to regulate inter-neuro-
nal correlations, coding relevant stimuli more efficiently. β-γ phase–amplitude
coupling also appears to be involved in visual stimulus routing and attentional
control of stimulus activation in the macaque brain (Richter et al. 2017).
Further investigations of phase–amplitude coupling during complex cognitive
tasks in monkeys such as call interpretation and production would allow for
comparative models of the functional role of dynamic brain activity to be
constructed. It should be stressed that rhythms have distinct, non-overlapping
roles varying by regional source, such that pulvinar γ can be involved both in
feedforward processing for snake images and in cortico-pulvinar-cortical inte-
gration for face images (van Le et al. 2016). Care should be taken to differ-
entiate between distinct oscillatory roles in studies of monkey call systems.
Relatedly, other primate studies have revealed that phase resetting of slow
oscillations in the anterior temporal lobe during face stimuli presentation
increases the probability of voice cell firing (Perrodin et al. 2015), and so
cross-modal input integration appears to be a feasible role for low-frequency
oscillations.

Since increased γ correlates with greater working memory load and main-
tenance and is primarily involved in local operations as a result of conduction
delays, this rhythm may be involved in the generation of the roots which
constitute morphologically basic call units (such as krak and boom). Upon
the conjunction of an -oo unit (also generated by γ), a complex object such as
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krak-oo would be held by the β band, with this rhythm being implicated in
maintaining existing cognitive sets, as discussed earlier. A recent study of
Rhesus monkeys revealed that during the internally monitored continuation
phase of a synchronisation-continuation task β increased relative to the ampli-
tude found in reaction-time tasks, with the basal ganglia likely being respon-
sible for generating the initiation signal before it spreads across portions of the
striatum (Bartolo & Merchant 2015). These observations would speak to
Honkanen et al.’s (2015) findings that more complex objects are represented
with β rather than γ. Koziol et al. (2009) present evidence suggesting that
disinhibiting a basal ganglia loop leads to the maintenance of a particular
representation to the exclusion of others, while the dependence on inhibitory
rebound documented in β1 (slow β) permits it to ‘continue in the absence of
continuing input’ (Kopell, Kramer et al. 2010, 3). In humans, this might allow a
labelled object to be held in memory beyond the perception of its constituent
elements, while in non-human primates it may allow the maintenance of a call
pair.

Keeping with these frequency bands, consider Lewis, Schoffelen et al.’s
(2016) MEG study of Dutch subject- and object-relative clauses, which
revealed that β is an index of the maintenance/change of the ongoing sentential
structure (or under the present model, the constructed feature-sets), and so an
investigation into the role of β in primate call sequences may shed light on the
mechanisms responsible for representation retrieval and maintenance. β addi-
tionally seems to be implicated in the maintenance of muscle synergy repre-
sentations in the primary motor cortex (Aumann & Prut 2015), in contrast to
Watanabe et al.’s (2015) findings that β is ‘related more to the attentive state and
external cues as opposed to detailed muscle activities’ in Japanese monkeys
(Macaca fuscata) and Hosaka et al.’s (2016) findings that β suppression reflects
erroneous action sequence updating in the same species. These comparisons
will lead to precisely the kind of explanatory granularity linguists and etholo-
gists should be seeking in their investigations of the structure and evolution of
cognitive combinatorics. For instance, the correct updating of action sequences
in Japanese monkeys is achieved via increases in γ (Hosaka et al. 2016), an
oscillatory profile similar to that involved in the chunking of linguistic feature-
sets, which also involves γ power increases, though doubtless ones of distinct
phasal properties.

This leads to direct predictions for the monkey oscillome given what is
known about the combinatorial capacities of monkeys. Schlenker, Chemla,
Schel et al. (2016), for instance, show that monkeys can combine two
word-like elements, but cannot then combine this set with another atomic
element. This would require a concatenation operation, a representational
base (‘lexicon’) and, finally, a temporary workspace where the combined
set can be stored in memory. Rizzi (2016) calls this a two-merge system
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(word–phrase merger), while monkeys seem limited to one-merge systems
(word–word) – although they may be capable of two-merge systems if one
defines a krak-oo conjunction followed by another distinct call as a type
of phrase–word combination. Human language, in contrast, is a three-
merge system, permitting not just word–phrase merger, but phrase–phrase
merger, requiring a secondary workspace in addition to the temporary
workspace required by two-merge systems. Nested rhythmic activity of
the kind discussed earlier might act as the foundation of this secondary
workspace, with a greater number of nested couplings seemingly available
to the human oscillome yielding the greater number of stored representa-
tions in memory (see Section 3.3.1). Interestingly, monkey vocal tracts
have been shown to be structurally adequate to produce the full range of
human language (Fitch et al. 2016), and it rather appears that neural
changes were instead responsible for the emergence of language – con-
clusions which readily lend new urgency to oscillatory investigations.
More recently, a monkey homolog for the arcuate fasciculus (central to
many models of language evolution) was discovered by Balezeau et al.
(2020) originating in auditory cortex, which is also line with the idea that
human language evolution was not due to one important brain area, but
was rather more likely due to the implementation (via a widespread net-
work) of a more abstract generalizable neural code for mapping semantic
representations to sets of larger syntactic units, as proposed here.

Additional insights come from Ramirez-Villegas et al.’s (2015) study of
sharp wave-ripples in the macaque hippocampal CA3-CA1 network, which
attributed a role for γ rhythms in memory reactivation, transfer and
consolidation (findings echoed in Kaplan et al. 2016). Each γ-generated
item would couple with hippocampal θ (see Lee et al. 2005 and Jutras et
al. 2013 for the role of this rhythm in monkey working memory) in order
to achieve the binding of morphological elements (‘krak-oo’) before
coupling with basal ganglia-initiated and striatal β, which would in turn
increase in amplitude until the event of either an erroneous action
sequence (call production) or the termination of the call series. This
hypothesis is supported by studies claiming that β activity operates as a
general coupling mechanism of assembly activity across brain structures
(Fujioka et al. 2012).

It appears, then, that in humans and monkeys construction of an internal
sequence leads to β increases, maintenance failure/disruption leads to β
decreases, and the execution of the sequence is achieved via subsequent γ
increases (these findings about the role of β in language and motor control may
speak to Llinás’s 2001 intuition that thinking amounts to a form of ‘internal
movement’). It is the execution of a cyclic labelling mechanism that the human
oscillome alone can implement.
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4 Conclusions and Future Directions

We fill pre-existing forms and when we fill them we change them and are
changed. Frank Bidart, Borges and I

As discussed throughout this book, information extracted from oscillatory
entrainment seems to be utilised by processes that are not phase-
synchronised to any given external stimuli. The discussion in Chapters 2
and 3, though ranging across a broad number of topics, gradually conspired
to yield the conclusion that it will be at this crucial divide – the interface
between exogenous oscillatory entrainment and endogenous rhythmic activ-
ity – that the neural code for phrase structure will be implemented. This is
the juncture where evolutionary neurolinguists should focus their attention,
not vocal learning nor imitation nor theory of mind, but the implementation
of the recursive computational system. As the empirical and theoretical
considerations discussed earlier suggest, studies of the computational prop-
erties of neural oscillations have the potential to achieve what Poeppel
(2012, 35) terms ‘theoretically well-motivated, computationally explicit,
and biologically realistic characterizations of function’. I take this approach
to be part of a line of research starting with Lisman and Idiart’s (1995,
1512) seminal suggestion that ‘brain oscillations are a timing mechanism
for controlling the serial processing of short-term memories’ (although the
conceptual roots of these ideas can be traced further back, as noted). While
Ravignani and Norton (2017, 16) suggest that ethologists should construct
‘rhythmic phylogenies’ of birdsong, this book has proposed a parallel aim
for the neurocomputational basis of language. The explanatory reach of
oscillatory processes still remains fairly modest, but experimental advances
in tandem with developments in theoretical neurobiology along the lines
I have suggested may well prove conducive to grounding linguistic compu-
tation in the brain.

All in all, it may be that the richer levels of hierarchy seen in human language
result from the broader range of cross-frequency couplings available. Upon its
emergence, the human-specific oscillatory profile would have interfaced with
more ancient systems shared with other primates, in turn influencing and
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modifying the internal organisation of such systems through a process of
reciprocal causation (Lewontin 1983; Walsh 2015), with the characteristics of
an organism arising through interacting cascades of selection and construction.
This idea is supported by Hoshi’s (2019, 8) claim that the emergence of Merge
‘made a significant contribution to diversifying a variety of concepts (both
simplex and complex)’. Reciprocal causation effectively ensures that causal
relationships are bi-directional, since a given cause could later become an
effect (and vice versa). Hence, the ‘gene-centrism’ of the neo-Darwinian
Synthesis requires some modification (see Svensson 2018), with evolutionary
neurolinguists needing to expand their scope of concerns beyond natural
selection. Indeed, Levins and Lewontin (1985, 104) noted over three decades
ago how one cannot simply analyse an organism’s genes in isolation from its
environment, and that both factors reciprocally influence each other. Bacteria,
the authors note, ‘are largely outside the influence of gravity as a consequence
of their size, that is, as a consequence of their genes. On the other hand, they are
subject to another universal force, the Brownian motion of molecules, which
[humans] are protected from by our large size, again a consequence of our
genes’.

As a result of reciprocal causation, the neural code for language, with its
cyclic labelling mechanism, would likely have reshaped the representations of
the conceptual systems it interfaced with. This may explain why primate call
units appear to be lacking in the diverse array of, for instance, Tense and φ-
features. There also exists a close alignment between certain grammatical
structures and neo-Davidsonian event representations, possibly emerging
through reciprocal causation: The Complementiser domain corresponds to
the point of existential closure; ‘little verbs’ (v) to internal/external thematic
role assignment; ‘little prepositions’ (p) to adjunct insertion. Exactly how this
and other forms of representational diversity emerged from the combination of
the oscillatory mechanisms responsible for labelling and cyclicity remains
a mystery, and presupposes a neural model of representations, which, as
Chapter 3 discussed, we are currently lacking, having only various claims
about synchronously activated call assemblies acting as informational sources.
But regardless of the model of neural representation one adopts, it is clear that
the present oscillatory model of language yields a serious degree of biological
engagement not present in standard generative descriptions of ‘the rich expres-
sive and open-ended power of human language, the creative aspect of normal
language use in the Cartesian sense’ (Everaert et al. 2015, 740). It is the task of
future research to deepen these biological connections.

An answer to what Embick and Poeppel (2015, 363) term the second spe-
cialisation question was presented in Chapter 1: ‘Are there particular parts of
the [computational-representational] theory that are more likely to be candi-
dates for explanatory neurolinguistic explanation than others?’ Labelling and
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cyclic transfer were suggested as candidates. These are the operations which
attribute to a given set a syntactic identity and maintain it in memory whilst
transferring these structures to the conceptual and sensorimotor interfaces in
‘chunks’ of a given size, determined by the coupling properties of distinct
waves. As Collins (2020) argues, labelling remains the core, fundamental
component of natural language syntactic and semantic interpretation processes
that cannot be dispensed with, essential for generating the asymmetry between
distinct units of a syntactic structure – ‘cultural evolution’ and other such
notions will not be of use here. Repeating ideas presented earlier, Collins
(2020, 232) notes: ‘Brown cow applies to animals of a certain colour, not to
a colour that is manifest in certain animals.Chase a cow applies to an event that
has a cow as its target, not to a cow that is being chased’. As Moltmann
(Forthcoming) stresses, complex semantics (and ontology more generally) is
intimately tied to natural language syntax; ‘language-driven ontology is super-
imposed on the ontology of ordinary objects’, for Moltmann (Forthcoming),
and is part of the generative component that produces such an ontology. That is,
our conception of the world of ordinary objects and their part-whole relations is
influenced by language, and so the neural components of asymmetrical syntac-
tic interpretation will ultimately have extensive cognitive implications.

But what about the opposite problem of neurobiological specificity? This is
posed by Embick and Poeppel’s first specialisation question: ‘Are there parti-
cular levels of [neurobiological] organisation that are to be privileged as
candidates for [computational-representational] specialisation?’ I have argued
that brain dynamics, in particular neural oscillations, are likely candidates to be
privileged in such a way. Embick and Poeppel (2015) also make a useful
distinction between correlational, integrated and explanatory neurolinguistics.
The first occurs when neurobiological computation is correlated with
a computational/representational theory, the second when neurobiological
data provides a way of selecting between computational/representational the-
ories, and the third when properties of neurobiology explain why
a computational/representational theory is the way it is. As the authors explain,
‘Although cognitive theories and [neurobiological] theories are advancing in
their own terms, there are few (if any) substantive linking hypotheses connect-
ing these domains’ (Embick & Poeppel 2015, 357). The translation project
undertaken in this book – converting parts of the cognome into the oscillome –
is only one step towards explanatory neurolinguistics, concerned as it is
primarily with correlational investigations, although some suggestions have
also been made concerning how properties of the computational system can
emerge directly from properties of oscillatory behaviour.

As emphasised a number of times in this book, top-down perspectives on
evolutionary neurolinguistics can be highly instructive up until the point that
sufficiently decomposed and generic operations and processes have been
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discovered. But insisting on a wholly top-down perspective is inconsistent with
both Darwinian and Thompsonian thinking (see Balari & Lorenzo 2013). The
goal should be to unite, and not divide, information from different computa-
tional and implementational levels through generic brain mechanisms. The
timeless urge to impose on nature human-specific concepts crops up in neuro-
linguistics all too often; as Buzsáki (2006) puts it, ‘we take a man-created word
or concept . . . and search for brain mechanisms that may be responsible for the
generation of this conceived behaviour’. Some degree of compromise must
naturally be sought. The best we can do, to my mind, is to stick to those atomic,
domain-general operations which could conceivably be implemented in the
brain and reconstruct our knowledge of language from the bottom-up. Every
theory of language will therefore sit somewhere on this spectrum ranging from
fully anthropomorphic models to fully naturalistic ones; indeed, ‘for a system
as complex as a brain, a pure bottom up approach appears to be a non-starter’
(Gomez-Marin & Mainen 2016, 86).

As explored by Balari and Lorenzo (2013), evolution ‘tinkers’ existing
mechanisms (e.g. slight changes in oscillatory operations like selective inhibi-
tion via lower-level connectome-based modifications) to yield novel higher-
level operations like set-formation. Richer collaboration between linguists,
systems neuroscientists, computer scientists and geneticists consequently
needs to take place. For instance, the glymphatic system (responsible for
‘cleaning’ the brain of protein aggregates) is also responsible for delivering
glucose to neurons, and possibly also to white matter (Jessen et al. 2015). Its
potential role in brain function, and consequently cognition, is only just begin-
ning to be researched. Other recent work has shown that electrical signalling is
present in bacterial communication (Prindle et al. 2015), suggesting with
fascinating and timely clarity that the oscillatory properties of the language-
ready brain arise from ancient, generic mechanisms.

It is also worth noting in this connection that simply because there may be no
brain region specialised for complex syntax, it does not follow that syntax is not
genetically built into human brain function, since there are other cognitive
capacities which are distributed across the brain but are still derived from
innate mechanisms. Indeed, Zador (2019) provides a robust critique of artificial
neural networks and argues, contrary to many recent proposals, that animals are
born with highly structured brain connectivity, enabling them to learn very
rapidly: ‘Because the wiring diagram is far too complex to be specified
explicitly in the genome, it must be compressed through a ‘genomic bottle-
neck’’ (Zador 2019). More generally, brains are built with a rich amount of
preconfigured connectivity and dynamically switching cortical states (Kenet
et al. 2003; Dragoi & Tonegawa 2013), which grounds its oscillatory coding
schemes.
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As discussed in Chapter 3, there is an emerging consensus that the neural
code used for spatial navigation is implicated in navigating more abstract
representations. Conceptual space has been shown to be interpreted and
explored using a grid-like code comparable to the grid cells standardly pro-
posed to navigate space, and auditory space also appears to rely on mechanisms
involved in spatial navigation. Indeed, it is becoming something of a general
theme in the neurobiology of cognition that cellular and oscillatory mechan-
isms once believed to be highly domain-specific are in fact recruited in the
service of computationally analogous processes operating over distinct repre-
sentational domains (see also Murphy 2016d). This book has attempted to
apply this insight to language.

Moreover, a recurrent proposal in this book that has been that future research
should be geared less towards functional neuroanatomy (e.g. the localisation of
syntactic functions) and more towards an oscillatory coding scheme. Support
for this proposal has been presented from a range of domains; consider, for
example, Genç et al.’s (2018) discovery that diffusion markers of dendritic
density and arborisation in grey matter predict differences in intelligence. The
authors note: ‘These results suggest that the neuronal circuitry associated with
higher intelligence is organized in a sparse and efficient manner, fostering more
directed information processing and less cortical activity during reasoning.’ If
these conclusions about ‘higher intelligence’ between language-speaking
human subjects generalise across cognitive capacity (and across species)
more generally, this would motivate an increased emphasis on a generalisable
neural code of the kind proposed in this book, as opposed to a focus on lower-
level neuroanatomical connectivity.

The experimental obstacles towards a comprehensive oscillatory account of
language are numerous, imposing serious limits on investigation. Most notably,
speech contains no markers for the hierarchical structure of language, and so
some measure of internal marking needs to be employed instead. Following the
careful and broad literature review in VanRullen (2016), the linguistic rhyth-
micity documented earlier appears to be crucially distinct from the more
general forms of perceptual cyclicity, which can be decomposed into sensory
cycles (~10Hz) and attentional cycles (~7Hz), suggesting that hierarchical
phrase structure building is a more complex operation invoking richer levels
of oscillatory interactions. At the same time, it has also been shown that
attention is a central modulatory variable for neural entrainment, of the kind
needed for interpreting the rhythmic nature of speech (Zoefel et al. 2017). The
(likely rich) oscillatory interactions between attentional mechanisms and
phrase structure building remain a promising topic for future study.

Addressing now the issue of testability, due to its high temporal and spatial
resolution and signal-to-noise ratio, electrocorticography (ECoG) is highly
applicable to testing some claims made here, having been used to investigate
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speech production (Bouchard & Chang 2014) and language comprehension
(Cervenka et al. 2011) and being flexibly deployed both in humans and animals.
In addition, it not difficult to think of a range of experimental possibilities
which open up at this point. Focusing on the human oscillome, MEG could be
used to record the brains of subjects tasked with memorising or attending to
distinct lexical feature-sets (‘You’ and ‘She’ share a Number ϕ-feature in
common, for instance), with the strength and load-dependence of particular
oscillations being tracked to determine if any permit the differentiation, or
contribute to the maintenance of, these features.

As a way of summarising, Figure 4.1 contrasts the classical ‘language areas’
with the model we are proposing, revealing a considerably greater degree of
complexity. For instance, depicting certain proposals in Chapters 2–3, in Figure
4.1 δ waves cycle across left inferior frontal parts of the cortex, building up the
syntactic workspace phrase-by-phrase and potentially being endogenously
reset by a newly constructed phrase, and being coupled to travelling θ waves
which perform the same function. δ would coordinate phrasal construction
while θ-γ interactions would support the representational construction of lin-
guistic feature-sets. It has also been proposed that δ-γ coupling may be
a generic combinatorial process, combining representations from within and
across domains, and the cerebellum has also been shown to play a role in
processing linguistic rhythmicity and hence aids phrasal processing in fronto-
temporal regions (Murphy 2019). Meanwhile, linguistic prediction seems to be
implemented via coupling between frontal γ amplitude and posterior α phase
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Phase–amplitude
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Figure 4.1 A connectome of the hypothesised neural code for recursive
hierarchical phrase structure building. The large number of specific regions
implicated in this connectome are discussed throughout the main text
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(Wang et al. 2018) and prefrontal predictions facilitate δ-entrained speech
tracking in anterior superior temporal gyrus (Keitel et al. 2017). Lastly, event
representations (thematic relations between entities) in the angular gyrus (and
also entity/object category representations in the anterior temporal lobe; Binder
& Desai 2011) serve as an interface to the processing of hierarchical lexical-
syntactic information in the posterior middle temporal gyrus, a major node in
migrating δ and also δ-θ phase-amplitude coupling. Of course, entities and
events are not the only forms of representations manipulated by syntactic
structures. White matter tracts to other loci of conceptual representations (in
the presently proposed system: γ-itemised units) will likely be needed; a topic
ripe for future neuroimaging research.

How could this model map onto articulation/externalisation, a topic we
intentionally put to one side in order to focus on comprehension? Consider
the findings reviewed in Goswami (2019). Goswami’s lab has shown that
stressed syllables in children’s nursery rhymes, during perception, entrain to
δ (‘LON-DON’), individual syllables entrain to θ (‘LON’) and the onset-rime
structure entrains to β (‘L’, ‘ON’. . .). Meanwhile, the adult brain exploits
amplitude rise times to discover the temporal rates of perceived speech, and
subsequently phase resets the activity of particular cortical cell networks in
order to ensure that their activity is aligned with this new, incoming informa-
tion. Alongside this, there exists motor prediction of speech, through which δ
phase in auditory cortex couples with β power in motor cortex (Arnal et al.
2014). This {δ(β)} phase–amplitude coupling could support the rhythmic
synchronisation of movement to certain positions within an external rhythmic
input (speech, music, etc.) but could also facilitate the coordination of externa-
lising prosodic information, ensuring motor commands adhere to the internally
generated phonological structures being mapped onto articulatory pathways.
Thus, we would expect two types of {δ(β)} phase–amplitude coupling across
distinct regions: one for comprehension, the other for production.

There is also increasing support for the oscillatory model presented in this
book, alongside the evidence discussed in Chapter 2 and 3. For instance,
Brennan and Martin (2019) analysed a naturalistic story-listening EEG dataset
(twelve minutes of the first chapter of Alice’s Adventures in Wonderland) and
showed that δ-γ phase-amplitude coupling increases with the number of pre-
dicates bound on a given word (the authors analysed only the Cz electrode –
central, top scalp site – so further analyses are needed to flesh out the picture).
They also discovered an increasing scale of δ-θ coupling beginning at the point
of a word completing a single phrase, through to words completing two and
three phrases. As such, δ-γ and δ-θ coupling increases with predication.

The specific computational roles attributed here to α are also supported by
Chapeton et al.’s (2019) findings. These authors looked at intracranial EEG in
the human temporal lobe and discovered that pairs of EEG sensor regions with
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correlated broadband activity are also α coherent (specifically in the 6–13Hz
range, so technically also θ and low β, varying between participants). The phase
delays of the coherent α oscillations also matched the time delays of the
correlated components, suggesting that large-scale correlations and spiking
activity are modulated by the phase of α. Interestingly, when the authors
examined δ coherence, they found the phase delays between δ rhythms do
not appear to be well suited to large-scale communication through coherence,
suggesting that the migrating δ temporal (and frontal) rhythms postulated in the
model defended in Chapter 3 do indeed play a more specific computational
function.

Other recent work reveals further exciting prospects for testing the model
I have developed here. Using MEG, Adams et al. (2019) discovered phase-
amplitude coupling between δ and θ in subjects performing a semantic decision
task, involving the reading of word pairs. The presentation of the second word
was not time-locked to either δ or θ, and Adams et al.’s results were from all of
the δ/θ periods from the point of stimulus presentation to the subject’s decision.
This particular form of phase-amplitude coupling forms the core component of
the model I have developed here (and in Murphy 2016a, 2018b), lending
specific computational advantages responsible for higher linguistic computa-
tion. Of course, δ-θ alone is only part of the computational machinery, with
further coupling with γ, cross-cortical migrations, and other hypothesised low-
frequency couplings providing further resources, as argued here (see Figure
4.1). Further modelling by Adams et al. (2019) revealed that local, interlaminar
neocortical δ-θ phase-amplitude coupling ‘may serve to coordinate both
cortico-cortical and cortico-subcortical computations during distributed net-
work activity’ (2019, 1150). Specifically, regular spiking neurons (θ) project
purely cortico-cortically, while intrinsic bursting neurons (δ) in layer 5 project
subcortically. Given the proposed cortico-cortical and cortico-subcortical
interactions in the model I have developed, this provides additional motiva-
tions for exploring the role of δ-θ coupling in language (see also Harmony 2013
for evidence that frontal δ activity increases during a range of general cognitive
tasks). Pushing past disciplinary boundaries will be essential here; Adams
et al.’s (2019) work appeared in the Journal of Neurophysiology, not known
as a hotspot for linguists.

There is also a particular objection to oscillatory investigations of language
which is worth addressing at this point, having presented all hypotheses and
proposals. This objection states that inner linguistic cognition, loosely shackled
to inner speech, is too rapidly constructed on the fly to be implemented by
anything as slow as a δ wave, let alone multiple successive δ waves (Chomsky
2019b reproduces the same argument in the context of neural firing more
generally). But, as made clear in Chapters 2–3, δ and also θ are merely the
coordinators of the much more rapidly oscillating γ-itemised linguistic
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representations. Furthermore, with the shorter phase duration from peak-to-
trough (and not peak-to-peak, or trough-to-trough) being the period when the
most excitable representations will be phase-locked, we only have to invoke the
peak-to-trough δ and θ periods. For instance, keeping with conservative tim-
ings (and not discussing faster δ at 3.5Hz or 4Hz), 1–3Hz peak-to-trough δ
would permit two to six sets of θ-directed γ ripples per second. In turn, when we
factor in the issue of γ ripple size (which can range from 30 Hz to over 100Hz)
the combinatorial power of oscillatory synchronisation becomes clear.

More generally, and related to these issues, one of the more efficient ways to
test the importance of oscillatory interactions in language processing would be
to reanalyse existing (and often publicly accessible) EEG, MEG and ECoG
datasets. As noted, there is a large variety of such datasets already in existence,
which previous investigators have often used to simply look at amplitude
fluctuations or general patterns of neural activity. Making use of these datasets,
in particular those involving naturalistic dialogue or narratives, would permit
neurolinguists to map out the most prominent forms of cross-frequency cou-
pling apparent at certain stages of interpretation and would boost the ecological
validity of oscillatory models.

With respect to testing the broad range of oscillatory interactions centred in
the model proposed here, while it is possible to explore general band interac-
tions, especially in the slower ranges, it is currently difficult to acquire γ activity
with a high signal-to-noise ratio non-invasively. As such, a finer-grained per-
spective on precise δ-γ, θ-γ and α-γ interactions will require intracranial patient
recordings using implanted electrodes. Still, this electrocorticographic (ECoG)
method is limited in its cortical range, differing on a patient-by-patient basis, and
many current studies only include five to twenty patients per experiment.
Relatedly, while intracranial EEG (iEEG) involves electrodes implanted directly
in brain tissue and provides high spatial resolution, iEEG data is naturally
recorded in non-healthy brains, and is possibly confounded with changes in
frequency spectra, epileptogenic changes and artefacts (Fellner et al. 2019).
Meanwhile, MEG provides whole-head coverage and permits recordings of
healthy subjects. As such, future work should aim to combine these methods,
as in Fellner et al.’s (2019) dual iEEG-MEG study involving large sample sizes.
Measuring magnetic dependencies in MEG can also be done in a number of
ways, and strong sensor connections can imply a strong local neural connection
or a strong non-local connection across large neural pathways; ECoG does not
have this limitation

Moreover, most current analyses of coarse-grained brain activity, such as
that measured by ECoG, are based on linearity assumptions (e.g. structural
equation modelling and Granger causality). Linear models cannot describe
flexible time-dependent or context-dependent interactions, of the kind exhib-
ited by language comprehension and production. In an effort to move beyond
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these limits, Giahi Saravani et al. (2019) explore switching linear dynamics,
where the switch determines which linear dynamical system currently best
describes observed neural dynamics. The authors use an autoregressive Hidden
MarkovModel to identify dynamical network states exhibited by ECoG signals
recorded from human neurosurgical patients, allowing them to characterise
individual network states according to the patterns of directional information
flow between cortical regions of interest, focusing on broadband γ. They found
that these network states occur consistently and in specific, interpretable
sequences across trials and subjects, such that the brain seems to exhibit
a particular, fixed-length state of visual processing, then a variable-length
language state, followed by a terminal articulation state. The dynamics of
this second state should be of outstanding interest to future neurolinguistics
work; in particular, exploring beyond the broadband γ range would be impera-
tive to testing (parts of) the presently proposed neural code for language.

The theories we have presented here, concerning the interactions of oscilla-
tions, are also currently limited mathematically. Basic amplitude and phasal
fluctuations can readily be captured, but the mathematical properties of cross-
frequency coupling (and its various manifestations) are more difficult to
capture. Moving forward, word-level theories will naturally be insufficient;
mathematical theories are needed. Mathematical theories of learning and
computation by neural systems, employing concepts from dynamical systems
(attractors, oscillations, chaos) and statistics (information, uncertainty, infer-
ence) should be used to relate the dynamics and functions of neural behaviour.

From what was discussed in Chapter 1, a number of questions remain
unanswered and unaddressed in much of the literature. For instance, how are
third factors implemented in the brain (e.g. via principles such as Friston’s free
energy) and how do they impact the language architecture? Which subdomains
of linguistics have the potential to make greater contact with the life sciences
(e.g. pragmatics)? Which elements of the language system seem amenable to
explanations invoking natural selection (as opposed to other accounts)? The
extensive range of experimental approaches discussed in Chapter 1 also leads
one to wonder how it is possible to further assess the auditory-vocal working
memory capacity of non-human primates and songbirds. Yet other questions
arise: Which linguistic structures (e.g. exocentric VN compounds) are candi-
dates for being some of the earliest forms of syntactic objects? What possible
evolutionary route did the pragmatics system of language take, given what is
known about certain shared competences in this domain?

The conclusions in Chapter 2 result in (at least) the following, central
questions for future research: What are the anatomical similarities and differ-
ences regarding human and non-human temporal processing networks? How
do prediction and binding processes – seemingly implemented via distinct
oscillatory codes – interface? What are the boundary conditions determining
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when features of overlapping lexical items are integrated into a single repre-
sentation rather than separated? What is the relationship between local power
decreases and cross-frequency coupling (and network connectivity more
broadly)?

Lastly, Chapter 3 presented a number of hypotheses about emerging areas of
inquiry in the cognitive neurosciences, with the research questions carrying the
most urgent relevance for linguistics being the following: How does the notion
of a travelling weakly coupled oscillator tie in with existing findings concern-
ing the supposedly fixed, regionalised oscillatory activity found in existing
research into language processing? At what point does entrainment end and
endogenous neurocomputation begin? How might single-neuron models of
mental representations account for well-known features of the lexicon? How
might one test the hypothesis that non-human primates exhibit a differently
organised array of cortical cross-frequency couplings? Lastly, it is known from
intracellular recordings in vitro that cortical layer 5 pyramidal cells play an
important role in organising slow oscillations (Sanchez-Vives & McCormick
2000), but the more specific cellular and neurochemical basis of slow rhythms
(of the kind – and in the neuroanatomical locations – discussed here) remains in
relative obscurity.

While many of the topics related to language processing and evolution do
indeed remain difficult to approach, I hope to have shown that some – given the
right multidisciplinary perspective – are becoming increasingly tractable. If
feature-set binding, object maintenance, property attribution, featural compar-
isons, and cross-modular searches are experimentally found to be implemented
via generic oscillatory subroutines and various cross-frequency coupling inter-
actions, this would be a substantial step towards understanding the biological
basis of language. Research into the neurochemical and genetic basis of the
human oscillatory profile is rapidly expanding, widening the scope for inter-
disciplinary investigations into its lower-level implementation and origins.
Although this work is not typically described as language evolution literature,
given the promising directions open to oscillatory experimental and theoretical
work, it may not be all that long until studies of thalamic α and frontal γ are
considered contributions to the implementational basis of phrase structure
building.

To conclude, my intention here has been to explore the potential causal-
explanatory power of neural oscillations with respect to the generation of
hierarchical phrase structure. This process has led to a number of new sug-
gested directions for educing latent proposals by a number of researchers
concerning the various roles oscillations have in parsing grammatical phrases.
What are the implications for the neuroscience of language? The studies
reviewed above reflect a more general current trend in neurobiology, such
that processes and structures which were once deemed highly domain-
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specific are now being understood to implement more generic computations,
and the only domain-specific entities left are the representations these pro-
cesses operate over. Further examples are increasingly reported in the litera-
ture, such as the discovery that domain-general preparation and control
mechanisms implemented via θ and α modulations are recruited by the lan-
guage system when generating predictions during sentence comprehension
(Rommers et al. 2017). This opens up new avenues for investigating the
biological basis of language and its emergence in our lineage. Along with
a broader reach into domains which were not long ago believed to be irrelevant
to the language sciences, this enterprise requires what the novelist John Cowper
Powys (1951, 697) described as an ‘insanely intense and incorruptible con-
centration on the mystery of words’.
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Glossary

Agreement:When the form of a word/morpheme covaries with that of another
word or phrase. Compare John runs to the park with We run to the park,
where the form of the verb is conditioned by whether the noun is singular or
plural.

Artificial grammar learning: A class of experimental paradigms employing
invented rules to produce meaningless grammars.

Axon: A nerve fibre that conducts electrical impulses away from the neuronal
cell body.

Binding theory: A set of principles accounting for the distribution of anapho-
ric elements (e.g. pronouns). A pronoun, or ‘bindee’, typically has an ante-
cedent, or ‘binder’, as in John said he was happy, where the pronoun can
successfully refer to the noun, unlike in *He said John was happy.

Brodmann area (BA):A region of the cortex defined by its cytoarchitectonics,
or cell structure.

C-command: An expression of the relationship between nodes on a hierarchi-
cally organised syntactic tree. If a node has any ‘sibling’ nodes (nodes which
are dominated by the same node), then it c-commands them, and if not, then
it c-commands every node its dominating ‘parent’ node c-commands.

Cell assembly: A network of functionally connected neurons that is activated
by a particular mental process.

Clade: A natural grouping of organisms linked via descent from a common
ancestor.

Content word: Words which name objects and their qualities. These are
typically nouns but can also be verbs, adjectives and adverbs.

Cross-frequency coupling: When interactions between discrete frequency
bands give rise to more complex regulatory structures. For instance,
phase–amplitude coupling denotes the statistical dependence between the
phase of a low-frequency band and the amplitude of a high-frequency band.

Displacement: A core concept in generative grammar whereby syntactic
objects are displaced from the position where certain of their features are
interpreted.
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Embedding: The ability for a linguistic unit to host within it another linguistic
unit.

Ethology: The study of animal behaviour with particular focus on the wild.
Evo-devo: Evolutionary-developmental biology; the recent synthesis of neo-

Darwinianism and embryology and molecular developmental biology.
Exaptation:An evolutionary process through which mechanisms change their

function before being tuned to a new function.
Function word: Words denoting grammatical relationships between content

words, such as prepositions, pronouns and conjunctions.
Generative grammar: The branch of linguistics which assumes that natural

language is a mental computational system of rules generating an unbounded
array of hierarchically structured expressions, with varying degrees of
acceptability.

Home sign: A communication system based on gestures developed by a deaf
child lacking any linguistic input.

Homologous trait: A characteristic shared in a set of species as a result of
inheritance from a common ancestor.

Label: The basic unit of structural identity in syntax.
Markedness: A method of designating regular versus irregular linguistic

forms, where a regular form is regarded as ‘unmarked’ and an irregular
form is regarded as ‘marked’.

Merge: The computational operation which selects two lexical items, α and β,
and forms a set, {α,β}, in a workspace.

Oscillation: The unfolding of repeated events in terms of frequency; in brains,
these are caused by excitatory and inhibitory cycles in cell assemblies.

Passivisation: The transformation of a sentence from an active form to a
passive form, such as when John ate the sandwich is transformed into The
sandwich was eaten by John.

Phi-feature (φ): Linguistic features of Person, Number and Gender.
Phenotype: Fixed morphological or behavioural features of an organism.
Phonology: The system of sound, or a set of sound-related features and rules

stipulating how these features interact in a given language.
Pragmatics: The study of language use, action, and linguistic context.
Question formation: A common type of inversion where constituents switch

their order of appearance, such as when John will arrive transforms intoWill
John arrive?

Recursion: The hallmark of natural language syntax; when a linguistic rule can
be applied to the result of the application of the same rule, creating, for
instance, ‘nested’ structures like John, who likes Sarah, will come to the
party from John will come to the party.
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Select: The computational operation which selects a lexical item (or feature, or
a set of features, depending on one’s assumptions) from long-term memory,
or the ‘lexicon’.

Spell-Out: The cyclic computational operation which transfers syntactic
objects (sets of linguistic features, typically hierarchically organised) to the
sensorimotor and conceptual interfaces for production and interpretation.
Once Spell-Out has applied, a standard assumption is that these objects are
inaccessible to the rest of the derivation (and hence the active construction
workspace).

Syntax: Informally termed the ‘grammar’, this is the set of principles govern-
ing the structure of sentences.

Theta phase precession:When place cells fire at increasingly earlier phases of
the underlying theta oscillation when approaching the place field.
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