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Abstract

This thesis explores the relationship between spatial and temporal varia-

tion in English laterals in order to test predictions of the coupled oscillator

model of speech timing. Electro-magnetic articulography data is used to ex-

amine spatial and temporal properties of laterals from two British English

dialects which differ in degree of /l/ darkening, an Onset Lightening dialect:

Standard Southern British English, and and Onset Darkening dialect: Lan-

cashire English. This thesis explores how dialect-mediated spatial differences

in laterals affect patterns of lateral cluster timing. This design allows for a sys-

tematic, within-language exploration of the effects of /l/ darkening on speech

timing. Results find laterals to differ spatially across dialects, but not tempo-

rally in measures of /l/ cluster timing and inter-gestural timing. In this way,

temporal stability in /l/ is found to be invariant to spatial differences. Further

analyses reveal systematic dialectal differences in the velocity of the tongue

body gesture of /l/ to facilitate this pattern. Implications of these results are

discussed within the framework of Articulatory Phonology and the coupled

oscillator model of speech timing. Specifically, results support a feed-forward

model, whereby coupling relations are invariant to spatial properties.
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Chapter 1

Introduction

The goal of this thesis is to investigate the relationship between spatial and temporal

variation in speech production using the test case of British English laterals, where

systematic spatio-temporal variation is known to occur. I focus in particular on the

interaction between dialect-mediated spatial di�erences in lateral gestures and pat-

terns of lateral cluster timing. The nature of this relationship, and spatio-temporal

relations in speech production more broadly, has theoretical importance, for the ex-

tent to which spatial and temporal aspects of speech co-vary has consequences for

models of phonology, which must account for these patterns.

One model of phonology which makes speci�c predictions about spatio-temporal

variation is Articulatory Phonology. Articulatory Phonology (AP) proposes dy-

namical spatio-temporal representations to be the fundamental unit of phonological

organisation (e.g., Browman and Goldstein, 1988; Browman and Goldstein, 1992).

An assumption of the AP model is that patterns of temporal coordination between

gestures are governed by coupling relations between planning oscillators associated

with each gesture. Coupling relations between gestures di�er with syllable position,

such that C-V gestures are coupled in-phase in onsets, and V-C gestures are coupled

anti-phase in codas. The model predicts that these coupling relations should occur

irrespective of spatial variation, hence there should be no relationship between in-

trinsic gestural properties and gestural timing. However, empirical evidence is mixed

on this matter. For example, Past•atter and Pouplier (2017) found the coarticula-

tory resistance of a consonant to in
uence C-V timing, while Shaw and Chen (2019)

found that C-V timing was a�ected by the position of the tongue dorsum at the
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vowel onset, both suggesting covariance between spatial and temporal dimensions.

Shaw and Chen's �ndings were not, however, replicated by Liu, Xu, and Hsieh

(2022) who found CV onsets in Mandarin to begin synchronously in segmentally

contrastive disyllabic pairs.

Evidence is also mixed regarding the predicted timing patterns of gestures in

cluster contexts. The coupled oscillator model of AP (Browman and Goldstein,

2000) predicts gestures in a coda clusters (VCC) to show a local timing pattern

through a series of anti-phase relationships, which results in a temporal stacking of

gestures. Gestures in onset clusters (CCV) are rather predicted to exhibit a global

timing pattern through a combination of in-phase coupling relations between each

consonant and the vowel, and an anti-phase coupling between the consonants. This

results in a displacement of consonants around the vowel. These timing patterns

are reviewed in more detail in Section 2.2.3.

Contrary to these predictions, empirical evidence often �nd lateral clusters to

show di�erent timing patterns. For example, lateral codas show the predicted se-

quential timing pattern in German (Pouplier, 2012), but show an atypical timing

pattern in English (e.g, Goldstein et al., 2009; Marin and Pouplier, 2010). These

timing irregularities are possibly linked to the complex gestural make-up of laterals

and variation in the phasing of the component gestures (Sproat and Fujimura, 1993),

which varies across varieties (Gick et al., 2006).

Cross-linguistically, laterals exhibit considerable variation in lateral darkening

(e.g, Gick et al., 2006; Recasens and Espinosa, 2005). One hypothesis is that lateral

darkening mediates lateral cluster timing (Marin and Pouplier, 2014), suggesting a

relationship between spatial variation in cluster components and the global timing

patterns evidenced in those clusters. To date, it has however been di�cult to test

hypotheses around the e�ects of lateral darkening on cluster timing, as between-

language comparisons are confounded by phonotactic and other segmental-prosodic

di�erences between languages. Further, eliciting a wide range of variation from

within a homogeneous group, also proves challenging.

Laterals in British English provide a compelling test case for addressing this

relationship between spatial and temporal variation in lateral clusters. Systematic

spatial and temporal variation in lateral darkening has been widely reported across
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dialects of British English (Turton, 2014; Wells, 1982). This within-language varia-

tion provides an interesting opportunity for measuring the e�ects of lateral darkening

on cluster timing within a language, without the confounds of a between-language

comparison.

This thesis explores the relationship between patterns of spatial phonetic varia-

tion and speech timing, using the test case of lateral clusters in two English dialects:

an Onset Darkening dialect, where /l/ is dark in onset and coda positions, and an

Onset Lightening dialect, where /l/ is clear or light in onset position and dark in

coda position. Audio-synchronised electromagnetic articulography data of speakers

of the two dialects are analysed. This allows for a comparison between two similar

varieties of the same language, which di�er in a crucial regard: /l/ darkening. The

following sections provide a detailed breakdown of how the broad aim of the the-

sis will be approached. First, I establish how di�erences in /l/ darkening between

Onset Lightening and Onset Darkening dialects manifest in articulation, before I

explore the relationship between the dialect-mediated di�erences in /l/ darkening

and patterns of lateral cluster timing.

Before detailing the studies of this thesis, I �rst wish to highlight the stance

taken by the thesis regarding how /l/ is conceptualised at the gestural level, and

the goals of lateral production. This thesis adopts the multi-gestural model of

/l/ proposed by Sproat and Fujimura (1993), whereby /l/ is said to comprise a

tongue dorsum retraction / tongue body lowering gesture and a tongue tip raising

gesture. Others, however, have argued that /l/ may best be thought of as a single

gesture. For example, Recasens and Espinosa (2005) suggest a single combined

measure of post dorsum lowering and retraction to capture /l/ darkening. Debate

is also to be had around the goals of lateral production. Browman and Goldstein

(1995) suggest the goals of lateral production to be de�ned mid-sagittally, with

lateralisation being a by-product of a primary mid-sagittal target. This is the stance

assumed by this thesis which does not measure lateralisation. However, we must

also consider the theoretical possibility that lateralisation, as oppose to tongue body

lowering/dorsum retraction, is the primary target in /l/ production. This idea

is raised by Sproat and Fujimura (1993) who suggest tongue dorsum to be a by-

product of tongue lateralisation. Ying et al. (2021) supports the view, �nding the
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timing of lateralisation to be stable in Australian English speakers across di�erent

morphosyntactic contexts. Thus, it should be acknowledged that, in the treatment

of laterals, this thesis adopts one of several approaches.

1.1 Overview of Studies

1.1.1 Dialect Variation in /l/ Darkening

Before the interaction between lateral darkness and timing can be explored, I �rst

establish the articulatory mechanisms responsible for the dialectal contrast in /l/

darkening. Commonly cited measures of /l/ darkening are applied to lateral data.

Given the known e�ect of context on lateral darkening, (e.g., Lee-Kim, Davidson,

and Hwang, 2013; Mackenzie et al., 2018; Sproat and Fujimura, 1993; Strycharczuk,

Derrick, and Shaw, 2020; Turton, 2014), /l/ is examined across a range of mor-

phosyntactic and vocalic contexts in order to better disentangle e�ects of dialect

on /l/ darkening from e�ects of context. Throughout, I discuss methodological

challenges posed by the task of arriving at a single measure of /l/ darkening.

1.1.2 Relationship Between /l/ Darkness and Clusters

Timing

Chapter 5 explores the interaction between the dialect-mediated spatial patters of

laterals, established in Chapter 4, and the timing of laterals in consonant clusters.

As brie
y outlined above, consonant cluster timing refers to the timing relationships

between consonants and vowels in a consonant cluster context, in onset (CCV), or

coda (VCC) position. Numerous studies have found systematic di�erences in the

timing of consonant clusters in onsets compared to codas, which have been explained

through the coupled oscillator model to result from di�erences in coupling relations,

described above (e.g, Browman and Goldstein, 1995). While consonant clusters in

onset position are typically observed to be organised in a C-centre timing pattern, a

sequential timing pattern is observed for coda clusters (see Sections 2.2.4 and 2.2.5

for explanation of these terms).

For lateral coda clusters, atypical, non-sequential timing patterns have been
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reported for some languages but not others. Speci�cally, languages where /l/ is dark

in coda position, such as in American English show such atypical patterns, while

languages where coda /l/ is clear, such as Romanian do not (Katz, 2012; Marin

and Pouplier, 2010, 2014). This suggests that the di�erences observed in cluster

timing arise from di�erences in the articulatory properties of clear vs dark /l/s.

This relationship between the internal articulatory dynamics of laterals and lateral

timing in multi-gestural structures poses potentially interesting questions for an

Articulatory Phonology framework regarding the nature of the relationship between

spatial and temporal variation. Addressing this question, this study compares two

dialects of British English where /l/ di�ers in systematic ways: An Onset Darkening

dialect - Lancashire / Manchester English, where /l/ is dark in all positions, and

an Onset Lightening dialect - Southern Standard British English, where /l/ is clear

in onsets and dark in codas. Chapter 4 �nds di�erences in /l/ darkening between

dialects to manifest in the magnitude of tongue body lowering. This provides a

context where the e�ect of dialect-mediated spatial di�erences in laterals on patterns

of lateral cluster timing can be tested explicitly.

This study's synthesis of speech dynamics and language variation allows insights

into important theoretical issues, including how the internal dynamics of a lat-

eral segment a�ect global timing patterns within a consonant cluster context, and

how this relationship is handled by an articulatory framework. In addition, the

dialect comparison allows insights into patterns of micro variation of /l/ across two

closely related varieties. This is important because much of what we currently know

about articulatory variation in /l/ is drawn from meta-comparisons between di�er-

ent studies, which often employ non-comparable methodologies or are confounded

by cross-linguistic di�erences.

1.1.3 Dialectal variation in the tongue body gesture of /l/

In the �nal study of this thesis in Chapter 6, I undertake a restricted temporal

analysis of /l/ within a single segmental context - namely in the word pair plick /

lick. This high-front vowel context provides a segmental environment whereby the

two gestures of /l/ (assuming the Sproat and Fujimura model of /l/, see Section 2.3)

can be easily identi�ed. Identifying the gestures of /l/ proved challenging within the
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previous studies of this thesis, where wider segmental contexts of /l/ were considered.

Here, I consider the timing of the tongue body lowering gesture of /l/ and the tongue

tip raising gesture of /l/, both in relation to each other and surrounding segments.

Further, this study investigates, explicitly, the relationship between the previously

established spatial variation in the tongue body gesture of /l/ between dialects, and

patterns of temporal variation.

1.2 Structure of Thesis

This thesis is structured as follows. Chapter 2 provides the theoretical and em-

pirical background to the studies of this thesis. First, the theoretical framework

of Articulatory Phonology is presented, and key theoretical concepts and areas of

recent developments are outlined. Articulatory Phonology takes into account both

spatial and temporal aspects of speech, making it physically relevant and testable.

Importantly for this thesis, Articulatory Phonology makes speci�c predictions about

the relationship between the spatial and temporal aspects of speech; these will be

outlined in Section 2.2.7. Concepts from Articulatory Phonology will be a con-

tinuing thread throughout this thesis and will be drawn upon in conceptualising,

measuring, and interpreting speech data. The latter half of Chapter 2 addresses

laterals, the test case used within the thesis to examine spatio-temporal relations.

Here, I provide an overview of patterns of lateral variation and consider how laterals

may be conceptualised within an Articulatory Phonology framework. The chapter

concludes by laying out the research questions of the thesis.

Chapter 3 provides an overview the experimental procedures used to obtain

the audio-synchronised electromagnetic articulography (EMA) data for this study,

speaker information, and stimuli. All data for this thesis were collected within

single sessions. Each chapter of the thesis focuses on a di�erent set of stimuli

collected within this session. Methodological details which are speci�c to each study

(i.e., temporal measures and statistical methods) are provided alongside the relevant

studies in Chapters 4, 5, and 6.

Chapter 4 presents the �rst study of this thesis, \Dialect Variation in /l/ Dark-

ening". The goal of this chapter is to establish the articulatory mechanisms driving
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the dialectal di�erence in /l/ darkening. Of particular importance is the nature

of spatial articulatory di�erences in /l/ darkening between dialects, as Chapters 5

and 6, will build upon this �nding in asking how spatial di�erences in /l/ between

dialects a�ects patterns of /l/ cluster timing.

In Chapter 5, I present the second study, \Timing of /l/ Clusters in Onset

Darkening and Onset Lightening dialects." Here, I explore the relationship between

spatial di�erences in /l/ darkening between dialects, as found in Chapter 4, and

patterns of /l/ cluster timing. Chapter 6 presents the �nal study of the thesis

which performs a restricted analysis on /l/ within a single segmental context. This

allows an explicit look into how spatial di�erences in the tongue body gesture of /l/

between dialects structure timing.

Chapter 7, draws together the themes which run throughout this thesis. The

relationship between spatial and temporal variation in the context of /l/ is evaluated

in relation to core assumptions of the Articulatory Phonology model. I discuss issues

such as the validity of the C-centre measure as a heuristic for syllable structure,

alongside other hypothesised explanations for the main �ndings of this thesis. In

addition, I also discuss the contexts structuring variability in lateral darkening in

the dialects considered here, the ways in which /l/ darkening manifests, and the

implications of these for models of laterals.
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Chapter 2

Literature Review

2.1 Introduction

In this chapter I review literature relevant to this thesis' investigation of the re-

lationship between spatial and temporal variation in speech. The prediction of

Articulatory Phonology for this relationship will be core to this exploration. I begin

this chapter by outlining the fundamental concepts of Articulatory Phonology which

underpin the models predictions for the nature of spatio-temporal relations. These

include the notion of the gesture, task dynamic modelling, and coupling relations

between gestures. This is followed by a discussion of how spatio-temporal variation

is handled within the AP model.

In the second half of the chapter, I provide an overview of laterals. English

laterals will provide a test case through which I examine the relationship between

spatial and temporal variation. In these sections, I justify the use of laterals as a

test case for examining the nature of spatio-temporal relations and outline the ways

in which laterals vary along spatial and temporal dimensions. Drawing together

the chapter, I discuss how laterals are handled within an AP framework, focusing

in particular on the coupling relations between the multiple gestures of /l/. The

research questions of the thesis are then presented.
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2.2 Articulatory Phonology

This section outlines the fundamental concepts of Articulatory Phonology and the-

oretical issues that the model seeks to address. A major problem for theories of

phonology is how to account for the discrete invariant and continuous variant as-

pects of speech. Articulatory Phonology accounts for this problem through adopt-

ing a dynamical approach to phonology, where variation emerges \naturally" from

discrete spatio-temporal targets (Kelso, Saltzman, and Tuller, 1986, p. 30). Artic-

ulatory Phonology di�ers from symbolic and modular approaches to phonology in

several ways. Firstly, there is no translation problem between the discrete abstract

phonological representation and the continuous physical domain of phonetic imple-

mentation in AP; rather, discrete and continuous aspects of speech are considered

the higher and lower dimensions of a single, dynamical system (Browman and Gold-

stein, 1992; Browman and Goldstein, 1995). This di�ers to symbolic or modular

accounts, where cognitive and physical domains are highly distinct. Secondly, AP

considers the gesture to be the fundamental unit of speech. Gestures are the forces

which drive articulatory movements, and hence have both a spatial and temporal

manifestation (Browman and Goldstein, 1992). In this way, AP shows time to be

an emergent property of the system (Iskarous and Pouplier, 2022).

A central aspect of AP is the notion of \coordinative structures" (Kelso, Saltz-

man, and Tuller, 1986). Coordinative structures refer to the synergetic coming

together of articulators to achieve a particular speech goal. How exactly the goal

is achieved, i.e., which articulators contribute, and to what degree, may vary with

context, hence leading to instances of motor equivalence. The point to emphasise

here, is that it is the goals of speech, rather than the movements of individual artic-

ulators, which are of primary importance (Kelso, Saltzman, and Tuller, 1986), and

variation within the contextual environment may yield variation in how the goal is

achieved. In the sections which follow, I elaborate further on these ideas, beginning

�rst with de�ning the notion of the gesture.
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2.2.1 The Gesture

The precise de�nition of a gesture is that of an abstract system which speci�es

articulatory events: \abstract characterisations of articulatory events" (Browman

and Goldstein, 1992)[pg., 155], or \a dynamical system speci�ed with a characteristic

set of parameter values" (Browman and Goldstein, 1995)[pg., 181]. That is, a gesture

refers to the dynamical system which determines an articulatory movement, and not

to the articulatory movement itself. However, within this thesis, the term \gesture"

will often be used in the latter sense, to refer to a physical event. This is because,

although gestures are abstract, they also manifest as physical changes to the vocal

tract. One way to disambiguate the de�nition of the gesture is to de�ne the AP

notions of \tract variables" and \model articulators" (Browman and Goldstein, 1992;

Saltzman and Munhall, 1989). The functional goals of speech, for example, the

complete lip closure required for a bilabial plosive, are tract variables. These are

achieved through the combined movements of multiple articulators; for example, lip

closure may involve movements of the upper lip, the lower lip, and the jaw. There

are multiple ways that the tract variable of lip closure could be achieved; the jaw

may raise a little or a lot, and this has consequences for how much the lower lip has

to move. Gestures are de�ned in terms of tract variables. Model articulators, on the

other hand, refer to the functional synergies of articulators which can 
exibly achieve

a speech goal in di�erent ways. The notion of tract variables will be elaborated upon

further in the discussion of Task Dynamics below.

Periods of gestural activation can be visually represented using a gestural score.

A gestural score depicts the intervals of time during which a gesture's activation

is above an activation threshold, such that there is a meaningful modi�cation to

the physical state of the vocal tract (Tilsen, 2020b). Figure 2.1 depicts a gestural

score for the word tab. The mobile articulators are listed on the y-axis and time

on the x-axis. Within the boxes the nature of the constriction is speci�ed (wide, or

narrow), as well as the passive articulator where appropriate.

Gestures have further been categorised by the degree of constriction they spec-

ify. \Consonantal" gestures involve a considerable constriction (i.e., a close coming

together of articulators) in the vocal tract, while \vocalic" gestures involve a com-

paratively open constriction (Sproat and Fujimura, 1993).
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Figure 2.1: Gestural Score of the word tab. Orange boxes show the articulator and
blue boxes show periods of activation for articulatory gestures.

Gestures are modelled as dynamical systems. Dynamical systems are common

place within mathematical descriptions of the natural world. What is meant by

a dynamical system is concisely summarised by Iskarous and Pouplier (2022): \A

di�erential equation describing a dynamical system, speci�es how a system will

evolve over time based on its current state" [pg., 21]. We can consider gestures then

as systems which specify how the vocal tract gets from its current state to another

phonologically speci�ed state. More speci�cally, gestures can be described as point

attractors (Saltzman and Munhall, 1989). A point attractor in a dynamical system

describes a point which attracts states to it, leading di�erent trajectories towards

the same point, i.e., a speci�ed articulatory target, and do so independent of the

starting position. To take a speech example, a velic speech target for /k/, can still

be achieved, regardless of whether the preceding segment is a front vowel, requiring

a fronted tongue body, or back vowel, requiring a posterior tongue body position.

2.2.2 Task Dynamics

Task Dynamics is a branch within Articulatory Phonology which allows gestural be-

haviour to be modelled and speci�ed (Saltzman and Munhall, 1989). As discussed

above, Articulatory Phonology considers gestures to be made up of tract variables:

constrictions within the vocal tract, created from synergies of articulatory move-

ments (Saltzman and Munhall, 1989). Tract variables include: lip protrusion, lip

aperture, tongue tip constriction location and degree, tongue body constriction lo-
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cation and degree, velic aperture, and glottal aperture. A full list of tract variables

and the articulators which they may recruit is shown in Table 2.1, taken from Brow-

man and Goldstein (1992). For example, to achieve a lip aperture of 0, or perhaps

a small negative number denoting lip compression, involves varying contributions of

the upper lip, lower lip, and the jaw. Tract variables are phonologically speci�ed for

spatial target and sti�ness through constant parameters in a dynamical equation.

Sti�ness determines the rate at which a gestural target is achieved (Saltzman and

Munhall, 1989). For example, the constriction degree of a consonant will generally

be larger than that of a vowel and will also di�er in sti�ness; a fricative will generally

have a higher constriction degree than a vowel, but a lower constriction degree than

the complete closure of a stop (Browman and Goldstein, 1992). Further, the model

posits that when a gesture is not active, a neutral attractor acts to bring articula-

tors towards a resting schwa position (Saltzman and Munhall, 1989). This shift in

focus away from the actions of individual articulators, and towards the coordinated

activity of multiple gestures (Browman and Goldstein, 1992) allows for a dynamic

view of speech which is closer to its physical implementation and further away from

the idea of speech as discrete abstract units.

Tract variables and Articulators

Tract Variable Articulators

LP - lip protrusion Upper lip, lower lip, jaw
LA { lip aperture Upper lip, lower lip, jaw
TTCL { tongue tip constriction location Tongue tip, tongue body, jaw
TTCD { tongue tip constriction degree Tongue tip, tongue body, jaw
TBCL { tongue body constriction location Tongue body, jaw
TBCD { tongue body constriction degree Tongue body, jaw
VEL { velic aperture Velum
GLO { glottal aperture Glottis

Table 2.1: Tract variables and articulators, from Browman and Goldstein, 1992

2.2.3 Gestural Coupling and Co-ordination

Another important aspect of Articulatory Phonology is the nature of gestural coordi-

nation, the temporal relationships between individual gestures, and the mechanisms

which govern them. The mechanism responsible for gestural coordination in AP is
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the Coupled Oscillator Model (Browman and Goldstein, 2000).

The coupled oscillator model views the measurable timing patterns in speech to

result from the coupling relations between planning oscillators with which gestures

are associated (Nam and Saltzman, 2003). A�liated with each gesture is a plan-

ning oscillator. A planning oscillator serves as a temporal clock, oscillating in 360�

cycles. Gestures are coordinated with one another through the notion of coupling.

Coupling occurs between planning oscillators of gestures and mediates relative ges-

tural timing. Pairs of gestures may be coupled to one another in one of two primary

coupling modes, \in-phase" and \anti-phase" (Browman and Goldstein, 2000). In-

phase coupling refers to a synchronous coupling relationship between two planning

oscillators, or a relative phase of 0� between oscillators. Anti-phase coupling refers

to a sequential coupling relationship between two planning oscillators or a relative

phase of 180� between oscillators. The coupled oscillator model gains appeal from

its simplicity; gestural timing can be accounted for entirely by the in-phase and

anti-phase coupling relations between planning oscillators.

Evidence for in-phase and anti-phase as the primary modes of movement coordi-

nation has been provided by coordination studies such as Kelso (1984), who found

that participants, when asked to extend their index �ngers on their left and right

hands back and forth, could do so either synchronously, (in-phase) or in an alter-

nating pattern (anti-phase) only. Further, these coupling modes have been regarded

as \stable" or \intrinsic" modes since they are available without the need to be

learned (Nam, Goldstein, and Saltzman, 2009) (see also Turvey, 1990 for a detailed

overview of phasing relationships from a dynamic perspective). It is argued that

these intrinsic in-phase and anti-phase modes are exploited in speech, since speech

itself is a system which requires no explicit learning (Browman and Goldstein, 1988;

Nam, Goldstein, and Saltzman, 2009), though compare Iskarous and Pouplier (2022)

who discuss this issue from a broader perspective). While in-phase and anti-phase

are the most readily available modes, more complex patterns of coordination are

also possible with explicit learning, such as the coordination involved in the act of

juggling for example (Turvey, 1990).

The most common illustrations of in-phase and anti-phase relationships within

speech are the timing patterns of singleton onsets and codas. Articulatory evidence
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(e.g., L•ofqvist and Gracco, 1999) has shown that the consonant and vowel within

a CV onset sequence are produced concurrently, while in a VC coda sequence, the

vowel and consonant are produced sequentially. The di�erent modes of coupling

between the consonant and vowel in an onset and coda sequence can be seen in the

periods of gestural activation on gestural score for tab in Figure 2.1.

Of the two available coupling modes, in-phase is considered the most stable;

observations of \phase transitions" { the rapid switch from one coupling mode to

another (Turvey, 1990), o�er evidence to support this. Returning again to the

example from Kelso (1984), when participants were asked move their left and right

index �ngers in an alternating pattern in time with a speeding up metronome,

participants switched to an in-phase mode after a certain rate. In-phase but not

anti-phase coupling could be maintained at high rates, suggestive of greater stability

within the in-phase mode (Kelso, 2009). This di�erence in stability between in-phase

and anti-phase modes was subsequently modelled in the Haken-Kelso-Bunz model

(HKB) (Haken, Kelso, and Bunz, 1985). Similar evidence has also been provided

from induced speech error studies (Goldstein et al., 2007; Pouplier, 2003). For

example, Goldstein et al. (2007) elicited speech errors by asking participants to

repeat sequences of words with alternating consonants such as \cop top, kip tip" to

a speeding up metronome. When observing the kinematic patterns of the tongue

tip and tongue dorsum during the speech errors in the \top cop" sequence, the

authors found that speakers were producing the /t/ and /k/ simultaneously. This

was interpreted as showing speakers transitioning to a more stable and easier to

maintain, in-phase mode. Further evidence corroborating in-phase coupling as the

more stable mode is the �nding of a shorter planning time for in-phase CV sequences

compared to anti-phase VC sequences (Mooshammer et al., 2012) and the cross-

linguistic preference for CV structures compared to VC structures (Nam, Goldstein,

and Saltzman, 2009). Because in-phase coupling occurs within CV structures and

anti-phase coupling occurs within VC structures, the model reframes the preference

for CV structures as a preference for in-phase coupling, the more stable of the two

modes (Nam, Goldstein, and Saltzman, 2009).

Coupling between planning oscillators mediates gestural timing in a very direct

way. When two planning oscillators are coupled in-phase (0� ), their associated
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gestures begin at the same time. When two planning oscillators are coupled anti-

phase (180� ), the oscillator of the �rst associated gesture must be at 180� before the

second gesture begins. Figure 2.2 depicts in-phase and anti-phase coupling between

pairs of planning oscillators; in-phase coupling is shown on the top and anti-phase

coupling is shown on the bottom.

Figure 2.2: Phase circles depicting in-phase and anti-phase relationships between
planning oscillators. The top two circles depict an in-phase coupling relationship,
whereby pairs of oscillators begin at 0� . The bottom two circles depict an anti-phase
coupling relationships, whereby the second oscillator begins at 180� in the oscillatory
cycle.

In-phase and anti-phase coupling relationships between gestures can be graphi-

cally represented on a coupling graph as shown for the word tab in Figure 2.3. Solid

green lines denote an in-phase relationship (0� ), while the dashed purple line denotes

an anti-phase (180� ) relationship. The following sections will elaborate further on

the interaction between in-phase and anti-phase relationships in relation to the more

complex case of consonant clusters.
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Figure 2.3: Coupling graph of the word tab. Solid green lines show an in-phase
coupling relationship between gestures, while the purple dashed line denotes an
anti-phase coupling relationship.

2.2.4 Consonant-Vowel Coupling Relations and Timing

patterns in Onsets

Singleton Onsets CV

According to the coupled oscillator model, in a singleton CV onsets, (e.g., ba in

\bat"), the consonant and vowel onsets are produced in-phase. This means that the

planning oscillators associated with the consonant and vowel gestures are coupled

in-phase with one another (at 0� in the oscillatory cycle). This, in turn, results

in a synchronous onset of the consonant and vowel gestures. Synchronicity is per-

mitted here for two reasons. First, the more open constriction of vowels allows for

synchronous onset of the vowel with the consonant without interfering with the re-

coverability of either segment (Goldstein, Byrd, and Saltzman, 2006). Second, the

vowel gesture takes longer to achieve its target, and is hence longer in duration than

the consonant gesture. This di�erence in duration allows the sequence to be heard

as a consonant followed by a vowel (Goldstein, Byrd, and Saltzman, 2006).

Onset Clusters CCV

When moving from a singleton (CV) to a cluster (CCV) in onset position (e.g., the

singleton onset of sip to the cluster onset of skip), consonants are competitively

coupled. Within a CCV sequence, oscillators of both consonants are coupled in-
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Figure 2.4: Schematic illustration of the consonant and vowel coupling relations in
an onset cluster.

phase with the vowel, but anti-phase to one another, see Figure 2.4. Because all

consonants cannot begin at the same time as the vowel without obscuring one an-

other perceptually, a solution is sought whereby the centre of the consonant cluster

(midpoint of C1 and C2) maintains a constant relationship with the centre of the

vowel, a phenomenon described as the \C-centre E�ect" (Browman and Goldstein,

1988). This e�ect entails a leftward shift of C1 away from the vowel, and a rightward

shift of C2 towards the vowel, as shown in Figure 2.5. Through this pattern, the

timing relationship between the centre of the consonant cluster and the vowel re-

mains the same even as consonant cluster complexity increases (Marin and Pouplier,

2010, 2014). One condition required for the C-centre e�ect is that the anti-phase

coupling between consonants (C1-C2) must have a higher coupling strength that the

in-phase couplings between the consonants and vowel (C1-V; C2-V) (Browman and

Goldstein, 2000). In addition, the model assumes that all consonants in the cluster

are coupled equally to the vowel, i.e., coupling strengths are equal between C1-V

and C2-V, and hence there are equal amounts of rightward and leftward shifting

towards and away from the vowel (M•ucke, Hermes, and Tilsen, 2020).

The coupled oscillator model predicts di�erences in consonant-vowel timing pat-

terns between branching and non-branching onset languages. In accordance with

this prediction, languages with branching onsets, such as English and German, are
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Figure 2.5: Schematic diagram of C-centre E�ect, adapted from Marin and Pouplier
(2010, p. 381) The top �gure shows a singleton CV onset and the bottom �gure
shows a cluster CCV onset. Dashed vertical lines show a stable consonant centre
(C-centre) across singleton and cluster contexts.

reported to show a C-centre e�ect. Languages with non-branching onsets, such as

Moroccan Arabic show a di�erent pattern. In non-branching onsets, there is no

in-phase coupling relation between the vowel-remote consonant and the vowel (e.g.

C1-V in C1-C2-V clusters). Coupling relationships are therefore non-competitive

since consonants are coupled anti-phase to each other and only the oscillator of the

vowel-adjacent consonant (C2) is coupled in-phase to the vowel (M•ucke, Hermes,

and Tilsen, 2020).
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2.2.5 Consonant-Vowel Coupling Relations and Timing

patterns in Codas

Singleton Codas VC

Unlike onsets, oscillators of consonant and vowel onsets in coda position are coupled

anti-phase to each other, (at 180� in the oscillatory cycle). This means that the coda

consonant begins after the onset of the vowel. Indeed, an anti-phase relationship

here makes sense; if the vowel and the consonant in a coda VC sequence were to be

coupled in-phase, the consonant and vowel would begin simultaneously, but because

of the longer and slower execution of vowels (Goldstein, Byrd, and Saltzman, 2006),

the vowel would outlast the consonant giving the percept of a CV sequence, i.e., an

onset. This point shows that the anti-phase coupling relationship between the vowel

and consonant in a coda sequence is not arbitrary, but rather a necessity of syllabic

organisation.

Coda Clusters VCC

Coupling relationships within coda clusters are also non-competitive. As conso-

nants are added (e.g., VC to VCC), each consonant is coupled in an anti-phase

relationship to the preceding consonant and only the vowel-adjacent consonant (C1)

is coupled anti-phase to the vowel. Unlike onsets, there is no need for weighted

coupling strengths because there is no con
ict between coupling modes (Browman

and Goldstein, 2000). This means that added consonants are simply stacked in time

without a�ecting the timing of preceding gestures, hence this timing pattern is re-

ferred to as a `local' timing pattern (Marin and Pouplier, 2010) (see Figure 2.6 for

illustration).

Sections 2.2.4 and 2.2.5 have outlined basic predictions of the coupled oscillator

model for onset and coda coordination patterns: a global C-centre pattern for onsets,

and a local sequential timing pattern for codas. However, as will be discussed in

Chapter 5, such patterns are not always observed, particularly in the case of laterals

(e.g., Marin and Pouplier, 2014), and hence require explanations beyond the basic

assumptions of the model.
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Figure 2.6: Schematic diagram of local coda timing pattern, adapted from Marin
and Pouplier (2010, p. 381). A singleton VC context is shown on the top, and a
cluster VCC context is show below. The dashed line shows a stable left edge across
singleton and cluster contexts.

2.2.6 Developments in Articulatory Phonology

Despite its successes and explanatory power of empirical phenomena, there are many

areas of the early model of Articulatory Phonology, (Browman and Goldstein, 2000),

which require further re�nement. One area for development is the need to integrate

state based feedback. The need for a feedback mechanism is apparent from �ndings

of perturbation studies, which show speakers to produce real time changes to the

vocal tract in response to articulatory or auditory perturbation (Honda, Fujino, and

Kaburagi, 2002; Munhall, L•ofqvist, and Kelso, 1994; Munhall et al., 2009).

One recent development of the model which includes feedback is Tilsen's Selection-

Coordination-Intention (SCI) model (Tilsen, 2018). Tilsen's SCI models expands

the explanatory power of the AP model in such a way that it can better support

empirical data. The SCI model not only includes a feedback loop, but assigns it

the theoretically important role of duration manipulation (Tilsen, 2022). Feedback

is responsible for suppressing the gestural activation period of a selected gesture,

which in turn signals for a competitive gesture selection process to resume (see

Tilsen (2018)). The sooner this feedback is received, the sooner the gesture acti-

vation interval will end and the sooner the gesture selection process will resume.
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The SCI model distinguishes between two types of feedback, external feedback and

internal feedback, which di�er in regard to the time it takes for them to be received

and thus take e�ect. External feedback is physical in nature and based on acoustic

or somatosensory information, thus is only received upon execution of a gesture.

Sole reliance on external feedback would thus result in a temporal lag between ges-

tures, since the �rst gesture must be executed and fed-back, before the next cued

gesture can be selected; this makes coarticulation impossible. Internal feedback, a

predictive kind of feedback, resolves this need for the possibility of coarticulation.

Internal feedback is available before a gesture has been executed and hence allows

for quicker gestural suppression, shorter duration, and coarticulation. Duration

then is modulated by varying degrees of reliance on internal and external feedback.

Tilsen hypothesises that the well know durational di�erence between consonants

and vowel can be explained in this framework. That is, because consonants tend to

have a clearer, more tactile target, less time is needed for external feedback, while

vowels, which have a more open articulation require greater external feedback time

(Tilsen, 2022).

Figure 2.7: Graphical depiction of the di�erence between internal and external feed-
back as presented in Tilsen, 2022

The time at which gestural activation begins and ends in the standard AP model

is a further area requiring re�nement (Tilsen, 2022). This is also addressed by the

34



SCI model (Tilsen, 2018). In this model, gestures are de�ned as \systems which

are continuously exerting force on the vocal tract" (Tilsen, 2020a)[pg., 2]. That is,

gestures are always active; however, it is only when their activation reaches a certain

threshold that they exert signi�cant in
uence on the vocal tract, i.e., a movement of

an articulator (Tilsen, 2020b). Within the model, gestures are competitively ordered

in terms of their level of activation; activation continues to increase until a gesture

reaches a selection threshold. Once a gesture has reached a selection threshold,

that gesture is selected for execution and the activation growth of lower gestures is

temporarily halted. The selected gesture is executed and feedback (either internal

and/or external) cues deselection of the gesture. Once deselected, gestures continue

the competitive queuing process, with the recently deselected gesture now assuming

the position of least activation.

Also relevant to the lack of speci�city of gestural activation time in AP is the

argument for movement end points to be temporally speci�ed (Turk and Shattuck-

Hufnagel, 2020). The argument for privileging the timing of the gesture end point

is made on the basis there is less variability in motor actions such as catching a

ball or pressing a key on a keyboard at the end points than any other points. A

possible counter-argument, voiced by Tilsen (2022), is that evidence for this is based

on non-speech examples, which bare little resemblance to speech (see Tilsen, 2022

for further discussion on this matter).

The inability of the standard AP model to explain non-local timing patterns has

also been identi�ed as a challenge. For example, phenomena such as nasal consonant

harmony, whereby distant segments are a�ected, while intervening segments are not

(Tilsen, 2019). This cannot be accounted for by a standard AP account, i.e., through

the spreading of gestures, since spreading would a�ect all gestures in between the

source gesture and a�ected gesture. Tilsen (2019) proposes a modi�cation to the

model which can account for such patterns, whereby gestures can exert in
uence on

the vocal tract even when gestural activation is below threshold.

Finally, AP must account for the possibility that the targets of speech are not
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restricted to a single modality, i.e., articulation. Developments in this area include

the work of Burgdorf (2022), who shows how acoustic targets may incorporated into

an AP model.

As a developing model, there are naturally areas in the AP model requiring

further development , as reviewed above. However, for the purposes of this thesis,

the standard AP model provides a useful framework of speech coordination and

timing. As we have shown here, the model is continually evolving and developing in

new directions, which will be embraced in this thesis.

2.2.7 Relationship between spatial and temporal variation

from an AP perspective

Previous sections have described how spatial and temporal information is speci-

�ed with the AP model. Against this backdrop, this section will discuss how the

relationship between spatial and temporal variation is understood within an AP

framework.

In contrast to extrinsic timing models such as Turk and Shattuck-Hufnagel

(2020)'s 3C/XT model, there is no external time keeper in the AP model. This

means that there is no explicit tracking of the spatial positions of articulators.

Rather, information such as time of target achievement is only predicted based on

a given onset time, as dictated by the gesture's phase coupling relations, as well as

other factors such as sti�ness (Saltzman and Munhall, 1989). The coupled oscillator

model (Browman and Goldstein, 2000) suggests the nature of the coupling relations

should apply to all segments which occur within the CV structure. In this respect,

the model is considered to be a \feed-forward" model; the coordination structure

is fed forward, and is una�ected by segmental variability (Shaw and Chen, 2019).

This means that segmental information, such as the spatial positions of articulators,

is not fed back to the coordination level.

However, several studies have challenged this idea by showing that the spatial

properties of the consonant or vowel do in fact a�ect temporal coordination (e.g.,
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Iskarous, 2010; Past•atter and Pouplier, 2017; Shaw and Chen, 2019). Shaw and

Chen (2019) found a relationship between the position of the tongue dorsum at

the start of a CV sequence, and the time of vowel initiation in Mandarin speakers.

When the initial position of the tongue was closer to the vowel target position,

tongue movement for the vowel was initiated later than when initial tongue position

was further away from the vowel target. However, this �nding was not replicated

by Liu, Xu, and Hsieh (2022).

Past•atter and Pouplier (2017) reported a relationship between the coarticulation

resistance of a consonant and consonant-vowel timing relations in Polish speakers.

The degree to which a consonant is considered coarticulation resistant is determined

by the relative involvement of the tongue body (Recasens and Rodr��guez, 2016). The

more competing demands placed on the tongue body, the greater the degree of coar-

ticulation resistance. For example, labials /p, b, m/ which involve little to no active

tongue body movement, are not considered to be coarticulation resistant, and so

would be in
uenced more by surrounding vowels than a sibilant, for example, which

involves greater tongue body control. Consonants may, therefore, be considered

along a cline from most to least coarticulation resistant depending on the degree

of tongue body involvement. Relatedly, Iskarous and Pouplier (2022) describe how

it is mechanically impossible for a consonant-vowel sequence to be produced in-

phase when the segments pose spatially con
icting demands, such as in /ta/, where

the tongue is required to be simultaneously front for /t/ and back for /a/. They

evidenced their claim by drawing upon Iskarous (2010), who found in-phase rela-

tionships for CV sequences which did not pose competing spatial demands, such as

/pa/, but found sequential patterns for spatially con
icting segments, such as /ta/.

In summary, the assumption of the standard AP model is that there is no in-

teraction between spatial and temporal variation in speech, positing a feed-forward

control system. Empirical knowledge to date on the nature of the spatio-temporal

relationship is, however, incomplete, hence it remains unclear how this relation-

ship should be modelled within an Articulatory Phonology framework. There is

some evidence to suggest the presence of an interaction between spatial, segmental
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variation and timing which cannot be straightforwardly accounted for within the

standard coupled oscillator model. Various accounts have been proposed to explain

how the coupled oscillator model may be compatible with such an interaction. One

suggestion draws upon the role of the neutral attractor (Saltzman and Munhall,

1989). This was proposed by Shaw and Chen (2019) to explain their �ndings of an

interaction between tongue body position and time of vowel initiation. They suggest

that the neutral attractor comes into e�ect when the tongue is in an extreme, or

spatially non-neutral position. This means that while the data may appear to show

the vowel gesture being initiated earlier when the TB is further away from the vowel

target, this early initiation is simply the neutral attractor bringing the articulators

back to rest position, before the vowel gesture takes over (Shaw and Chen, 2019).

Another explanation proposed by Shaw and Chen (2019) to explain �ndings is

that of \downstream targets". In the coupled oscillator model, the onset of gestural

movement is typically considered to be the temporal point of a gesture which is

coordinated with other gestures; though others have challenged this view, such as

Turk and Shattuck-Hufnagel (2020) who argue for end point speci�cation. The idea

of downstream targets entertains the possibility that the coupled point may not be

the initiation of movement, but rather a temporally later event, such as the gestural

target, or release. The hypothesis then is that �ndings of an interaction between

spatial position and gestural timing may be explained if the assumption of the onset

of movement as being the privileged time point for coordination is relaxed. Within

Shaw and Chen (2019)'s CV data, achievement of the vowel target was found to

be most closely aligned with the o�set of the consonant; this is in contrast to the

pattern predicted by an in-phase timing pattern, i.e., alignment of C(onset) and

V(onset). The authors further found a positive correlation between the C(o�set)

to V(target) alignment pattern and consonant duration, showing the timing of the

vowel target to be a�ected by consonant duration. Such coupling between the vowel

target and consonant o�set means that the time of the consonant o�set must be

fed back for temporal alignment with the vowel (Shaw and Chen, 2019, p. 11); such

a feedback mechanism is currently not implemented within the coupled oscillator

model (see Tilsen's SCI model outlined in Section 2.2.6 for an example of how a
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feedback mechanism could be implemented into a gestural model).

2.3 Laterals

This thesis aims to develop our understanding of the nature of the relationship

between spatial and temporal variation through an articulatory investigation of En-

glish laterals. British English laterals provide an interesting test case for exploring

this relationship as this segment displays systematic spatial variation between di-

alects of the same language. This o�ers a scenario whereby the temporal e�ects of

spatial variation in laterals can be explored without cross linguistic confounds. In

addition to their systematic variability, laterals have also been reported to exhibit

unusual timing patterns in clusters, which are not straightforwardly accounted for

by the coupled oscillator model (e.g., Marin and Pouplier, 2014). This suggests that

there may be a potentially interesting interaction between the spatial composition of

laterals and their subsequent temporal patterning in consonant clusters. For these

reasons, laterals will be the subject of empirical investigation into the relationship

between spatial and temporal variability throughout this thesis.

Laterals belong to the class of liquids which in many ways combine articula-

tory elements of both consonants and vowels, owing to their multi gestural nature

(Sproat and Fujimura, 1993). One consequence of multiple gestures is the greater

scope for variability. Realisations of /l/ are commonly grouped into three percep-

tual categories: \clear" (or \light"), \dark", and \vocalised". Laterals have been

widely reported to show allophonic variation, such that /l/ is clear in syllable onsets

and dark in syllable codas. The empirical reality, is not always so clear-cut between

clear and dark categories, with reports of gradient variation between clear and dark

extremes, in both acoustic and articulatory domains (e.g., Recasens, 2004, 2012;

Recasens and Espinosa, 2005; Sproat and Fujimura, 1993). As will be reviewed

in Chapter 4, lateral darkening has widely been shown to interact with vocalic

and morphosyntactic context, such that /l/ is typically darker before stronger mor-

phosyntactic boundaries and in back vowel contexts (e.g., Lee-Kim, Davidson, and

Hwang, 2013; Strycharczuk, Derrick, and Shaw, 2020; Strycharczuk and Scobbie,
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2015; Turton, 2014).

2.3.1 Articulatory goals of lateral production

Current understandings of the gestural composition of laterals stem from the semi-

nal work of Sproat and Fujimura (1993). Using X-ray Micro-beam data, Sproat and

Fujimura (1993) identi�ed two distinct gestures within American English laterals: a

consonantal tongue tip raising gesture, where the tongue tip raises vertically towards

the alveolar region of the palate, and a vowel-like dorsal raising and retraction ges-

ture, which they noted to be highly correlated with the lowering of the tongue body.

As their name implies, laterals also involve a degree of lateralisation. Lateralisation

refers to a lowering of the sides of the tongue to create a channel for lateral air
ow.

The articulatory goal of laterals is somewhat contested. In particular, there is a

debate around whether lateralisation is the articulatory goal of laterals, or whether

lateralisation is rather a by product of the mid sagittal stretching and narrowing of

the tongue. The latter position, that lateralisation is a by-product, is adopted by

Browman and Goldstein (1995). Browman and Goldstein (1995) show that later-

als can be successfully simulated when only the mid-sagittal gestures are speci�ed,

hence lateralisation was not considered to be a primary articulatory target. On

the other hand, Sproat and Fujimura (1993) argue that lateralisation is the goal,

and that retraction of the tongue dorsum is a consequence of lateralisation. More

recently, studies have sought to test this question empirically by measuring the dy-

namic movement of the tongue in both the mid sagittal and para sagittal planes.

In an EMA study on Australian English speakers where sensors are a�xed to mid

sagittal and lateral locations on the tongue, Ying et al. (2021) show lateralisation

to be stable across di�erent vowel and syllable contexts, while the apical and dorsal

movements of /l/ were not. From this �nding for the stability of lateralisation, the

authors inferred lateralisation to be the articulatory goal of laterals for Australian

English. Strycharczuk, Derrick, and Shaw (2020) on the other hand o�er an alter-

native account. They found that while there was the predicted correlation between

tongue dorsum retraction and lateralisation, this was not maintained for dark /l/s.

They go on to suggest that lateralisation may result in dorsal retraction initially,
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but this does not continue to be the case for darker /l/s.

2.3.2 Acoustic and articulatory correlates of clear, dark,

and vocalised /l/

Systematic variation in laterals, leading to the labels such as \clear" and \dark" de-

scribed above, occurs in both acoustics and articulation. Articulatorily, darker lat-

erals are characterised by greater raising and retraction of the tongue dorsum (Giles

and Moll, 1975; Sproat and Fujimura, 1993; Turton, 2015), and greater lowering

of the tongue body (Lee-Kim, Davidson, and Hwang, 2013; Sproat and Fujimura,

1993; Strycharczuk, Derrick, and Shaw, 2020). The relative timing of gestures has

also been found to pattern with /l/ darkening (Sproat and Fujimura, 1993). In dark

coda /l/s in English, the dorsal gesture temporally precedes (or occurs simultane-

ously with) the apical gesture, while in a clear onset /l/, the apical gesture precedes

the dorsal gesture, (see also Browman and Goldstein, 1995; Scobbie and Pouplier,

2010; Strycharczuk and Scobbie, 2015). Acoustically, darker /l/ is characterised by

a relatively low F2 and high F1, meaning an increased proximity between F1 and F2

values (or higher F1�F2 value), while a clearer /l/ is characterised by a relatively

low F1 and high F2, giving rise to a large F2�F1 distance (Kirkham et al., 2019;

Nance, 2014; Recasens and Espinosa, 2005; Sproat and Fujimura, 1993). Similarly,

F3-F2 has also been shown to correlate with variation in /l/ darkness; again, the

larger the distance between formants, the clearer the /l/ (Kirkham et al., 2019).

Vocalisation of /l/ broadly refers to a more vocalic production of /l/, largely

accompanied by reduction in the apical raising gesture of /l/. This can exist on

a wide scale from reduced contact of the tongue tip on the alveolar ridge to alto-

gether absence of a tongue tip gesture (e.g., Strycharczuk, Derrick, and Shaw, 2020).

Possible intermediate stages include complete loss of tongue tip contact (e.g., Hard-

castle and Barry, 1989), and reduced magnitude of the tongue tip gesture beyond

a loss of contact. In addition to reduction in magnitude of the tongue tip gesture,

Strycharczuk, Derrick, and Shaw (2020) found that the tongue tip gesture may also

be temporally delayed in vocalised /l/, though this was found for only one speaker

in their study. A further articulatory characteristic of vocalisation is lip rounding, as
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reported by Wells (1982) who found an increase in labialisation for vocalised tokens

of /l/ in London speakers. Vocalisation has been increasingly observed in numer-

ous varieties of English, including Southern British English, (Hardcastle and Barry,

1989; Trudgill, 1986; Turton, 2014) American English (Wrench and Scobbie, 2003),

Scottish English (Scobbie and Pouplier, 2010), and New Zealand English (Strychar-

czuk, Derrick, and Shaw, 2020), which has led to the view of vocalisation as being

a sound change in progress (Wells, 1982). Johnson and Britain (2007) argue vocal-

isation to be a \natural phenomenon" occurring syllable �nally in varieties which

have clear and dark allophones of /l/, or dark /l/s in all positions. However, this is

not the case cross-linguistically; for example, /l/ vocalisation occurs in dialects of

Bavarian, where /l/ is clear (Vollmann et al., 2017). Segmentally, reports of vocali-

sation are almost exclusively limited to word �nal pre consonantal position, though

vocalisation has been reported to variably occur in word �nal pre vocalic position

for some speakers (Turton, 2014). Vocalisation has also been shown to be more

likely to occur when followed by a velar consonant (Hardcastle and Barry, 1989),

or preceded by a long vowel (Johnson and Britain, 2007), and less likely following

coronals (Johnson and Britain, 2007).

2.3.3 Cross linguistic variation in laterals

Considerable variation in /l/ darkening is reported across varieties. Cross-linguistically,

languages and dialects have been categorised according to whether they have \in-

trinsic" or \extrinsic" allophones of /l/ (Recasens, 2012). Intrinsic allophones are

de�ned as those where there is a positional e�ect on /l/ darkness, such that /l/ is

clearer in onset and darker in coda position. Extrinsic allophones are those where

the di�erence in darkness between variants of /l/ is too great to be explain by po-

sition alone. Recasens (2012) further proposes a non binary distinction between

clear and dark /l/ across languages. In an acoustic study of 23 languages/dialects

which examined F1, F2, and F3 of laterals in /a/ and /i/ contexts, Recasens (2012)

suggested varieties with a clear /l/ to include RP English, Danish, Dutch, French,

German, and Hungarian. Varieties with dark /l/s included Russian, American En-

glish, and Portuguese, while varieties with intermediate clear or dark /l/ included

Czech and Eastern Catalan respectively.
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Wide variability has also been observed in the articulatory properties of laterals

across languages and dialects. Gick et al. (2006) show cross-linguistic di�erences

in both gestural timing between apical and dorsal gestures of /l/, and gestural

magnitude. While Gick et al. (2006) observe varieties including West Canadian

English and Squamish Salish to show inter-gestural timing patterns (between dorsal

and apical gestures of /l/) which are similar to those reported for English above

(e.g., Browman and Goldstein, 1995; Sproat and Fujimura, 1993), di�erent patterns

were observed in the laterals of Korean and Serbo-Croatian speakers. Korean laterals

were found to have no observable tongue body gesture in pre-vocalic and intervocalic

positions, and negative gestural lag in post vocalic position, whereby the tongue tip

gesture preceded the tongue body gesture. This latter observation runs counter to

the predictions of Sproat and Fujimura (1993) for the tongue body gesture to be

temporally closer to the vowel. In Serbo Croatian non palatalized /l/, Gick et al.

(2006) found apical and dorsal gestures of /l/ to be simultaneous in pre-vocalic, post-

vocalic and intervocalic positions, and the magnitude of both gestures was observed

to be consistent across all positions. Such �ndings highlight the diversity of lateral

gestural timing patterns, beyond those reported for English.

2.3.4 Laterals in SSBE and Lancashire / Manchester

English

The present study examines laterals from two broad dialect regions of British En-

glish. The Onset Darkening dialect includes speakers of Standard Southern British

English (SSBE), and the Onset Darkening dialect comprises Lancashire and Manch-

ester English speakers. These dialect regions were selected because speakers in these

regions are reported to show systematic di�erences in /l/ darkness. Moreover, study

of these dialects facilitates a comparative analysis between two systematically dis-

tinct but related varieties.

SSBE is reported to exhibit clear /l/s in syllable onset position, and dark or

vocalised /l/s in syllable coda (e.g., Turton, 2014; Wells, 1982). Articulatorily, this

has been shown to be realised through more retracted tongue dorsum and reduced

tongue tip gesture in codas compared to onsets (e.g, Scobbie and Pouplier, 2010).
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Further, Turton (2014) found /l/ in word �nal pre consonantal position to show

markedly greater tongue root retraction, relative to 5 other morphosyntactic posi-

tions for one RP speaker. Speakers of Lancashire and Manchester English, on the

other hand, are reported to produce a dark /l/ in all syllable positions, as well as

vocalised /l/ in coda position (Beal, 2008; Hughes, Trudgill, and Watt, 2012). While

/l/ is reported to be dark in all positions for these speakers, increased darkening in

coda position is still expected. For example, Turton (2014) found /l/ in Manchester

English to exhibit tongue tongue root retraction in all positions, however, observed

slightly greater retraction for /l/ in word �nal pre consonantal position. An inter-

action between /l/ darkening and social class has also been observed for speakers

of Manchester English. Turton (2014) observed middle class speakers to produce

clearer /l/s than those of working class speakers.

Vocalisation has been widely documented within Southern British English (e.g.,

Scobbie and Pouplier, 2010; Strycharczuk et al., 2020; Tolfree, 1999; Wells, 1982).

Tolfree (1999) reports on vocalisation in the South East of England in both regional

and standard dialects in word �nal pre consonantal, word �nal pre pausal, and

word �nal intervocalic positions. Greater instances of vocalisation were found for

younger speakers than older speakers, and only younger speakers vocalised in word

�nal intervocalic position, suggesting /l/ vocalisation to be a change in progress (see

also Wells, 1982). Unlike Wells (1982), Tolfree (1999) did not �nd vocalisation to

be associated with an increase in labialisation. Gradience in vocalisation has also

been reported in Southern British English speakers, such that the tongue tip raising

gesture is reduced to varying degrees across speakers (Scobbie and Pouplier, 2010;

Strycharczuk et al., 2020). While vocalisation is most strongly linked to a change

spreading from Southern British English, historically, vocalisation has been reported

much more widely (Johnson and Britain, 2007). Illustrating this point, Johnson and

Britain (2007) point to the dropping of /l/ in all dialects of British English, in words

such as calm and talk.
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2.4 Laterals within Articulatory Phonology

I here draw together the elements of the previous sections by considering laterals

from an Articulatory Phonology framework. An AP account of laterals begins with

Sproat and Fujimura (1993)'s description of laterals as comprising two gestures.

These include an apical, consonant-like gesture, and a dorsal vowel-like gesture,

with the relative timing and magnitude of these gestures mediating the clearness or

darkness of the /l/ (Sproat and Fujimura, 1993). The multi gestural nature of /l/

o�ers scope for interpretation in terms of how it may be conceptualised within a

gestural model. In particular, there are a number of possibilities for the type and

strength of gestural coupling relations in /l/.

One possibility is that di�erent coupling relations, of varying strengths exist for

the composite gestures of /l/ within di�erent morphological environments (Lee-Kim,

Davidson, and Hwang, 2013; Scobbie and Pouplier, 2010). Lee-Kim, Davidson, and

Hwang (2013) propose context mediated coupling relations for /l/ as an explana-

tion for gradient patterns of increasing /l/ darkening with morphological boundary

strength. In their data, /l/ darkening, captured by increasing tongue body lower-

ing, was found to proceed from most to least dark for word �nal stem position (e.g.,

cool), word medial pre boundary (e.g., coolest), and word medial post boundary

(e.g., coupless). Further, the following coupling relations were proposed to capture

the varying levels of darkness with morphological context (see also Table 2.2 for a

summary of these relationships). For /l/ in stem �nal contexts such as \cool", the

TT and TD gestures of /l/ are coupled to each other, and the TD gesture is also

coupled to the preceding vowel, hence pushing the TD gesture towards the vowel to

temporally precede the TT gesture, as is typically found for coda /l/s. For post-

boundary contexts such as \coupless" where there is only a following vowel, the TT

and TD gestures of /l/ are coupled to one another, and the TT gesture is coupled to

the following vowel. This results in an onset-like pattern whereby the TT precedes

the TB gesture. For a pre-boundary context, such as \coolest", the TT and TD

gestures of /l/ are coupled to each other, the TD gesture is coupled to the preceding

vowel, and the TT gesture is coupled to the following vowel, resulting in an onset

and coda like con�guration. The idea pursued here, that /l/ darkening is mediated

45



by varying coupling relations between the gestures of /l/ has important implications

for the nature of the relationship between spatial and temporal variation in /l/.

/l/ context Example TT+TD TD+pre V TT+post V

Word �nal stem cool Y Y N

Word medial pre boundary coolest Y Y Y

Word medial post boundary coupless Y N Y

Table 2.2: Context mediated coupling relationships of gestures of /l/, summarised
from Lee-Kim, Davidson, and Hwang (2013).

Another interpretation of /l/ within an AP framework is provided in the lat-

eral cluster timing analyses of Goldstein et al. (2009). In this study, the authors

found a comparatively smaller rightward shift of /l/ towards the vowel in lateral

onset clusters, compared to that of segments in non-lateral onset clusters, hence,

/l/ clusters showed a non C-centre pattern. To explain such �ndings within an AP

framework, the authors suggested that both the apical and dorsal gestures of /l/

(as C2 in an onset cluster) were coupled to the following vowel. This was in con-

trast to non lateral segments measured which were made up of a single gesture and

had only a single coupling with the vowel. The result of /l/'s multiple couplings to

the vowel was a higher overall coupling between the lateral and the vowel than the

non lateral C1. Greater coupling increases the stability between the lateral and the

vowel, hence resulting in comparatively reduced movement of the lateral towards

the vowel. Using computational modelling, the authors found that the empirical

data was well replicated when the coupling strength parameter between /l/ and the

vowel was increased.

Finally, in discussing laterals within a gestural account of phonology, it is useful

to also draw parallels with other multi-gestural segments. As reviewed extensively

by Krakow (1999), laterals and nasals show similar patterns of gestural timing and

magnitude in syllable onsets and codas (Browman and Goldstein, 1995; Krakow,

1989; Sproat and Fujimura, 1993). While /l/ is reported to show tip delay in coda

position (Browman and Goldstein, 1995; Sproat and Fujimura, 1993), the lip and
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velum gestures in /m/ are reported to show a similar pattern. Krakow (1989) shows

how, relative to the lip gesture, the velum gesture of /m/ is timed earlier and has a

greater magnitude in coda position compared to in onset position. Such patterning

at the inter gestural level is analogous to the widely reported syllable level patterns

of coordination, namely the in-phase timing pattern in CV onsets, and the anti-

phase pattern in VC codas. In both cases, the more consonantal gesture (the TT

raising in /l/ and the lip closure in /m/) occurs relatively earlier in onsets and

relatively later in codas. This is suggestive of a broader pattern of coordination

which operates at multiple structural levels (Nam, 2007). From this perspective, it

may be reasonable to hypothesise that the coordination patterns of multi-gesture

segments may be predicted from broader patterns of syllable coordination.

2.5 Summary and Research Questions

This chapter has outlined the core principles of Articulatory Phonology, including

the notion of the gesture { where spatial speci�cations of articulatory constrictions

are made, and the coupled oscillator model { where patterns of temporal coordina-

tion are modelled. The relationship between spatial and temporal variation in the

AP model was also discussed. While the model predicts there to be no relation-

ship between spatial and temporal variation (for example, between the constriction

location of a gesture and the timing of that gesture), empirical evidence for this

is mixed. This thesis aims to provide further clarity to this matter. I proposed

laterals as a suitable means of testing the nature of this relationship given that

laterals exhibit systematic variation across language varieties and contexts. Specif-

ically, by comparing the /l/-cluster timing patterns of two English dialects which

exhibit systematic di�erences in /l/ darkening, this thesis will assess the robustness

of the predictions of a feed-forward model. Before addressing this question, some

methodological groundwork is �rst required to determine the articulatory nature

of di�erences in /l/ darkening between dialects. The research questions of each

Chapter are below presented in turn.
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RQs: Chapter 4

ˆ RQ1: What is the nature of the articulatory di�erences in /l/ darkening be-

tween Onset Darkening and Onset Lightening dialects?

ˆ Sub RQ: How does the vowel and morphosyntactic context of /l/ interact with

dialectal e�ects on /l/ darkening?

Evidence shows an acoustic di�erence in /l/ darkening between Onset Lightening

and Onset Darkening dialects. Articulatorily, darker /l/ is typically characterised

by greater tongue body lowering, relative to lighter /l/, and a reduced or later

tongue tip gesture in coda position. What is less clear from cross dialectal studies is

the articulatory mechanism driving the dialect contrast in /l/ darkening, be it the

magnitude of tongue body lowering, or di�erences in the relative timing between ges-

tures. Chapter 4 seeks to address this question through a dialect comparison of /l/

darkening across a range of vowel and morphosyntactic contexts. A particular focus

is placed on establishing the nature of spatial articulatory di�erences in /l/ darken-

ing between dialects, focussing particularly on tongue body lowering, which has been

found to be a robust correlate of /l/ darkening (e.g., Sproat and Fujimura, 1993),

across multiple vowel contexts (Lee-Kim, Davidson, and Hwang, 2013). Identifying

the nature of spatial di�erences will serve subsequent chapters which examine the

relationship between spatial di�erences in /l/ darkening and patterns of /l/ cluster

timing.

A further sub research question is posed within Chapter 4 to address the inter-

action between /l/ darkening and morphosyntactic / vocalic context. This question

is motivated by previous �ndings which show interactions between /l/ darkening

and vocalic/morphosyntactic context (e.g., Lee-Kim, Davidson, and Hwang, 2013;

Strycharczuk, Derrick, and Shaw, 2020; Strycharczuk and Scobbie, 2015; Turton,

2014) (See Chapter 4 for a more detailed review). In light of this interaction, /l/

is examined in a range of morphosyntactic and vocalic environments, with the aim

to tease apart the e�ects of dialect on /l/ darkening from e�ects of vowel and mor-
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phosyntactic context. The speci�c vowel and morphosyntactic contexts examined

here were based on the stimuli of Strycharczuk, Derrick, and Shaw (2020), which

included three vowel contexts, fleece, kit and thought, and �ve morphosyntac-

tic contexts: word initial, word medial morpheme internal, word medial morpheme

�nal, word �nal pre vocalic, and word �nal pre consonantal. These contexts were

found to elicit a wide range of variation in the laterals of the New Zealand English

speakers within Strycharczuk, Derrick, and Shaw (2020)'s study, including clear,

dark and vocalised realisations, hence were considered suitable for the purpose of

this investigation.

RQs: Chapter 5

ˆ RQ2: How do spatial articulatory di�erences in /l/ darkening between dialects

a�ect patterns of /l/ cluster timing in onset and coda clusters?

Once the nature of the spatial articulatory di�erences in /l/ darkening between

dialects has been established, Chapter 5 asks how spatial articulatory di�erences in

/l/ darkening interact with patterns of /l/ cluster timing. This analysis will examine

/l/ clusters in front and back vowel contexts, allowing any potential interactions

between dialect and vocalic context to be exposed.

This question has important implications for how spatio-temporal variability is

modelled within the coupled oscillator model of speech timing. As reviewed above,

the AP model predicts patterns of temporal coordination to be una�ected by spatial

variability. The prediction from the standard AP model for these data then is that

articulatory di�erences in /l/ darkening between dialects, such as the spatial position

of the tongue should not result in di�erent patterns of timing in /l/ clusters. On

the other hand, there is some evidence that this relationship is not so clear cut, as

will be reviewed in Chapter 5. Most salient to this study is the �nding for cross-

linguistic di�erences in /l/ cluster timing patterns across varieties where /l/ di�ers

in darkness (Marin and Pouplier, 2014). This �nding suggests that there may in fact
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be a relationship between the spatial properties of /l/ which condition its darkness

and patterns of cluster timing.

RQs: Chapter 6

ˆ RQ4: How can an analysis of both the tongue tip and tongue body gestures of

/l/ enhance our understanding of the relationship between /l/ darkening and

/l/ cluster timing?

ˆ Sub RQ: How do patterns of inter-gestural timing in /l/ di�er between dialects

and singleton vs cluster contexts?

Chapter 6 undertakes a restricted analysis of cluster timing on a subset of the

data where both the tongue tip and tongue body gestures of /l/ can be reliably

identi�ed. Literature reviewed here have shown the timing and magnitude of the

tongue body gesture of /l/ to be important correlates of /l/ darkening (e.g., Sproat

and Fujimura, 1993), and to have potential implications for the nature of the in-

ter and intra gestural coupling relations (Lee-Kim, Davidson, and Hwang, 2013).

Considering /l/ darkening from this gestural perspective (Lee-Kim, Davidson, and

Hwang, 2013), it is reasonable to speculate that di�erences in /l/ darkening between

the dialects of this study may result from di�erences in coupling relations between

gestures of /l/, which may have subsequent implications for the broader patterns of

lateral cluster timing between dialects.

This chapter thus seeks to resolve important methodological issues encountered

in previous chapters which prevented both the tongue tip and tongue body gesture

from being included in measures of lateral timing and lateral cluster timing. The

broad research question for this analysis asks how considering both the tongue body

and tongue tip gestures of /l/ can further our understanding of the relationship

between spatial di�erences in /l/ darkening, and timing patterns in clusters. Within

this analysis, patterns of inter gestural timing are compared across dialects and
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singleton versus cluster contexts, o�ering insight into the gestural composition of

/l/ across varieties and contexts.
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Chapter 3

Methods

All data presented in this thesis are from a single experiment which lasted between

1 to 1.5 hours per speaker. Speakers were ask to read two sets of stimuli within the

experiment. The �rst set is used in Chapter 4, the second set is used for Chapter 5,

and a subset of the second stimuli set is used in Chapter 6.

3.1 Speakers

This thesis presents data from 16 speakers, aged between 18 and 35 years. All

speakers were recruited from Lancaster University via internally distributed emails,

poster advertisements around campus, and word-of-mouth. Twenty one speakers

were recorded in total, however, three speakers were used for pilot data, and two

speakers were not included due to post processing issues. All speakers were native

monolingual English speakers, and lived in Lancashire at the time of the experiment.

Speakers were evenly distributed between the broad dialectal regions of Lancashire /

Manchester English and Southern Standard British English (SSBE), 8 speakers per

dialect. Dialectal identity was self reported by the speaker; however, all speakers

were required to have been native to the dialect region. Speci�c regions of speak-

ers who broadly identi�ed as having a Lancashire / Manchester English dialect

included Blackpool, Stockport, Oldham and Burnley; speci�c regions of speakers

who broadly identi�ed as having a SSBE dialect, included Norwich, Bristol, and

Buckinghamshire. Data on biological sex was not collected, however an estimate of
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vocal tract size based on formant data is calculated for each speaker and is used

within statistical models to account for anatomical di�erences. All speakers were

reimbursed for their participation.

3.1.1 OLD and ODD speakers

Throughout this thesis, the two broad dialect regions, SSBE and Lancashire /

Manchester English, are referred to as either the Onset Lightening dialect, or the

Onset Darkening dialect respectively. The Onset Lightening dialect will be used to

refer to Southern Standard British English speakers, since /l/ is reported to be clear

in onset position for these speakers (Turton, 2014). The Onset Darkening dialect

will be used to refer to Lancashire / Manchester English, since /l/ is reported to be

dark in onset position for these speakers (Hughes, Trudgill, and Watt, 2012; Tur-

ton, 2014). The acronyms also give a faint nod to /l/ darkening being a change in

progress, whereby OLD speakers may be considered the old, non darkened variety.

3.1.2 VT length estimation

Estimates of vocal tract length were calculated for each speaker using a method of

average formant spacing (Johnson, 2020). Vocal tract length (VT length) estimates

were created in light of absent information on speakers' biological sex. VT length

is reported to di�er with speaker sex, with males having, on average, longer vocal

tracts than females, with di�erences occurring at puberty (Barbier et al., 2015).

Di�erences in VT length between males and females have been shown to correlate

with di�erences in gestural magnitude and velocity, such that the larger VT length

of males results in larger and faster lingual movements (Simpson, 2001). Given

that this study's main goal is explore spatio-temporal relations in speech, gestural

magnitude and velocity are both key variables for which we wish to control. An

estimate of VT length was thus considered an appropriate method for capturing a

potentially important confound for this investigation within the speaker sample.

To derive an estimate of VT length for each speaker, I used the following cal-

culation from Johnson (2020) (speci�cally, formula 7 from Johnson, 2020) which

measures the average spacing of mean F1, F2 and F3 values across vowel tokens.
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Coe�cients are weighted across formants according to their contribution to the VT

length estimate.

deltaF = 0.6667 � mean (f1) + 0.222 � mean (f2) + 0.133 � mean (f3)

vtl = 34000 = (2 � deltaF)

Average formant spacing equation from Johnson (2020)

The input to the formula consisted of midpoint frequencies of F1, F2, and F3

from a total of 17,516 vowel tokens from (average of 1094.75 tokens per speaker).

Vowels were extracted from all the entire spoken stimuli of each participant. This

included both the carrier phrases and target words detailed in Section 4.3.2, plus

some additional sentences not included within this thesis. As a result, a wide range

of vowels were included which was important to the validity of the calculation.

Segmentation was performed by Montreal Forced Aligner (McAuli�e et al., 2017)

and formant midpoints were extracted in Praat (Boersma and Weenink, 2011) using

the FastTrack plugin (Barreda, 2021).

Tables 3.1 and 3.2 show VT length estimates for speakers of the Onset Lightening

and Onset Darkening dialects respectively. To get a sense of how estimated VT

lengths are distributed across dialects, Figure 3.1 shows a plot of the estimated VT

length of each speaker across the two dialects; dialect is shown by colour. Figure 3.1

shows, across the two dialects, VT lengths largely cluster into two groups, a high VT

length group - above 16cm, and a low VT length group - below 15cm. There is one

speaker, S08, who falls mid way between these groups with a VT length of 15.3cm.

In the higher range (16-17cm), there is a larger proportion of Onset Darkening

speakers (4 OD speakers vs 1 OL speaker), while in the lower range, (below 15cm),

there is a larger proportion of Onset Lightening speakers (6 OL speakers vs 4 OD

speakers). Further, VT length estimates are not balanced across dialect groups,

hence VT length will be included as a �xed e�ect within all statistical models.

54



Speaker code Dialect est. vtl (cm)

S01 old 16.2
S02 old 14.0
S03 old 13.3
S04 old 13.4
S05 old 14.5
S06 old 14.2
S07 old 14.1
S08 old 15.3

Table 3.1: Table showing the speaker code and estimated vocal tract length of each
Onset Lightening speaker.

Speaker code Dialect est. vtl (cm)

L01 odd 14.3
L02 odd 14.1
L03 odd 14.1
L04 odd 14.6
L05 odd 17.0
L06 odd 16.0
L07 odd 16.3
L08 odd 16.8

Table 3.2: Table showing the speaker code and estimated vocal tract length of each
Onset Darkening speaker.

3.1.3 Stimuli

Two sets of stimuli were included within the experiment, Set 1 is used within the

analysis in Chapter 4, and Set 2 is used within the analysis in Chapter 5, a subset

of which is also used in Chapter 6.

Set 1

Stimuli Set 1 (Table 3.3) contains target /l/ words in 5 morphosyntactic contexts

(initial, mono morphemic intervocalic, pre-boundary intervocalic, word-�nal preced-

ing a vowel, and word-�nal preceding a consonant), and 3 vowel contexts (fleece,

kit, thought). Target words were embedded within a carrier phrase \Say the

(target word) again" Each sentence was repeated 4 times.
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Figure 3.1: Estimated VT lengths plotted for each speaker. Dialect is further indi-
cated by colour: Onset Darkening speakers are in red, and Onset Lightening speakers
are in blue.

Table 3.3: Stimuli Set 1

Initial Mono-morphemic Pre-boundary Word �nal Word �nal
intervocalic intervocalic pre-vocalic pre-consonantal

fleece leap helix healing heal it heal mick

kit lip �llet �lling �ll it �ll mick

thought law paula mauling maul it maul mick

Set 2

Stimuli Set 2 (Table 3.4) contained a series of singleton-cluster /l/ pairs (e.g., clip -

lip), within the carrier phrase say the xxx, or say xxx again. Target words included

both front and back vowels. Cluster contexts included /pl-/ and /kl-/ contexts for

onset tokens, and /-lp/ and /-lk/ contexts for coda tokens. All tokens were repeated

4 times.
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Table 3.4: Stimuli Set 2

Onset singleton Onset cluster Coda singleton Coda cluster

tea lip tea clip mill in milk in

tea lug tea club gull it gulp it

tea lick tea plick �ll it philp it

tea lug tea plug

3.2 Data collection

3.2.1 Electromagnetic articulography

Electromagnetic articulography is the articulatory measure used throughout this

thesis. Electromagnetic articulography (EMA) is point tracking method which

tracks the positions of sensors glued onto articulators during the production of

speech. Positions of sensors are calculated using electromagnetic principles. A weak

electromagnetic �eld is generated around the subject's head, and movements of the

sensors, which are made from small metal coils, create detectable disturbances to

the �eld. For the AG501 model used here, sensor positions are recorded in three

dimensions (x, y, and z), plus two angular coordinates, phi and theta, which provide

information about the directionality of sensor movement. Positions were recorded at

a frame rate of 1250Hz, which was subsequently downsampled to 250Hz, su�cient

for capturing fast tongue movements. Sensor positions are visible in real time using

the AG501 cs view real time display, and can be exported for further processing and

analysis.

3.2.2 Experimental procedure

Audio synchronised electromagnetic articulography data were collected in the Lan-

caster University EMA Lab. Data for all studies were recorded within a single

session. Participants were briefed about the nature of the experiment before the

experiment took place, but were naive to the speci�c purpose of the experiment.
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Prior to the experiment, each participant completed a consent form and a ques-

tionnaire to check for latex allergies. Latex was used to coat the sensors and latex

gloves were worn by the experimenter. In addition, participants were asked whether

they used a pacemaker, given the potential for interference here (Rebernik et al.,

2021) { see Appendix 1, Section 9.1 for the relevant section of the consent form

provided to participants. Acoustic and articulatory recordings were made using

the Carstens AG501 electro-magnetic articulograph, and a DPA 4006A microphone.

During the experiment participants were seated under the articulograph, (see Fig-

ure ??). The height of the articulograph was adjusted to ensure the subject's head

was within an appropriate range. Participants were asked to read sentences from a

computer monitor at a normal pace while their speech and articulatory movements

were recorded. The monitor was positioned at approximately eye-level, 1 meter in

front of the participant. Each sentence was shown on an individual Power Point

slide, and each constituted a single (EMA and audio) recording. Sentences were

written in a clear font (pt. size 44) on a white background. Because all sentences

were similar, the text colour of sentences alternated between black and dark grey

between slides to di�erentiate sentences and reduce eye fatigue. The sentence pre-

sentation and recordings were both controlled manually by the experimenter, the

former from a desktop computer, and the latter from a Dell laptop. Each sentence

contained a target word embedded within a carrier phrase e.g., Say tea xxx again /

Say the xxx it again. Recording sessions, including sensor attachment and removal,

took between 1 and 1.5 hours per speaker. Opportunities for breaks and water were

provided throughout the experiment.

3.2.3 Sensor preparation and attachment

To prepare sensors for use in the experiment, sensors were �rst calibrated using the

AG501 calibration software. Calibrated sensors were then labelled from 1-16 accord-

ing to their position number in the magazines. To protect the sensors, each sensor

was covered in liquid latex, as recommended by the articulograph manufacturers,

and left to dry overnight prior to the experiment. Between participants, the sensors

and bite plate were sterilised in a sterilising solution and rinsed.
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Sensors were glued to articulators using EpiGlu, a dental glue also recommended

by the articulograph manufacturers. For the most part, the glue secured sensors in

place for the duration of the experiment, but could be removed with relative ease

after the experiment. On occasions where a sensor did fall o� during the experiment,

the time at which it fell o� was noted down, and the sensor was reattached using

the dried glue residue as a guide for the place of reattachment.

Lingual sensors were �rst attached to three mid sagittal points on the tongue.

The tongue sensors were considered the most likely of the articulatory sensors to fall

o�, hence attaching them �rst increased the chance that they would fall o� before the

experiment began, rather than during the experiment. To begin, the dorsal sensor

was attached and positioned as far back as was comfortable for the participant. The

tongue tip sensor was then glued approximately 1cm behind the anatomical tongue

tip when the tongue was in a stretched position. A sensor could not be attached

directly to the tongue tip due to the substantial impediment to speech this would

cause. The tongue body sensor was then glued equidistant between the tongue tip

and dorsum sensors. To ensure that the sensors stuck to the tongue surface, the

tongue was �rst dried by the participant using paper napkins and a cool hairdryer

immediately prior to the sensor being glued in place. While the participant was

drying the area, the back of the relevant sensor was covered in glue. Once the area

had been thoroughly dried, the sensor was carefully placed onto the tongue and

secured into place using by applying a little pressure onto the sensor using a tongue

depressor. Participants were then asked to check that the sensors felt comfortable

and secure.

Sensors were also glued mid sagittally to the gingival surfaces above the upper

and below the lower incisors. This was more or less di�cult depending on the size of

gingival surface, which was found to be highly variable between speakers. Prior to

attachment, speakers were asked to stretch out their lip to make the gum accessible,

and dry the area with a paper napkin. To capture lip movement, sensors were also

a�xed mid sagittally to the vermillion boarder of the upper and lower lips. Since

this was an external sensor, no drying was required. Caution was taken not to
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