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The consonant/vowel distinction is surprisingly poorly understood. Consonants
and vowels are often distinguished either by constriction degree or syllable position, but
neither of these is exceptionless. This dissertation presents a new account of the
distinction: the Domain Prioritization Hypothesis. The underlying difference between
consonants and vowels is that consonants prioritize the articulatory domain and vowels
prioritize the acoustic domain. These domains are realized in the cognitive system largely
through feedback processes. Evidence in support of this hypothesis comes from cross-
linguistic and experimental data on glides, the most vowel-like consonants. The
experimental results show differential patterns in the variances of articulatory and acoustic
measurements and in responses to altered auditory feedback. Domain prioritization is
formalized in the framework of Articulatory Phonology and Task Dynamics by expanding
the possible functional coordinates for speech task goals to allow such goals to be
represented in all sensory modalities: consonantal gestures aim to achieve targets defined
in a functional space that is an abstraction of the vocal tract, but the appropriate functional

space for vowel targets is instead an abstraction of acoustic formants. This approach has



potential explanatory power with regard to a variety of phenomena related to the C/V

distinction, including syllable structure and complex segments.
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Chapter 1: Introduction

The consonant/vowel distinction is one of the most fundamental phonological
distinctions in spoken language, and yet, it is surprisingly poorly understood. Phonological
theory often takes it as a given, an axiomatic truth from which to explain other phenomena,
rather than something that itself must be explained; when explanations are offered, usually
on the basis of constriction degree or syllable position, they must be offered with caveats
and exceptions, and are therefore unsatisfying.

This dissertation will present a new account of the consonant/vowel distinction: the
Domain Prioritization Hypothesis. The underlying difference between consonants and
vowels is that consonants prioritize the articulatory domain, and vowels prioritize the
acoustic domain. A difference in domain prioritization reflects a fundamental difference in
the way that sounds are cognitively processed: for consonants, the cognitive system
attends more to spatial precision and somatosensory feedback, while for vowels, it attends
more to acoustic precision and auditory feedback.

Evidence in support of this hypothesis will come from an investigation of glides, the
most vowel-like consonants, including an overview of cross-linguistic data on glides and
results from two experimental paradigms. The first type of experimental evidence
concerns the variances of measured properties of vowels and glides: consonants are found
to be more precise than vowels in articulatory measures, but less precise in acoustic

measures. The second type of experimental evidence concerns responses to altered



auditory feedback: /i/ may show better compensation for and recovery from such feedback
than /j/.

Once the evidence has been discussed, domain prioritization will be formalized in
the framework of Articulatory Phonology. This will involve an expansion of the Task
Dynamic conception of a gesture. Gestures are already understood to have goals that are
abstracted away from the details of muscular control, that are instead defined in task-
specific functional spaces that are generally abstractions of relevant spatial and
somatosensory parameters, and AP has characterized the appropriate task-specific
functional space for speech production as an abstraction of vocal tract configurations. I will
propose that for some tasks, the appropriate functional space need not be
spatial/somatosensory at all, but can be oriented by other sensory modalities as well; more
specifically, I will argue that AP’s vocal tract functional space is appropriate for consonants,
but that the appropriate functional space for vowels is acoustic/auditory. The goal of a
vowel gesture is not to achieve some vocal tract configuration, but to achieve certain
acoustic resonances (formants), and to do this, vowels utilize the vocal tract more
holistically than consonants. This approach will be able to explain the cross-linguistic data
and the experimental findings on glides. This approach also has explanatory power with
regard to phenomena like vowel rounding, and has several interesting implications for
matters like syllable structure and complex segments, which will be left for future work.

This chapter will first lay out the current theoretical status of the consonant/vowel
distinction and the ways in which previous accounts have lacked explanatory power,
making a new approach called for. Section 1.2 will then discuss the ambiguous properties

of glides that make them particularly useful for probing this distinction. Finally, the



Domain Prioritization Hypothesis and its predictions will be given in detail in Section 1.3.

1.1 The consonant/vowel distinction

The distinction between consonants and vowels seems to be universal. Itis present
in all natural spoken languages, and there is incredible cross-linguistic consistency as to
which sounds pattern as consonants and which as vowels, in contrast to the variability of,
for instance, the sonorant/obstruent distinction: segments such as glottals, implosives, and
voiced fricatives all may pattern phonologically as obstruents in one language and as
sonorants in another, but no language would treat any of these as vowels. The C/V
distinction also plays a core role in syllable structure, so much so that it is impossible to
describe a syllable without referencing Cs and Vs, and again, there is great cross-linguistic
consistency: that CV is the simplest syllable, and more complex forms maintain a trend that
consonants preferentially occupy and define syllable margins while vowels occupy the
nucleus. Given the fundamental nature of the distinction, a deep understanding of it could
shed light on countless related phonological phenomena, and yet, we don’t yet have any
particularly satisfying answer to the question of what it is that makes consonants and
vowels so fundamental and so different.

Perhaps because the distinction is so fundamental, it often seems to be taken as an
elementary or axiomatic truth in phonological theories that acknowledge and utilize it
without explaining it. When pressed, we phonologists and phoneticians will often key in on
either constriction degree or syllable position as the defining difference. The constriction
degree approach posits that consonants are distinct from vowels by virtue of utilizing

narrower constrictions in the vocal tract, but this is uncompelling as an explanation for



such a fundamental distinction, as there is no apparent reason for the constriction degree
difference between vowels and liquids to be so much more consequential than that
between liquids and fricatives or fricatives and stops. Moreover, as will be seen in Chapter
2, articulatory data on constriction degree is not so clear-cut as we might have imagined.
The syllable position approach, in contrast, is structural, in that it appeals to structural
arrangements of segments rather than only to the segments themselves. It posits that no
inherent difference between consonants and vowels is necessary, that the structural
difference of occupying syllable margins or nuclei is sufficient, but this leaves many things
unexplained. Do Cs and Vs define syllables, or do syllables define Cs and Vs? What of
syllabic consonants? Some variations of these approaches will be elaborated below, and it
will become clear that, though both can both offer useful generalizations, as definitions
they are insufficient.

Before proceeding further, a working definition of consonants and vowels will be
useful for clarity. Consonants, as understood here, include all those sounds that normally
appear in syllable margins, and in the consonantal portions of IPA tables: stops, fricatives,
nasals, liquids, glides, glottals, clicks, etc. Vowels include all those sounds that normally
appear in syllable nuclei and in vowel tables, whether voiced or voiceless, nasalized,
glottalized, etc. This is not intended as a formal or theoretically meaningful definition, or
necessarily an exceptionless one (some glides, for instance, are allophones of high vowels,
and perhaps should therefore not be considered consonants), but is intended only as an
explication of the starting point this dissertation will be working from, in contrast to some
work that has treated segments like glottals, glides, voiceless vowels, etc. as occupying

some special status other than simple consonants and vowels, as will be discussed below.



The difficulty in identifying an absolute difference between consonants and vowels
has been noted as far back as 1943, and has led to the use of terms such as “vocoid” to
explicitly distinguish functional classes of sounds (vowels) from articulatory classes
(vowels and glides) (Pike 1943). Catford (1977) noted that, in phonological and phonetic
work, vowels are generally defined and organized in very different terms than consonants,
with reference to the height and backness of the highest part or “hump” of the tongue,
rather than referencing location and stricture of the narrowest part of the vocal tract as is
done for consonants. Catford considered organizing vowels into polar coordinates that
would better match the organization of consonants, only to conclude that those coordinates
failed to capture the sorts of natural classes that are easily understood in the traditional
height/backness chart. Ladefoged (e.g. 1964, 1971, 1975) explicitly argued that
articulatory descriptions of vowels are inadequate, and that vowels must be understood in
acoustic terms for any sound linguistic description to be possible.

Within our theoretical frameworks, the C/V distinction as such has not always been
explicitly captured. In SPE (Chomsky & Halle 1968), an array of features differentiated
different types of consonants and vowels, but no single feature distinguished all vowels
from all consonants. These features were initially proposed to be [+consonantal],
[+sonorant], and [+vocalic], defined as shown in Table 1.1. [+consonantal] grouped vowels
together with glides [w j] and glottal consonants [h ?], while [+vocalic] grouped voiced
vowels with liquids. In a second pass at the matter, Chomsky and Halle suggested replacing
[+vocalic] with [+syllabic], grouping vowels with syllabic liquids and nasals and
distinguishing these from all nonsyllabic consonants. Either way, only through specific

combinations of multiple features could all vowels be distinguished from all consonants.



First pass

Second pass

[+consonantal]

“produced with a radical obstruction in the
midsagittal region of the vocal tract” (p.
302)

[+]: consonants other than [jw h 7]
[—]: vowels and [jw h 7]

[+consonantal]

“produced with a radical obstruction in the
midsagittal region of the vocal tract” (p.
302)

[+]: consonants other than [jw h 7]
[—]: vowels and [jw h 7]

[t+vocalic]

“produced with an oral cavity in which the
most radical constriction does not exceed
that found in the high vowels [i] and [u] and
with vocal cords that are positioned so as to
allow spontaneous voicing” (p. 302,
emphasis in original)

[+]: voiced vowels and liquids

[—]: voiceless vowels, voiceless liquids, and
all other consonants

[£syllabic]

“all segments constituting a syllabic peak”
(p- 354)

[+]: vowels, syllabic liquids and nasals
[—]: nonsyllabic consonants

[fsonorant]

“produced with a vocal tract cavity
configuration in which spontaneous voicing
is possible” (p. 302)

[+]: vowels, liquids, nasals
[—]: stops, fricatives, affricates

[fsonorant]

“produced with a vocal tract cavity
configuration in which spontaneous voicing
is possible” (p. 302)

[+]: vowels, liquids, nasals
[—]: stops, fricatives, affricates

Table 1.1. SPE major class features. The “first pass” column refers to the initial set of
features laid out on pages 299-300, and the “second pass” column refers to the adjustment

suggested on page 354.

The features of SPE were not organized into any phonologically meaningful classes

or hierarchy. Though the features in Table 1.1 were referred to as “major class features,”

there was nothing built into the theory to make them functionally different from other

features; [+consonantal] was no more fundamental than [+anterior] or [tround], and

indeed, there was no formal conception of some features being more “fundamental” than

others. This changed with feature geometry (Clements 1985), in which features like

[+consonantal] and [+syllabic] (if included) were usually placed at the root node, making




them more basic than features (and the distinctions they captured) located farther down
the tree. McCarthy (1988), for instance, placed at the root node [+consonantal],
[+sonorant], [tnasal], and [+continuant]; Halle (1992) demoted the latter two features, so
that the root note was left with [+consonantal] and [+sonorant], as shown in Figure 1.1.
This helped to capture the apparent universality of the C/V distinction, but what it meant
for a segment to be a consonant or a vowel was still not deeply examined. The distinction
would be relegated to some feature, or combination thereof, referencing vocal tract
configurations, voicing, and/or syllable position in ways that were descriptively sufficient
but offered little explanatory or predictive power. Thus, feature-based approaches have

had varying success in reflecting the C/V distinction, but have never explained it.

[suction]
[continuant]
[strident]

[lateral]

[consonantal]
[sonorant]

[nasal] Soft Palate

[retracted tongue root]
Tongue Root
[advanced tongue root] > .

[stiff vocal folds]

[slack vocal folds]

Larynx
[constricted glottis] ’
[spread glottis]
[anterior]
o Coronal
[distributed]
[round] —— Labial Place

[back]
[high] >Dorsal
[front]

Figure 1.1. Features as given in Halle 1992.



More recent, gestural approaches to phonology similarly struggle to explain what
makes a segment a consonant or a vowel. In Articulatory Phonology, a difference is
sometimes drawn between C gestures and V gestures, and this difference has been utilized
in the analysis of complex segments like liquids (e.g., Gick et al. 2006), but these two types
of gestures aren’t defined to differ from each other in any fundamental way. Browman &
Goldstein (1992) state that the difference “reflects the intrinsic differences between the
two classes of gestures in their dynamical parameters. The consonantal gestures typically
have a greater degree of constriction and a shorter time constant (higher stiffness) than the
vocalic gestures” (p. 30). That is, the vowel gestures are characterized in exactly the same
ways as consonantal gestures, with the same parameters, only differing in the values of
those parameters and only doing so “typically,” not reliably. Vowel gestures are often left
only loosely defined in models more focused on consonantal relationships, with high
vowels said to employ some sort of tongue body gesture and low vowels some sort of
tongue root gesture and little further detail.

Structural approaches, both those utilizing abstract features and timing slots and
those considering gestural coordination, address the C/V distinction in another way. With
the rise of Autosegmental Phonology (Goldsmith 1976), the [£syllabic] feature fell out of
use in favor of structurally defined nucleic and non-nucleic positions into which feature
bundles could be slotted. In this way, the C/V distinction became hard-coded into the
theory, but still not explained. Autosegmental models may utilize C slots and V slots, but
what is the difference between them except that one takes those segments known to be
consonants while the other takes vowels? What is the difference between consonants and

vowels except that one occupies C slots and the other V slots? This circularity is a common



issue in attempting to define consonants and vowels purely by syllable position. Similarly,
gestural approaches may posit that C and V gestures coordinate to each other in certain
ways, but if coordination alone is what makes a consonant or a vowel, then what is
stopping consonant-like gestures (i.e., those with narrower constrictions) from
coordinating in vowel-like ways, and vice versa?

Thus is it the case that, while many other phonological distinctions can be easily,
discretely defined, as the distinction between a stop and a fricative or between a labial and
a coronal, this most fundamental distinction between vowels and consonants is often left
either to a vague, “typical,” apparently arbitrary boundary in the continuous property of
constriction degree, or else to a circularly unsatisfying structural difference. This
dissertation will seek a more satisfying explanation.

Probing the C/V distinction isn’t straightforward. Many consonants are produced in
such dramatically different ways than vowels that direct comparisons are meaningless.
The most fruitful insights here will come not from examining extremes, but from examining
the borderlands on either side of the C/V distinction: sonorous consonants, high vowels,
and the primary focus of this dissertation and one potential source of ambiguity in the

distinction: glides.

1.2 The intermediate position of glides

Glides reside at a unique intersection between consonants and vowels. They often
behave phonologically like consonants, in their patterning and their position within
syllables, while being produced phonetically very much like vowels.

[t should be noted that “glides” here will refer specifically to oral segments like [j w]



that have vowel counterparts. The term “glide” has sometimes been used much more
broadly, to also include glottal segments, nasal glides, etc., but such segments will largely be
beyond the scope of this dissertation.

Across languages, there is significant diversity in the status of glides in relationship
to other segments. They may be allophones of high vowels or of other consonants, or
distinct phonemes in their own right; they may participate in or be invisible to processes
like vowel harmony; the selection of glides available in a language’s phonemic inventory
may or may not correspond to the high vowels available; etc. Even within a single
language, there may be ambiguity as to their status. In English, for instance, the glides /j/
and /w/ generally pattern as consonants, but the sequence /ju/ in words such as “cue” and
“few” has been argued to be diphthongal (e.g. Jensen 1993, Davis & Hammond 1995), and
the glides may or not be present in sequences that would otherwise constitute vowel
hiatus, such as in the words “via” and “boa” and across word boundaries.

Theoretical descriptions of glides and their relationship to high vowels reflect the
various ways of capturing the larger C/V distinction discussed in the last section. Glides
are sometimes said to differ from vowels by features like [+consonantal] or [£vocalic];
other times by articulatory properties like constriction degree or duration; other times in
structure only, while being featurally or parametrically identical to their corresponding
high vowels. Chapter 2 will further break down the many theoretical accounts of glides and
offer examples from diverse languages.

Much of this ambiguity around glides seems to result from their phonetic similarity
to vowels. Glides are less constricted than any other consonants, resulting in smooth

airflow and resonant, vowel-like acoustic properties. Indeed, Catford (1977), like many,
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takes /j w/ to be articulatorily identical to /i u/, both constituting “approximants” in
contrast to lower vowels as “resonants,” and relies on duration to distinguish them.
Duration seems the most notable phonetic difference between vowels and glides, with
vowels generally being significantly longer and often displaying a distinct steady state
interval that glides generally lack.

Their phonetic similarities make glides directly comparable to vowels, particularly
high vowels, in a way that no other consonants are. Formants, intensity, and articulatory
data can be measured and compared to yield insight to underlying differences. Thus, the
investigation of glides throughout this dissertation will prove quite useful for

understanding the larger C/V distinction.

1.3 The Domain Prioritization Hypothesis

Over the course of this dissertation, I'll propose that what truly underlies the
glide/vowel distinction and the consonant/vowel distinction is not a matter of constriction
or structure, but of cognitive processing. I propose that there are two cognitive domains at
play in speech production: one of articulation and somatosensory feedback, the other of
acoustics and auditory feedback. [ will generally refer to these as simply the ‘articulatory
domain’ and the ‘acoustic domain.’

The dichotomy of articulation and acoustics is a familiar one in our understanding of
speech, the dichotomy of how we produce speech and what it is that we produce that
listeners can physically perceive. Both of these can traditionally be distinguished from
what we might call the ‘abstract domain’ of representation, the domain of phonological

primitives, of underlying constancy in contrast to the well-known lack of invariance in
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acoustics.

The reliance on a separated abstract domain of representation has resulted in
difficulties in linking underlying phonology to gradient and variable phonetics. One of the
innovations of Articulatory Phonology is that its primitive unit, the gesture, is not a pure
abstraction, but is grounded in articulation in a way that features are not. Though most
features do reference articulatory properties, the feature itself is a purely abstract entity;
the gesture of AP, in contrast, is a functional abstraction of an articulatory event. In this
way AP might be said to favor the articulatory domain, rather than relying on a separated
abstract domain, and in so doing, it has been highly effective in refining our understanding
of consonants (and structural/timing relationships), but it has had less to say about vowels.

The articulatory and acoustic domains proposed here are meant to reflect the ways
that speech is processed by the cognitive system without relying on any separate, purely
abstract domain. The separation of these two domains arises from feedback processes:
during speech production, the cognitive system receives two simultaneous channels of
feedback, which are processed largely in parallel in different parts of the brain (e.g.,
Tourville & Guenther 2011). Thus, the articulatory domain is concerned with the spatial
movements and configurations of the vocal tract, and utilizes somatosensory feedback to
monitor these, while the acoustic domain is concerned with the acoustic output of speech
and utilizes auditory feedback to monitor it.

[ propose that these domains are what underlie the consonant/vowel distinction:
consonants prioritize the articulatory domain and vowels prioritize the acoustic domain.
This is the Domain Prioritization Hypothesis. The word ‘prioritize’ is used specifically so as

not to imply that the less-prioritized domain is entirely ignored or irrelevant; instead, as
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will be developed in Chapter 5, domain prioritization is a matter of weights and precisions
of sensory targets.

Domain Prioritization Hypothesis

(1) Consonants prioritize the articulatory domain.

(2) Vowels prioritize the acoustic domain.

This ‘prioritization’ comes from the underlying representations of segments. The
internal representation of a consonant is (in its greater part, as, again, will be developed in
Chapter 5) articulatory, like the gesture of AP, while the internal representation of a vowel
is (in its greater part) acoustic. In other words, the goal of a consonant is to achieve a
certain vocal tract configuration, but the goal of a vowel is to achieve certain acoustic
effects.

This should have very real measurable consequences. Consonants will
preferentially attend to somatosensory feedback to monitor articulation and maintain a
degree of articulatory precision, congruency between feedback and expectation based on
internal representations. Vowels will similarly attend to auditory feedback to monitor and
maintain acoustic precision, in line with internal representations.

A difference in ‘domain prioritization’ thus reflects a fundamental difference in the
ways that sounds are cognitively processed. As such, it offers a compelling source for the
basic, fundamental nature of the C/V distinction.

Though this idea of domain prioritization has never been made explicit in this way,
much less tested, it should not be entirely surprising. The great relevance of acoustic
properties to vowels has long been understood, and indeed, the insight that vowels must be
fundamentally acoustically-oriented, and not articulatorily-oriented like consonants, must

be originally attributed to the early work of Ladefoged (e.g., 1964, 1971, 1975), who argued
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that what meaningfully characterizes vowels is not tongue position, but the relations
between the formants. Catford (1977) similarly noted that though his polar coordinate
vowel chart “appears to be much nearer [spatial/articulatory] ‘reality’” (p. 184), the
traditional height/backness chart not only aligns better with cross-linguistic phonological
patterns, but also more closely reflects acoustic reality as seen in plots of F1 versus F2.
This is illustrated in Figure 1.2. The polar coordinates in (a-b) in the figure are suited to an
articulatory perspective, showing how vowels relate to each other and to consonants in
terms of degrees and locations of constriction. The height/backness chart (c) offers no
such connections to constriction and consonants, but instead arranges vowels in very

nearly the same way that they’re arranged in formant space (d), with the axes

N
N
YA

ES a a

Figure 1.2. Vowel charts. Top: Catford’s polar vowel coordinates (a), and the same super-
imposed on a mid-sagittal view of the vocal tract (b), showing how they capture consonant-
style constriction location and degree. Bottom: the traditional height/backness vowel
chart (c) and a plot of vowel formants (d) that shows the same basic shape and
distribution. (Vowel formants are based on my own pronunciations. Values for [e o a]
come from the first parts of the diphthongs [e1 ou aj]. [0] may not be representative of
English speakers, as [ learned this vowel late in life and partly through Burmese.)
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appropriately oriented; height corresponds to F1, and backness to F2. Though the
terminology we use to describe vowels references spatial positions of the tongue, the
system of categorization beneath that terminology is in fact acoustically-oriented. The
truly spatial orientation of (a) predicts completely unattested natural classes for vowels—
for instance, [i i u 0 0 a] should form a natural class for being the most peripheral,
constricted vowels—and in turn, it cannot elegantly capture attested natural classes, like
the “high” vowels [i i u], but the acoustic orientation of (c) readily offers insight into natural
classes and also into common vowel inventories, with three-vowel, four-vowel, and five-
vowel inventories ([iau], [i €2 u], [i e a 0 u]) maximally filling out the available space.

Thus, for very practical reasons, our ways of categorizing consonants and vowels
have essentially always reflected a bias toward articulation for consonants and acoustics
for vowels. The Domain Prioritization Hypothesis is thus not an entirely new idea, but
captures insights that have been present in the field of linguistics for decades. This
dissertation will set out to test, develop, and formally model these insights.

After an overview of cross-linguistic data on glides and their relationship to vowels
in Chapter 2, with particular attention to cases that raise problems for previous
phonological approaches, Chapters 3 and 4 will discuss two experiments that attempt to
provide evidence for the Domain Prioritization Hypothesis in the glides and high vowels of
English. Chapter 5 then implements this hypothesis in the framework of Articulatory
Phonology by expanding the Task Dynamics conception of gestures and proposing a new
way of modeling vowels, and demonstrates how this can account for the findings of
Chapters 2-4. Chapter 6 concludes with a brief discussion of the possible implications of

these domains and avenues for further research.
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Chapter 2: Background on Glides

This chapter will provide an overview of previous work on glides and their
relationship to vowels. There have been several notable theoretical approaches to glides,
discussed in Section 2.1, but each of these approaches has had limitations. Sections 2.2 and
2.3 will discuss languages and experimental findings that raise problems for these
approaches; Section 2.2 focuses on phonological data and 2.3 on phonetic data. A general
cross-linguistic account of glides and their relationship to vowels should be able to
describe not only the most common glides, but all attested glides and all attested
phonological patterns involving them, and no such account yet exists. It is a goal of this

dissertation to provide one.

2.1 Phonological accounts of glides

Most attention given to glides has been phonological in nature rather than phonetic.
Glides can pattern in many ways phonologically in different languages, with regard to their
interactions with vowels, consonants, and other glides.

The language of intrinsic and extrinsic differences in representation, as used in
Burgdorf & Tilsen 202143, will be useful here. Intrinsic approaches to the vowel/glide
contrast, or generally to any phonological contrast, attribute the contrast to definitional
properties of the categories in contrast; that is, vowels and glides are inherently different.

Extrinsic (or structural) approaches attribute the contrast to differences in organization
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within larger structures; thus, in a purely extrinsic account, vowels and glides are not
different until they are organized into syllables. Intrinsic and extrinsic differences are not
mutually exclusive; it is possible, for instance, that vowels and glides might be
differentiable both by some intrinsic property and also by their organization into syllables.

Both intrinsic and extrinsic approaches have been taken to the glide/vowel contrast.
The extrinsic approach appeals to syllable structure, while intrinsic approaches have
appealed to constriction degree and designated articulator. The extrinsic approach is
appealing for simplicity—if, as is the case in many languages, syllable position alone is
sufficient to distinguish vowels from glides, then why bring in anything else? But such an
approach proves insufficient on a cross-linguistic scale. Levi (2008) argued that a
featural—that is, intrinsic—difference is implied by the existence of both phonemic and
derived glides. Derived glides are predictable allophones of (usually high) vowels, and are
therefore taken to be featurally (intrinsically) identical to those vowels, differing only
extrinsically. By contrast, phonemic glides, Levi argues, must be featurally (intrinsically)
distinct from vowels. The distinction is often evidenced in phonological patterning within
languages, where phonemic glides may, for instance, be affected by processes acting on
sonorant consonants or be transparent to processes acting on vowels such as vowel
harmony.

Derived glides, according to Levi, tend to pattern very similarly cross-linguistically.
They occur most often when an underlying high vowel is adjacent to a lower vowel or
flanked by two, and sometimes even occur when two high vowels are adjacent. This can be
seen below in Karuk, a Hokan language spoken in California. In (1a-c), high vowels

adjacent to low vowels become glides. In (1d-f), when two high vowels are adjacent, the
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first becomes a glide.

(1) Derived glides in Karuk?!

a. /tfakai/ - [tfakaj] ‘to be disgusted by’

b. /tfupiau/ - [tfupjaw] ‘to sort’

c. /taiau/ - [tajaw] ‘to choose’

d. /imuira/ - [imwira] ‘fishery’

e. /imiuha/ - [imjuha] ‘soap plant’

f.  /suniibih/ — [sunjiBih] ‘nut of a giant chinquapin’

Phonemic glides, of course, are not allophones of vowels, but independent segments.
In some languages that allow vowel hiatus, the phonemic status of glides is particularly
clear, with minimal pairs of glides and their corresponding high vowels. Examples of

minimal pairs in Maori are given in (2).

(2) Vowel/glide minimal pairs in Maori

a. /aua/ ‘a type of fish’ vs. /awa/ ‘river, gorge, channel, or groove’

b. /kaua/ imperative negative morpheme vs. /kawa/ ‘small
garden bed;’ ‘bitter’

C. /kauaka/ imperative negative morpheme vs. /kawaka/ ‘New
Zealand cedar’

d. /kauiti/ ‘narrow’ vs. /kawiti/ ‘to taper or dwindle’

e. /rauaka/ ‘cultivated ground’ vs. /rawaka/ ‘abundant’

Both derived and phonemic glides have sometimes been accounted for extrinsically,
by appealing solely to syllable structure, but this is done in opposite ways. In the derived
case, syllabification information is not present in the lexicon, but can be derived from the

sequence of phonemes: the vowels normally occupy syllable nuclei, and high vowels

! Data from Levi 2008, examples 8 and 11a. Example (4) below also includes data from Levi’s examples 11b and
18. Levi in turn takes data and analysis on Karuk from Bright 1957, Herman 1994, and Hume 1995.
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become derived glides by being pushed into syllable margins in certain environments,
usually when adjacent to low vowels. In the case of phonemic glides, however,
syllabification information must be included in the lexicon, as it is the only way to
distinguish phonemic glides from phonemic high vowels which are taken to have identical
feature bundles.

Though such extrinsic accounts can be temptingly simple for some individual
languages, they don’t allow for any unified cross-linguistic approach. Moreover, as will be
seen in the next section, there are several languages for which a purely structural, extrinsic
difference is not sufficient to account for the patterning of glides and vowels even within
that language. Intrinsic differences in representation become necessary. The simplest
intrinsic approach is to say that glides differ from vowels in a feature like [+consonantal] or
[+vocalic]. As noted in chapter 1, such features are often associated with oral obstruction
or constriction, and thus it’s not surprising that glides are often assumed to be more
constricted than vowels.

More careful intrinsic accounts of glides have often involved consideration of
designated articulators. The idea of designated articulators arises in Halle 1992. The
designated articulator is “the articulator that executes an articulator-free feature” (p. 3),
i.e,, features not inherently associated with any specific articulator, including features
located at the root node in feature geometry. All phonemes are posited to have a
designated articulator. Halle (1992) describes the glides /w j/, like the vowels, as [-
consonantal] phonemes, with [+consonantal] defined thus: “In producing a [+consonantal]
phoneme, an articulator must make full or virtual contact with a stationary part of the vocal

tract so as to create a cavity effectively closed at both ends” (p. 7). What distinguishes
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these glides from high vowels is not any feature, but their designated articulator: dorsal for
vowels, labial for /w/, and coronal for /j/. Levi (2008) follows this approach, modeling
vowels as descending from a dorsal place feature while /j/ is coronal and /w/ labial.

Nevins & Chitoran (2008) take the role of designated articulators still further,
proposing that glides should be characterized as having two designated articulators, both
dorsal and either coronal (for /j/) or labial (for /w/). Simultaneously, they posit that glides
also differ from vowels in the feature [+vocalic], with [+vocalic] defined as the “absence of a
narrow constriction among the articulators” (p. 1981), thus representing constriction
degree.

Thus, syllable structure, constriction degree, and, perhaps more surprisingly,
designated articulator, have all been utilized in phonological accounts of glides. One last
difference that’s often been noted between vowels and glides is duration: vowels tend to be
longer. I am not aware, however, of any analyses that take this as a defining phonological
difference (though it may be a secondary effect of extrinsic differences in syllable position
or mora assignment); it's noted more often in phonetic descriptions (e.g. Catford 1977)
than phonological accounts.

Overall, then, we can say there have been four dimensions utilized in characterizing
vowels and glides: syllable structure, constriction, designated articulators or more broadly,
place, and to a lesser extent, duration. Constriction and place are both intrinsic differences,
while syllable structure is an extrinsic difference. Duration is unique in that it may be
modeled as either intrinsic or extrinsic, as with the intrinsic vowel feature [+long] or as a
secondary consequence of extrinsic syllable position, timing slot, or moraic association.

Though so far these differences have been discussed largely in terms of symbolic
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abstractions like features, they can be modeled equally well in other theoretical
frameworks. Optimality Theory constraints can be used to describe glide patterning with
or without explicit reference to syllable structure, and can even capture ambiguity in
syllable structure, as in Barlow’s (1996) analysis of /Cj/ clusters in American children’s
speech. Of greater interest here will be the gestural framework of Articulatory Phonology /
Task Dynamics (AP/TD). In general, the question of symbols, constraints, or gestures is
orthogonal to the question of structure, constriction, and/or place.

In the AP/TD framework, articulatory gestures are defined intrinsically by their
target and stiffness parameters. Target parameters specify vocal tract constriction degrees
and locations, and stiffness parameters specify the strength of the force that a gestural
system exerts to change the state of the vocal tract. Differences in gestural parameters
constitute intrinsic differences between distinct segments, and Browman & Goldstein
(1992) briefly speculate that a difference of stiffness might be appropriate for the
glide/vowel distinction. Extrinsic differences would instead be represented in the
organization, coordination, and selection of gestures.

Table 2.1 summarizes these various possible approaches to the glide/vowel
distinction. Not much work has been done with glides in the framework of Articulatory
Phonology, and what work has been done has generally either taken one of these
approaches (e.g., Browman & Goldstein 1992) or used articulatory data to choose between
them (e.g., Burgdorf & Tilsen 2021a).

[ intend to show that none of these approaches, and no combination of them, are
sufficient for a general cross-linguistic accounting of vowels and glides. The next section

will provide phonological data from an array of languages that challenge these approaches,
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Dimension

Symbolic framework

Gestural framework

structural difference
(extrinsic)

syllable position
autosegmental association
moraic association

intergestural coordination

constriction difference
(intrinsic)

features (+consonantal,
t+vocalic)

target constriction degree
stiffness

place difference
(intrinsic)

designated articulator /
primary place node

target constriction location

duration (either)

intrinsic: features (+long)

extrinsic: autosegmental or
moraic association

intrinsic: stiffness

extrinsic: intergestural
coordination

Table 2.1. Possible approaches to the glide/vowel distinction.

and 2.3 will summarize existing phonetic studies of glides with attention to how they do

and don’t differ phonetically from vowels.

2.2 Phonological challenges

The languages considered in this section will be organized into two types. First will
be those languages for which a purely extrinsic approach is insufficient, in some cases
because the language contains both derived and phonemic glides. Second will be those
languages which contain glides other than /j/ and /w/, which pose challenges for place-

based and duration-based accounts.

2.2.1 Challenges to the extrinsic approach
There are two kinds of languages which challenge the purely structural, extrinsic
approach to the vowel/glide distinction. First, there are those languages that utilize both

phonemic and derived glides, which must be somehow distinguished from each other;
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second, there are those languages in which there is asymmetry in the patterning of
different glides.

Levi (2008) noted three languages that contain both phonemic and derived glides:
Karuk, Sundanese, and Pulaar. In all of these, derived glides can be distinguished from
phonemic glides not only by their underlying origin, but by their behavior with regard to
processes like boundary alternations, vowel harmony, and nasal spreading. The
contrasting behavior of these glides cannot be accounted for in a purely extrinsic approach.

Examples of derived glides [w j] in Karuk were given in (1), repeated here as (3).
Karuk also possesses a phonemic /w/, shown in (4). The words in (4) must contain an
underlying glide (bold) because this glide follows a high vowel, whereas the examples in
(3d-f) show that when there are two adjacent underlying high vowels, it is the first, not the

second, that becomes a glide.

(3) Derived glides in Karuk

a. /tfakai/ - [tfakaj] ‘to be disgusted by’

b. /tfupiau/ - [tfupjaw] ‘to sort’

c. /taiau/ - [tajaw] ‘to choose’

d. /imuira/ - [imwira] ‘fishery’

e. /imiuha/ - [imjuha] ‘soap plant’

f.  /suniiBih/ — [sunjiBih] ‘nut of a giant chinquapin’

(4) Phonemic glide in Karuk
a. Juiriwsaw/ — [wiriwfaw] ‘to bequeath to’
b. /apiw/ - [fapiw] ‘to seek’
c. /Jtiw/ - [Tiw] ‘to die’
Levi notes further evidence of the phonemic status of /w/ in boundary alternations

and vowel harmony (Herman 1994; Hume 1995): phonemic /w/s (and not derived [w]s)

join /r/ in alternating with nasals before consonant-initial suffixes, and they are
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transparent to vowel harmony.

Sundanese, an Austronesian language spoken in Indonesia, similarly contains both
phonemic and derived glides, and the difference can be seen in nasal harmony.
Nasalization spreads rightward from nasal consonants onto following vowels, passing
through laryngeal consonants and derived glides, stopping only at supralaryngeal
consonants including phonemic glides (Robins 1957; Cohn 1990, 1993). (5a-c) show
nasalization blocked by phonemic glides; (5d) shows nasalization passing through a
derived glide. Cohn (1993) argues that the derived glides are not phonologically present,

but are only a matter of phonetic implementation.

(5) Nasal harmony in Sundanese (Cohn 1990)
/nawih/ - [gawih]

®

b. /mawur/ — [mawur]

c. /najak/ - [najak]

d. /piar/ - [nijar]

Levi (2008) similarly notes evidence of both phonemic and derived glides in Pulaar,

a dialect of Fula spoken in Mauritania, evidenced in consonant gradation, vowel harmony,
and vowel epenthesis, with original data and analysis from Paradis (1987a, 1987b, 1992).
For all three of these languages, Levi notes that a purely extrinsic approach (specifically,
what she terms the “Anti-N” approach, in which vowels are unmarked for syllabic affiliation
but phonemic glides are forced into non-nuclear positions) is insufficient to account for the
observed phonological patterns. The coexistence and contrasting behavior of derived and
phonemic glides, which necessarily have identical syllable positioning, necessitate some
intrinsic representational difference.

Though the need for an intrinsic difference between vowels and glides is
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particularly clear in languages with both derived and phonemic glides, it can also be
apparent in languages with only phonemic glides. In any language where glides are
transparent to processes of vowel harmony (such as Turkish, Levi 2001), there must be
some representational difference that prevents the harmony process from targeting them.
Moreover, there are some languages in which multiple phonemic glides pattern very
differently from each other, necessitating differing representations.

Asymmetric glide patterning can be seen in some dialects of Shan, a Tai-Kadai
language spoken in Myanmar and Thailand. Data from Shan presented here were collected
from a native speaker living in Ithaca, NY, USA. Shan contains /j/ and /w/, both of which
are phonemically distinct from their counterpart high vowels. This phonemic distinction is
evidenced in co-occurrence restrictions: neither glide can occur twice in one syllable, such
that the forms /(C)jVj/ and /(C)wVw/ are illicit, but both occur freely with their
counterpart high-vowels in words such as /jip*/ “grab/take” and /juw3/ “grass.”?

There are two processes that distinguish these glides from each other. First, /j/, and
only /j/, undergoes dissimilatory frication when adjacent to another /j/ across a
morpheme boundary, as shown in (6a-b). (6c) shows that /i#j/ does not trigger such
frication.

(6) Dissimilatory frication of /j/ in Shan
a. /hwajl jaw?/ — [hwaj! jaw?] ‘big shell’
b. /an?naj°ju?ma:3/ - [?an?naj®ju?ma:3] ‘Thisis dog food.

c. /p"ad-tul p"wi®jus/ — [p"astul p"wi5ju’] ‘The door has opened
(already).’

2 The superscripted numbers indicate tone, based on a practical notation developed with the consultant.
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Second, and more striking, is a process that groups /w/ together with the vowels

while excluding /j/: word-initial glottal stop epenthesis. Examples are given in (7).

(7) Word-initial glottal stop epenthesis in Shan

a. /an®/ - [?an?] ‘read’

b. /en?/ - [?en?] ‘run’

c. /in®/ - [?in°] ‘slightly’

d. /o*an>/ - [?0%*an?] ‘small’

e. /wan®/ - [?wan?®] ‘village’

f. /wun*tgaw?*/ — [?wun*tgaw?]  ‘monk’

g /iin®/ = [jin’], *[?jin®] ~ ‘I/me’ (humble)
h. /jaw?/ - [jaw?], *[?jaw?] ‘big’

A purely structural approach can’t account for this patterning. If glides are simply
vowels in syllable margins, then why would this process of glottal stop epenthesis be
sensitive to the syllable position of one (i/j) and not the other (u/w)? This demonstrates
that, even among phonemic glides, there must be ways for some to be representationally
more or less similar to vowels, such that a process targeting vowels could also target some

but not all glides.

2.2.2 Uncommon glides

Clearly, some intrinsic difference between vowels and glides is called for. The last
section showed that there have been a few different intrinsic approaches to the matter,
based on constriction, place, and potentially duration. The place-based approach, utilizing
designated articulators, has been adopted by several researchers and has been effective for
the most common glides, but both this approach and any based on duration run into

problems with less common glides.
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As noted previously, the designated articulator approach characterizes /j/ as
coronal and /w/ as labial, instead of or in addition to the dorsal place proposed for vowels.
However, in taking such an approach, neither Halle (1992), Levi (2008), nor Nevins &
Chitoran (2008) attempted to address other glides.

The labiopalatal glide /y/, a consonantal counterpart to the rounded high front
vowel /y/ and rounded counterpart to /j/, is best known in French but also found,
phonemically or allophonically, in languages such as Bafanji (a Bantu language spoken in
Cameroon, Hamm & Hamm 2007), Akan (a Tano language spoken in Ghana, Hall-Lew
2006), Neo-Aramaic (Odisho 1990), and possibly some dialects of Chinese (e.g., Scott
1947). This glide poses a challenge for the place-based approach to glides. Is its primary
place coronal or labial? The choice of which should be its designated articulator and which
only a stray secondary feature seems arbitrary without a detailed analysis of each
particular language that utilizes it, but if such analyses are undertaken, should they not also
be for the two more common glides? Nevins & Chitoran (2008) note that /j/ can alternate
with or diachronically shift to either palatal or dorsal segments in different languages, and
similarly /w/ with labial or dorsal segments, making it difficult to claim that /j/ is always
primarily palatal and /w/ always primarily labial. This motivates their account of /j/ and
/w/ as having two designated articulators, but the same reasoning would likely conclude
that /y/ must have three, which seems on its face absurd.

Still more challenging for place-based accounts of glides is the unrounded
back/velar glide, /uj/. This glide can be found in Sgaw Karen (e.g. Henderson 1976),
Turkish, and Western Cherokee, and as an allophone of /g/ or /y/ in such languages as

Spanish and Greek, though in some cases it may itself often be transcribed as /y/ with or
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without a ‘lowered’ diacritic. If glides are characteristically to have some other designated
articulator instead of or in addition to the dorsal articulator of vowels, what other
articulator is available for /w/?

Rarer than /y/ and /w/ is the low or pharyngeal glide that relates to the low vowel
/a/ in the same way /j/ and /w/ relate to /i/ and /u/. Though so rare that there is no
symbol for it in the IPA, such a glide has been reported to exist in Marphali, a Tibeto-
Burman language spoken in Nepal, by Mazaudon (2007). Mazaudon notes that, though
anomalously low according to the traditional way of organizing vowels, this glide is easily
understood with Catford’s (1977) polar vowel coordinates, which were shown in Figure
1.2. With these coordinates, the vowels /i u a/ belong to a natural class of peripheral
vowels for being nearest to some possible point of constriction that could also be home to a
glide—palatal, velar, and pharyngeal, respectively (with /u/ being more precisely a fronted
velar while /o/ is considered the true velar). Mazaudon also suggests that certain “velar”
approximants in several other languages might be usefully reanalyzed as “a-type
approximants,” or pharyngeal glides.

Mazaudon'’s argument that /a/ can have a glide counterpart makes an interesting
prediction: any of the peripheral vowels in Catford’s polar coordinates should be able to
have glide counterparts—thus, not only [i u a], but also [i 0 0]. Indeed, there are languages
in which /w/ alternates with /o/ as well as /u/; this can be seen for instance in Korean,
where a glide formation process may create /j/ from /i/ and /w/ from /u/ or /o/ (e.g., Han
1990). A fine-grained cross-linguistic study might thus turn up evidence for additional,
previously unattested glide distinctions.

The category of “rare glides,” however, includes more than these glides of unusual
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places. A number of languages also employ geminate glides, which challenges any
consideration of duration as the distinguishing feature between vowels and glides.
Maddieson (2008) conducted a cross-linguistic survey that found glides participating in
singleton/geminate contrasts in a variety of languages, though they do so less often than
other consonants. Some acoustic analysis of Trique in particular demonstrated that at least
in some cases, the contrast can’t be analyzed, for instance, as involving a fricative for the
geminate partner, but truly utilizes long glides with significant steady states. Combined
with the existence of very short vowels in some languages, it is simply not the case that
vowels will always be longer than glides.

Though these velar, labiopalatal, pharyngeal, and geminate glides are nowhere near
as common as /j/ and /w/, a general account of glides and their relationship to vowels
should be able to describe them all. Thus, place-based and duration-based approaches

seem insufficient.

2.3 Phonetic studies of glides

There is surprisingly little research on phonetic differences between glides and
vowels, and most of it has been acoustic rather than articulatory. The most commonly cited
phonetic differences seem to be constriction degree (with acoustic correlates in F1 and
intensity), place (with acoustic correlates in F2), and duration, but the data on all of these is
limited and often inconclusive. The lack of a clear phonetic difference between vowels and
glides may have contributed to the difficulty and diversity of approaches in accounting for

glides theoretically.
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2.3.1 Constriction degree

Though constriction degree is a commonly stated phonetic difference between the
high vowels [i u] and corresponding glides [j w], a literature review did not turn up any
phonetic studies that conclusively support this.

The acoustic consequences of constriction degree are fairly well understood, on a
theoretical level. A narrower constriction leads to a lower first formant (F1) and reduced
acoustic intensity. The particularly low F1 of high vowels and glides is a consequence of a
vocal tract configuration resembling a Helmholtz resonator, in which two large volumes are

connected by a narrower volume (Johnson, 2012), as shown in Figure 2.1.

A

e

Figure 2.1. A Helmholtz resonator, with a constriction of cross-sectional area A.

The frequency of an ideal Helmholtz resonance is proportional to (A/)1/2, where A
is the cross-sectional area of the constriction and 8 depends on the length of the
constriction, length of the posterior tube, and cross-sectional area of the posterior tube.
Thus, if we associate a narrower constriction degree with smaller cross-sectional area, a
lower F1 is expected for more constricted vocoids.

F1 of vowels and glides in English has been directly compared by Lehiste (1962) for
/ijuw/, by Jaggers (2018) for [ij] in near-minimal pairs, and by Burgdorf & Tilsen (2021a)

for [ij u w] and ambiguous segments in an imitation task in the environment /aXa/ (where
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X is the target segment).? Lehiste found that F1 tended to be lower for initial /w/ than for
/u/, but both Lehiste and Jaggers found no significant difference between /j/ and /i/.
Burgdorf & Tilsen, in contrast, found that the glides had slightly higher F1 than the vowels,
suggesting lesser constriction. Cross-linguistic studies by Maddieson & Emmorey (19854,
1985b) found that the acoustic targets of /j/ and /w/ differed across languages in ways
that corresponded to cross-language differences in the high vowels /i/ and /u/, and though
they did conclude that the glides were systematically more “consonantal” than the vowels,
having a narrower constriction as suggested by lower first formants, they examined the
glides only in the contexts /iji/ and /uwu/. Due to the potential influence of coarticulatory
or dissimmilatory effects, this finding cannot be generalized beyond those sequences.
Another acoustic correlate of a narrower constriction is reduced acoustic intensity.
Narrower constrictions are associated with diminished intensity because less acoustic
energy is radiated from a more constricted vocal tract. It may also be the case that the
amplitude of voicing is diminished in a more constricted vocal tract because there is a more
rapid pressure build-up in the cavity posterior to the constriction. Jaggers (2018) observed
that [j] had less acoustic intensity than [i], which is consistent with a difference in
constriction degree, and Davidson & Erker (2014) similarly observed a drop in intensity
associated with glides inserted between vowels. However, Burgdorf & Tilsen (2021a) did
not find significant effects in intensity. Sound radiation is affected by other factors than
constriction degree, including labial posture and constriction length, and so observed

intensity differences might arise from aspects of the articulations that are not related to

% The use of slashes or square brackets for the segments involved in each study follows what was used within the
study.
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lingual constriction degree.

Articulatory rather than acoustic studies offer more direct evidence of constriction
degree, but these are even fewer. Levi (2011) reports that a palatographic study by Straka
(1964) found that [j] produced between low vowels, [aja], actually had a lesser degree of
constriction than [i] in the same environment. Only in a high vowel environment (i.e. [iji])
was [j] more constricted, in agreement with Maddieson & Emmorey’s (1985a, 1985b)
findings. Burgdorf & Tilsen (2021a) found no direct evidence of differences in constriction
degree in EMA data; the difference between their articulatory and acoustic findings may be
aresult of the limitations of point-sensors in EMA.

Thus, previous studies do not provide unambiguous evidence that glides have a
greater degree of constriction than their counterpart high vowels. Indeed, there is some

evidence that in certain environments, the opposite may be true.

2.3.2 Place of articulation

Glides are sometimes said to have more peripheral or “extreme” places of
articulation than corresponding high vowels (that is, that /w/ would be more posterior
than /u/ and /j/ more anterior than /i/; e.g. Sun 1996). This is an interesting proposition
in light of the different coordinates on which we might arrange vowels, as discussed in
Chapter 1. With the traditional height/backness chart in mind, it seems reasonable that
anteriority for /j/ and posteriority for /w/ would make them more “peripheral,” i.e.,, more
removed from the vowel space, but with Catford’s (1977) polar coordinates in mind, it isn’t
so clear that posteriority should equate to peripherality for /w/. Regardless, differences in

place of articulation would result in differences in F2, with more anterior positions
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producing higher F2 and more posterior positions lower F2.

In addition to Lehiste (1962) and Jaggers (2018) mentioned above, Chitoran (2002)
also compared F2 of glides and vowels, specifically Romanian [ea oa ja wa]. For /j/, Lehiste
and Jaggers both found that F2 tended to be lower than /i/ (less anterior), with Jaggers
reporting a difference of 70 Hz; Chitoran found that the onset value of F2 was higher than
for the mid vowel [e] (more anterior), but high [i] was not examined. For /w/, Lehiste
found lower F2 than for /u/ (more posterior), while Chitoran found that most speakers
produced no significant difference in F2 between [w] and [o], with one speaker producing
higher F2 for [w] (less posterior).

Burgdorf & Tilsen (2021a) reported direct articulatory (EMA) evidence of slight
differences in place and trajectory between [u] and [w] for some English speakers, with [w]
being more posterior. This was not well-reflected in F2 data and no corresponding
difference was found for [i] and [j].

Thus, as for constriction, the data on place are not as clear as we might like. When

significant differences are found, they’re not always in the direction expected.

2.3.3 Duration

Vowels and glides are also held to differ in durational properties. Durations of
vowels and transitions from glides to different vowels are measured by Lehiste (1961), but
no specific comparison is made between vowels and glides. Jaggers (2018) found evidence
that vowels were longer than glides. Specifically, the onset of the formant transition (i.e.,
peak F2) occurred earlier in /ja/ than in /ia/. The onset of the formant transition should

reflect the point in time at which the palatal gesture is deactivated, and hence if this event
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occurs earlier relative to a preceding segmental boundary it may indicate that the palatal
constriction was maintained for a shorter period of time. However, the acoustic data
examined by Jaggers do not allow for any estimation of when the palatal constriction
began, so it is unclear whether the durational difference is attributable to the kinematics of
the constriction gesture or is a consequence of differences in gestural overlap.

Burgdorf & Tilsen (2021a) found substantial differences in several acoustic and
articulatory durations associated with vowels and glides. Most notably, durations
associated with intergestural effects, such as onset-to-onset duration (from onset of the
target gesture to onset of the following gesture), showed more significant results than
durations more closely associated with intrinsic properties, such as onset-to-target-
achievement, suggesting extrinsic structural differences between glides and vowels.

Some perceptual studies have suggested that formant transition duration
distinguishes glides from vowels (Liberman et al. 1956, O’Connor et al. 1957). O’Connor et
al. (1957) also argued that a sufficiently long steady state, about 40 ms, is necessary to
perceive a vowel. Similarly, Miicke et al. (1999) found that German speakers (L1 and L2)
perceived synthetic stimuli as syllabic vowels or non-syllabic glides depending on duration.
However, as previously noted, Maddieson (2008) showed that geminate glides have a
relatively long steady state, which calls into question whether steady state duration can be
a distinguishing property. From an articulatory perspective, formant transition durations
might vary as a consequence of differences in gestural stiffness (which partly determines
movement velocity) or as a consequence of differences in gestural overlap, and steady state
duration is likewise influenced both by properties of gestures themselves and by overlap.

Thus differences in duration could arise by multiple means and are not, in themselves,
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conclusive.

2.3.4 Additional studies of glide phonetics

In a study examining voice quality across English segments, Chong et al. (2020)
found that glides did not pattern with vowels in either contact quotient (CQ) or strength of
excitation (SoE). With regard to CQ, glides grouped together with liquids and nasals in
having slightly lower values than vowels, suggesting breathier voicing, but greater values
than obstruents, taps, and trills. With regard to SoE, a measure of the relative amplitude of
voicing, glides grouped with trills, displaying distinctly lower values (weaker voicing) than
vowels, nasals, or liquids. Chong et al. conclude that glottal configuration is only passively
affected by oral constrictions, not actively controlled by speakers, and do not attempt to
explain the results for glides. Since voicing is not an expected phonological difference
between glides and vowels in any approach I know of, the theoretical significance of this
result is uncertain.

Finally, | am aware of some studies describing phonetic properties of glides without
comparison to vowels. Articulatory work by Gick (2003) examined timing patterns of /1/,
/w/,and /j/ in different syllable positions. Similarly, Hsieh & Goldstein (2015) use MRI
data to examine gestural timing of off-glides and find temporal shift when other coda
consonants are present. A study by Lee et al. (2016) on the articulations of /w/ and /b/
found no difference in lip protrusion between the two consonants. A perceptual study by
Kang (2006) compares the F2 transition of /w/ in English and Korean. Several works by
Espy-Wilson (e.g. 1986, 1987, 1992) describe the acoustics of “semivowels” (/wjrl/)in

relation to featural representation for the purpose of automatic recognition, finding that
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formant information (from F1, F2, and F3, as opposed to other acoustic properties) best

distinguishes between different semivowels.

2.4 Summary

The theoretical status of glides remains an open question. Clearly, though they may
have extrinsic differences from vowels, such differences alone are not sufficient to capture
differences between phonemic and derived glides or to account for cases where some
glides appear to be more vowel-like than others. There must be an intrinsic difference
between vowels and glides, but the sorts of intrinsic differences that have so far been
proposed are unable to account for all the data. Differences based on place or designated
articulator fail to account for uncommon glides like /y/, /u/, and the pharyngeal glide; any
difference based on duration fails to account for geminate glides; and differences of
constriction degree are not supported by the available phonetic data. Indeed, the phonetic
data do not seem to offer any reliable and meaningful phonetic difference between vowels
and glides. The rest of this dissertation will provide evidence for and interpretation of a
new kind of difference between glides and vowels: domain prioritization, as introduced in

Chapter 1.
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Chapter 3: Evidence of Domain Prioritization in Variances

Two experiments will be discussed in this and the next chapter. The first utilized an
imitation task to compare the high vowels [i u] to their glide counterparts [j w] in American
English; it will be referred to as the GV-Imitation (glide/vowel imitation) experiment. The
second compared the behaviors of English /i/ and /j/ under an altered feedback paradigm,
and will be referred to as the GV-Feedback (glide/vowel altered feedback paradigm)
experiment. Both have been previously reported on (Burgdorf & Tilsen 2021a, 2021b), but
these chapters will present new analyses and results.

The last chapter discussed how there has been little in the way of detailed phonetic
data on glides and their relationship to vowels, and how this data has not allowed for a
conclusive understanding of the distinction between them. The GV-Imitation experiment
was meant to address this issue and add to the available phonetic data. It tested two
hypotheses and did so by examining a wide array of measurable phonetic properties, both
acoustic and articulatory, rather than making any assumptions about what should be
relevant to the distinction. Its main finding was that temporal differences between glides
and vowels were more robust than spatial differences, but this dissertation will focus on an
unexpected secondary finding: an examination of the variances of the many measured
variables shows differential variance patterns in glides and vowels. Glides tended to have
lesser variance (greater precision) than vowels in articulatory measurements, and vowels

tended to have lesser variance (greater precision) in acoustic measurements.

37



Though a variety of physical properties of glides and vowels have been studied
before, attention has primarily been paid to means and ranges of those properties, rather
than variances, so that the variance patterns observed in Burgdorf & Tilsen 2021a were
wholly unexpected, and appropriate interpretation of their relevance and significance was
not immediately apparent. These variance findings came to be the initial inspiration for the
Domain Prioritization Hypothesis. The GV-Feedback experiment was then designed with
the intent of directly testing this hypothesis, and was primarily concerned with feedback
compensation, but the data from this experiment, too, can be analyzed for variance
patterns.

Table 3.1 summarizes the two experiments. This chapter will focus on the variance
findings from both. It will include a background discussion on the interpretation of
variance patterns (Section 3.1) and a summary of the design and methods of the GV-
Imitation experiment (Section 3.2). The design of the GV-Feedback experiment and its

results concerning feedback compensation will be reserved for Chapter 4.

GV-Imitation GV-Feedback
. imitation altered feedback
Design . -
6 participants 19 participants
auditory orthographic
Stimuli [aXa], X in [i~j, u~w] <bia, <bya>
continuous (duration) categorical
EMA trajectories . .
Data ) ] audio recordings
audio recordings
constriction, formants, etc. feedback compensation
Results i ]
variances variances

Table 3.1. Features of the GV-Imitation and GV-Feedback experiments.
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3.1 Background on variance

Variance, of course, is a measure of statistical dispersion, or the spread of values
around their mean. Constant variance, or homoskedasticity, is an assumption for sound
linear regressions; i.e., the variance of errors should not depend on predictor values.
However, there are many phenomena for which an assumption of constant variance is not
valid. One common kind of non-constant variance, or heteroskedasticity, occurs when the
variance is proportional to the mean. Figure 3.1 shows examples of distributions with

constant and mean-proportional variance.

homoskedastic heteroskedastic

Figure 3.1. Left, a distribution with constant variance. Right, a distribution with mean-
proportional variance.

Different types of measurements may or may not be expected to display such mean-
proportional heteroskedasticity. One useful typology of measurements was developed in
Stevens 1946; though it has been criticized and expanded on since, it will prove sufficient
for this discussion. Stevens distinguished between four kinds measurements, as shown in
Table 3.2.

Most relevant here is the distinction between interval and ratio scales of
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Scale type | Central tendency Variability

nominal mode qualitative variation

ordinal median range

interval arithmetic mean deviation (o)

ratio geometric mean coefficient of variation (o/p)

Table 3.2. Types of measurement scales from Stevens 1946.

measurement. On an interval scale, 0 is arbitrary; this has the consequence that one can
measure degrees of difference between items, but not ratios between them. Position in
Cartesian coordinates is an example of an interval scale. It isn’t meaningful to say that
something located at 20mm has “twice the position” of something at 10mm, since they
could equally well be said to be at 30mm and 20mm relative to a different origin; it can
only meaningfully be said that the difference between them is 10mm. Appropriate
statistical measures for a variable on an interval scale are the arithmetic mean and the
standard deviation. Because the value of the mean is not, in itself, meaningful, but is only
meaningful relative to other positions on the scale, variance is not expected to depend on
the mean; i.e., constant variance is generally a reasonable assumption on interval scales.
On a ratio scale, 0 is meaningful. This allows for the measurement of ratios as well as
differences. Length is an example of a ratio scale; something with a length of 20mm is
indeed “twice as long” as something with a length of 10mm, and the ratio remains constant
across different units of measurement. Additional statistical tools become available on a
ratio scale: the geometric mean (the nth root of the product of n measurements) and the
coefficient of variation (standard deviation divided by the mean). The coefficient of

variation is useful for measurements on ratio scales because these scales tend to display
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the mean-proportional heteroskedasticity described above, and dividing by the mean
therefore provides a measure of dispersion that is not sensitive to differences in mean
value. This heteroskedasticity is most consequential when the data includes a large range
of values, and the proportional mean-variance relationship may not hold with very small
values.

Thus, there are two kinds of variance patterns that might be expected simply from
the nature of the data, and which would not seem to be theoretically interesting for the
glide/vowel distinction: homoskedasticity for interval scale measurements, and potentially
also for ratio scale measurements with sufficiently small values or small ranges; and mean-
proportional heteroskedasticity for ratio scale measurements. Variance patterns other

than these, however, are not expected and would merit theoretical consideration.

3.1.1 Analyzing heteroskedasticity

There is a statistical procedure that is sometimes used to test for heteroskedasticity
in a data sample, the generalized Breusch-Pagan test. The procedure is this: the data are
fitted to a linear model; the squared residuals are then fitted to another linear model with
the same predictor(s); R? of this second model is then adjusted according to sample size
and degrees of freedom (number of predictors) and used as a test statistic in a chi-squared
distribution. The null hypothesis of this test is homoskedasticity; a significant result
indicates heteroskedasticity.

A similar approach will be taken to analyze the variances of the GV-Imitation and
GV-Feedback data. For each measured variable, first, a mixed effects model (Model 0) is

constructed. Three models of the squared residuals are then constructed with the variable
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itself and the stimulus as predictors.

Model 0: variable ~ stimulus + (1|participant)
Model 1: residuals sqg ~ variable + (l|participant)
Model 2: residuals sqg ~ stimulus + (l|participant)
Model 3: residuals sqg ~ variable + stimulus +

(1l |participant)

Model 1 tests for an effect of variance based on the value of the variable itself; i.e., it
tests for mean-proportional heteroskedasticity. Model 2 instead tests for an effect of
variance based on the stimulus. Model 3 includes both. Comparison of these models,
together with knowledge of the measurement scale of the variable (interval or ratio) and
the direction of any main effect in Model 0, will allow not only for inferences as to whether

heteroskedasticity is present, but also whether it is of the theoretically uninteresting mean-

proportional type or can be associated with the glide/vowel distinction.

3.2 GV-Imitation design and methods

The GV-Imitation experiment was designed to test two hypotheses. First, that
vowels and glides are differentiated by both constriction-related properties and temporal
organization. Second, that English speakers have distinct phonological categories for
vowels and glides. Participants were not explicitly cued to distinguish between categories,
but were instructed to imitate stimuli of the form [aXa], where X was the segment of
interest. For both [i-j] and [u-w], a two-dimensional stimulus continuum was constructed
in which the segment of interest varied in both duration and acoustic intensity, so that
there were glide-like stimuli (short and quiet), vowel-like stimuli (long and loud),
intermediate stimuli (middling length and volume), and un-English-like stimuli (short and

loud, or long and quiet).

42



Ultimately, the experiment found much more robust evidence for a temporal
difference between glides and vowels than a constriction difference, and did find evidence
of categoricity. For a full discussion of the experiment’s results with regard to its
hypotheses, see Burgdorf & Tilsen 2021a. This dissertation will focus on its secondary

findings concerning variance patterns.

3.2.1 Stimuli Creation

Each stimulus continuum was a 5x5 grid, with duration and log intensity varying
linearly. Each box of the grid corresponds to a different stimulus, totaling 25 unique
stimuli for each place (palatal and labiovelar). In Figure 3.2, the lower left corner (shortest
duration, lowest intensity) and the upper right corner (longest duration, highest intensity)
are labeled ‘G’ for ‘glide’ and ‘V’ for ‘vowel’, respectively. The stimuli in the other two

corners are “unnatural” stimuli, vowel-like in one parameter but glide-like in the other.

short
\
loud
>
=
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G " g
quiet

duration

Figure 3.2. Stimulus continuum for the GV-Imitation experiment. Each box represents a
unique stimulus. Two continua like this were constructed: one for [i-j], and one for [u-w].

To make the continua, several recordings of ['a.i:.a] and ['a.u:.a] were collected from
a female native speaker of English who was a trained phonetician. She was informed as to

purpose of the study and instructed to produce the first vowel in each sequence with stress.
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The recordings were hand-labeled. For each place, a base token was selected with modal
voice quality and typical segmental durations (for the speaker’s recordings), and these
tokens were trimmed slightly (described below) so that the target segment was about 200
ms long in each. These served as the V corners of the continua. The duration and intensity
of the target segment were then separately reduced in four steps, so that the shortest,
lowest intensity stimuli became the G corners of the continua and the (trimmed) original
was used as the V corner.

The splicing procedure used to manipulate target duration was performed using
custom scripts written in Matlab, to allow for more precise control over the durational and
intensity adjustments than is possible with Praat functions. Spectrograms of each base
token were examined visually to identify the portion of the target segment with a relatively
steady spectrum. From this steady-state interval, non-adjacent, equally spaced glottal
periods were removed. Glottal closures were identified using the Voicebox Matlab toolbox
for speech processing (Brookes, 1997), and the closest zero-crossing in the waveform to
each closure instant was taken as the boundary between two glottal periods. Using zero-
crossings as the splice points ensured that there were no discontinuities in the waveform
and that any spectrotemporal discontinuities were smaller, resulting in more natural-
sounding stimuli.

Amplitude manipulations were achieved with a zero-padded inverted Gaussian
window centered on the target vowel. The window for the intensity manipulation included
the formant transitions rather than only the steady state interval, but thetransitions were
not strongly affected due to the Gaussian shape of the window. Intensity was reduced in

logarithmic steps for even perceptual distance, down to 1% of the intensity of the loudest
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stimuli, as shown in Figure 3.3 (right).

removed glottal perlods new amplitude as % of original

100 \ |

0.65 0.7 0.75 0.8 0.5 0.6 0.7 0.8 0.9 1
time (s) time (s)

Figure 3.3. Reproduced from Burgdorf & Tilsen 20214, Figure 5. Stimulus creation. At
left, a portion of the filtered waveform of [i] in the longest [a.i:.a] stimulus. Black circles
mark the nearest zero-crossing to each glottal closure. Red shading indicates glottal
periods removed to create the second-longest stimulus. Vertical red lines in all three plots
mark the steady state period. At right, a portion of the longest, loudest ['a.i:.a] stimulus
(gray) and a reduced-intensity stimulus (black). Green lines mark segment boundaries,
including formant transitions. The upper panel shows the reduced intensity as a
percentage of the original, and the lower panel shows the waveforms. (No clipping
occurred; the y-axis is zoomed in.)
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3.2.2 Participants and procedure

Six adult native English speakers (4F/2M, age 20-40 years, with no history of speech
or auditory disorder) participated in the study and were financially compensated.
Participants were seated in a quiet room and acoustic recordings were collected at 22050
Hz with a shotgun microphone placed 1.5 meters in front of the participant. Articulatory
data were collected at 200 Hz using an NDI Wave electromagnetic articulograph. Reference
sensors were placed on the left and right mastoid processes and the nasion. Articulator
sensors were placed midsagitally on the upper lip (UL), lower lip (LL), lower gingiva (JAW),
tongue tip (TT, approximately 2 cm from apex), and tongue body (TB, approximately 4-5

cm posterior from apex).
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Stimuli were presented in blocks with their order randomized. Each block
contained one trial for each of the 50 stimuli. On each trial, participants heard one stimulus
and were given a five second period in which to imitate it. They were instructed to imitate
the stimuli as closely as they could and were given no other cues than the auditory stimuli.
The experiment consisted of 14 to 16 blocks with brief rests in between, so that each
participant imitated each unique stimulus 14 to 16 times. The variation in number of
blocks was due to some participants taking longer in set-up or resting longer between
blocks, as the experiment had to be run within two hours. Due to experimenter error, the
first participant was exposed to only 24 of each set of 25 stimuli, missing the most glide-

like for both places of articulation.

3.2.3 Data processing

Articulatory data were processed as follows. Data from articulator sensors and
reference sensors were smoothed by filtering with 4th order Butterworth filters with
lowpass cutoffs of 15 and 5 Hz, respectively. The articulator sensors were then corrected
for head movement and a lip aperture time series was defined as the Euclidean distance in
the midsagittal plane between the LL and UL sensors.

Two one-dimensional trajectories were of the most interest: TBy (the vertical
component of the tongue body sensor) and LA (lip aperture). TT (tongue tip) trajectories
were also considered but were found to be less robust for both the palatal and labiovelar
continua (i.e., regressions of data from the TT sensor accounted for less variance). In
addition to the trajectories, velocity (the first difference of a trajectory) was also

considered. On each trajectory, several landmarks were identified: positional extrema (the
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[a] valleys and the target peak); velocity extrema; and the onsets and releases of gestures,

defined as the points at which velocity crossed 20% of its local extremum. These

landmarks were used to identify several dependent variables of interest, such as

constriction range and onset-to-release duration. Stiffness was calculated as (vmax/amp),

where amplitude was the Euclidean distance of the trajectory from target onset to target

achievement, following Fuchs et al. 2011. An example trajectory is shown in Figure 3.4.

vertical position (recentered) (mm)
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Figure 3.4. Reproduced from Burgdorf & Tilsen 2021a, Figure 6. Example of articulatory
landmarks. The solid black line is the vertical position of the TB sensor in a response from
participant P3 to a stimulus in the glide-like corner of the continuum. The dotted black line
shows the velocity.

To obtain additional measures of constriction degree, estimates were made of the

shape of each participant’s palate. This was done by projecting every sensor location

recorded over the course of the entire experiment (including between trials) onto the mid-

sagittal plane and fitting a smooth line along the vertical maxima. This method of palate

estimation is effective because participants occasionally swallow between trials, pressing

the tongue against the palate. For two participants (P1, P3), a portion of the palate

estimation between TT and TB sensor positions was derived with linear interpolation. For
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all participants, sensor trajectories were examined by eye, and at the point at which
trajectories became sparse and no longer defined a sharp edge, the palate estimate was
extrapolated posteriorly. Measures of constriction degree were then obtained by finding
the shortest Euclidean distance between the estimated palate and the sensor trajectory
during the peak plateau of the target gesture. (Peak plateau was the period between target
achievement and onset of the following [a].)

Responses were acoustically segmented through forced alignment using Kaldi
(Povey et al. 2011). 20 trials from each participant, 120 total, were hand-labeled and used
to train monophone HMMs across participants. Different phone labels were used for the
[a] vowels before and after the target, while a single label was used for each glide/vowel
pair. All trials were then aligned automatically. To check for possible misalignments, trials
on which segment durations had large z-scores were inspected and corrected if necessary;
inspection of randomly selected trials after this correction showed reliable alignments. A
small number of trials were excluded for miscellaneous reasons (e.g., the participant
yawned or made a speech error).

In addition to variables aimed at assessing common considerations like constriction
degree, the smoothness and curvature of the target trajectories were also examined. To
characterize smoothness, a dimensionless jerk-based measure was used, following other
work in the realm of sensorimotor performance (e.g. Hogan & Sternad 2009). Jerk is the
unsmoothed third derivative of position. The integrated squared jerk, calculated over the
interval from maximum constriction speed to maximum release speed, was multiplied by a
dimension-canceling normalizing factor consisting of the cubed duration between velocity

extrema divided by the squared mean speed over the same interval. To characterize

48



curvature, a time series of instantaneous local curvatures (calculated using three adjacent
positions) was constructed for the TB sensor between the time of target achievement and
the time of target release (i.e. during the peak plateau). The mean and the maximum of
these curvature values were then calculated for each trial.

A measure of ‘jaw contribution’ was also considered. This consisted of the ratio of
the vertical movement of the tongue body or lower lip to the vertical movement of the jaw.
This was meant to characterize how much the jaw was contributing to the achievement of
the target. As for smoothness and curvature, there is no theoretical reason to expect a
meaningful effect here; it was included for exploratory purposes.

Finally, various acoustic measures were taken. The RMS intensity was measured
over the duration of each segment (as identified by the forced alignment). F1, F2, and F3
were measured with Berkform (Yao et al. 2010) using waveforms down-sampled to 11025
Hz, with ten LPC coefficients, a window of 49 ms and a frame step of 15ms. Different
expected values of the formants were used for male and female speakers, and a random
sample of formant tracks were visually inspected for accuracy. Average and peak values
for F1 and F2 were found for the target segment and pre- and post-target vowels. Averages
were taken over the steady-state period as identified by forced alignment. The slopes of F1
and F2 transitions were considered as well, found as the maximal rate of change in
formants during the transitional periods identified by forced alignment.

Variables analyzed thus include: segment durations (from forced alignment) and
combinations of segment durations; articulatory plateau, onset-target, and onset-release
durations; constriction degree; constriction speed and release speed maxima; trajectory

smoothness and curvature; RMS intensity and ratios of intensity of target to adjacent [a]
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segments; and formants and formant transitions. Table 3.3 shows all measured variables,
categorized as either acoustic, articulatory, or temporal, and as utilizing an interval or ratio
scale. Most utilize a ratio scale, but in some cases the nature of the scale is not immediately

clear, as will be discussed in Section 3.5.

Measurement Type Scale
constriction (distance to palate) | articulatory (TB) ratio
lip aperture articulatory (LA) ratio
peak position: y, x articulatory (TB, JAW, LA) | interval
movement in:y, x, Euclidean articulatory (TB, JAW, LA) | unclear
movement out: y, x, Euclidean articulatory (TB, JAW, LA) | unclear
stiffness (vmax/amp) articulatory (TB, JAW, LA) | ratio
speed in and out articulatory (TB, JAW, LA) | ratio
curvature articulatory (TB, JAW, LA) | ratio
smoothness articulatory (TB, JAW, LA) | ratio
jaw contribution in and out * articulatory (TB, LA) ratio
F2 peak, mean acoustic ratio
F1 peak, mean acoustic ratio
F1-F2 ratio * acoustic ratio
F2 slope in and out acoustic ratio
F1 slope in and out acoustic ratio
target RMS intensity acoustic ratio
intensity ratio, target:al acoustic ratio
intensity ratio, target:a2 acoustic ratio
plateau duration temporal unclear
onset-onset duration temporal unclear
vmax-vmin duration temporal unclear
onset-achievement duration temporal ratio
target duration (acoustic) temporal ratio
whole duration (acoustic) temporal ratio
TB-LA peak synchronicity * temporal unclear
TB-JAW peak synchronicity * temporal unclear
F1-F2 peak synchronicity * temporal unclear

Table 3.3. Variables in the GV-Imitation experiment. Asterisks mark variables that were
not included in Burgdorf & Tilsen 2021a.

3.3 GV-Imitation variance results

Burgdorf & Tilsen 2021a generally found that stimulus intensity was not a good
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predictor of participant responses, but stimulus duration was. That is, participants
generally did not show evidence of imitating stimulus intensity, though the experiment
could not distinguish whether this was a perception or production effect. Thus, in the
examination of variances to follow, productions are collapsed across stimulus intensity,
and stimulus duration alone is utilized as a predictor. Stimulus duration can be taken as an
indicator of how vowel-like the production was, in that longer stimuli resulted in more
vowel-like productions and shorter stimuli resulted in more glide-like productions.
Section 3.3.1 discusses the preliminary examination of variances presented in
Burgdorf & Tilsen 2021a. Section 3.3.2 then offers more a detailed statistical analysis of

heteroskedasticity in measured properties.

3.3.1 Preliminary examination of variances

The variance findings noted in Burgdorf & Tilsen 2021a are shown in Figure 3.5.
Not all variables are shown in the figure, only those found to have substantial effects in
variance (R?>.10 in a simple linear regression of variance values). For durations and
spatial variables, variance tended to increase for more vowel-like productions, while the
opposite was true for formant and intensity variables.

For some measured variables, differences in variance are readily apparent on visual
inspection of violin plots. Some of the most prominent examples of this are variables with
less obvious theoretical significance that had been included in analysis simply for
exploratory purposes, particularly measures of trajectory curvature and smoothness.
Figures 3.5-3.6 show violin plots of z-scored curvature and smoothness, with each stimulus

duration individually recentered (to its mean) to allow for easy comparison of the shape of
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Figure 3.5. Reproduced from Burgdorf & Tilsen 20214, Figure 19. Preliminary variance
findings in Burgdorf & Tilsen 2021a. Each line shows the mean variance across
participants in some measured variable as a function of stimulus duration, normalized by
the maximum, collapsed across intensity and binned by stimulus duration.

the distributions. Across participants, the distributions at short stimulus duration have
much sharper peaks than at long stimulus duration, though both have very long tails.
(Outliers have been excluded; the tails are not due to just a few outliers, but are filled with
numerous data points across participants.)

It must be noted that the variances for some measurements (such as smoothness)
shown here are opposite the pattern reported in Burgdorf & Tilsen 2021a. The analysis in
that paper was only preliminary and somewhat fragile, sensitive to outliers and small
refinements in measurements. The analysis to be presented here is analytically and
statistically much more developed, and its results are much more robust.

Variables of more obvious theoretical significance, such as measures of constriction,
movement, and formant values, showed similar effects. Figure 3.7 shows an acoustic
variable, the mean RMS intensity of the target segment, which displays the opposite pattern

than smoothness and curvature: narrower distributions at longer, more vowel-like
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Figure 3.5. Trajectory curvature during target plateau. For each place (palatal and
labiovelar), results were collectively z-scored, then separated by stimulus duration. Each
stimulus duration subset is recentered by its mean to allow for easy comparison of the
shape of the distributions.
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Figure 3.6. Target trajectory smoothness. For each place (palatal and labiovelar), results
were collectively z-scored, then separated by stimulus duration. Each stimulus duration
subset is recentered by its mean to allow for easy comparison of the shape of the

distributions.
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Figure 3.7. RMS intensity of the target segment. For each place (palatal and labiovelar),
results were collectively z-scored, then separated by stimulus duration. Each stimulus
duration subset is recentered by its mean to allow for easy comparison of the shape of the
distributions.
stimulus durations.

In general, we can see the two patterns of relation between stimulus duration and
variance: measures of duration and spatial variables tended to have greater variance for

longer, more vowel-like productions, while variances of formants and intensity were

inversely related to stimulus duration.

3.3.2 Statistical analysis of heteroskedasticity

Models of each variable were constructed as described in Section 3.1.1. Tables 3.4
and 3.5 show, for [i-j] and [u-w] respectively, key statistics from these models for variables
found to have a significant (p<.05) effect in Model 2 (squared residuals predicted by
stimulus duration). Variables without a significant effect are excluded from the tables to

save space. Pluses and minuses indicate the direction of an effect (the sign of the slope in
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the model); actual slope values from the models are not shown, since the varying units of
measurement preclude any comparison of slopes across variables.

Several things must be true for heteroskedasticity to be due simply to a proportional

Model 0 Model 1 Model 2 Model 3
measurement scale main hetsk. by mean hetsk. by stim. both
effect |effect p R2 |effect p R2 R2
TB distance from palate ratio - + <.01 0.13 - <.01 0.08 0.14
TB release speed ratio - - <01 0.10 + 0.03 0.10 0.10
TB curvature ratio + + <.01 0.60 + 0.01 0.22 0.61
TB smoothness ratio + + <.01 0.65 + <.01 0.12 0.65
TB jaw contribution in ratio + + <01 0.33 + <.01 0.19 0.33
g JAW al valley interval 0 + <01 0.22 + <.01 0.15 0.22
w |[JAW peak x location interval 0 0 0.20 + 0.04 0.16 0.16
é JAW y movement in ratio + - <.01 0.14 + 0.02 0.13 0.14
& |JAW constriction speed ratio + 0.30 + <.01 0.14 0.14
JAW smoothness ratio + <.01 0.62 + <.01 0.14 0.62
LA al valley interval + - <01 0.14 + <.01 0.13 0.14
LA constriction speed ratio - - <.01 0.21 + <.01 0.20 0.22
LA release speed ratio + - <01 0.24 + <.01 0.23 0.25
LA smoothness ratio + + <.01 0.63 + <.01 0.13 0.64
F1 peak ratio - + <01 0.20 - 0.01 0.19 0.20
o |F2 mean ratio + - <.01 0.34 - <.01 0.25 0.35
§ F1-F2 ratio ratio - + <01 0.18 - <.01 0.12 0.18
§ F2 slope out ratio - + <01 0.19 + <01 0.17 0.20
RMS intensity ratio - + <01 0.23 - 0.02 0.07 0.23
intensity ratio, target:al ratio - + <.01 0.20 - <.01 0.12 0.20
TB plateau duration unclear + + <01 0.03 + <.01 0.04 0.04
TB onset-onset duration unclear + + <01 0.08 + <.01 0.04 0.08
JAW plateau duration unclear + + <01 0.18 + <.01 0.16 0.18
JAW onset-onset duration  |unclear + + <01 0.13 + 0.02 0.13 0.13
Tg LA plateau duration unclear + 0 0.37 + <.01 0.12 0.12
g LA onset-onset duration unclear + + <01 0.06 + 0.02 0.06 0.06
8 |TB-LA peak synchronicity unclear 0 - 0.02 0.15 + <.01 0.18 0.18
TB-JAW peak synchronicity |unclear 0 - 0.05 0.16 + <.01 0.19 0.19
target duration (FA) ratio + + <01 0.04 + <.01 0.02 0.04
whole duration (FA) ratio + 0 0.37 + <.01 0.06 0.06
F1-F2 peak synchronicity unclear + + <.01 0.07 + <.01 0.12 0.12

Table 3.4. Heteroskedasticity results for measurements of [i-j] in the GV-Imitation
experiment. FA stands for forced alignment.
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Model 0 Model 1 Model 2 Model 3
measurement scale main hetsk. by mean hetsk. by stimulus both
effect |effect p R2 |effect p R2 R2
TB y movementin ratio + 0 0.08 + 0.03 0.05 0.05
TB x movement in ratio - - <.01 0.07 + <.01 0.07 0.07
TB x movement out ratio - 0 031 + <.01 o0.08 0.08
TB stiffness ratio - + <01 0.12 - <.01 0.13 0.13
TB release speed ratio - - <01 010 + <01 o0.08 0.10
TB curvature ratio + <.01 0.58 + <01 0.12 0.59
TB smoothness ratio + + <.01 0.61 + <.01 0.14 0.62
JAW al valley interval - + <01 0.21 + 0.01 0.17 0.21
JAW curvature ratio + + <.01 0.62 + 0.04 0.11 0.63
JAW smoothness ratio + + <.01 0.63 + <.01 0.14 0.65
LA al valley interval + - <01 0.17 + 001 0.15 0.17
LA curvature ratio + <.01 0.54 + <01 0.13 0.55
LA smoothness ratio + + <.01 0.65 + <.01 o0.10 0.66
LA jaw contribution out ratio + - <.01 0.23 - <.01 0.13 0.23
F2 peak ratio - + <.01 0.11 - 0.01 0.09 0.11
F1 mean ratio - + 0.04 0.16 - <.01 0.16 0.17
-2 |F2 slope in ratio 0 + <01 033 | + <01 0.26 0.33
3 |F1slopein ratio 0 + <01 019| + <01 014 | 020
® |F2 slope out ratio 0 - <01 030| + <01 027 | 031
RMS intensity ratio - + <01 0.15 - <01 0.01 0.15
intensity ratio, target:al ratio - + <01 0.15 - <01 0.04 0.15
TB plateau duration unclear + + <01 0.20 + <01 0.15 0.20
TB onset-onset duration unclear + + <.01 0.05 + 002 o0.03 0.06
JAW plateau duration unclear + + <01 0.06 + <01 0.06 0.06
= JAW onset-onset duration |unclear + + <.01 0.10 + <.01 o0.10 0.10
g LA plateau duration unclear + 0 040 + <01 o0.03 0.04
;C: LA onset-onset duration unclear + + <01 0.06 + <01 0.05 0.06
* |TB-LA peak synchronicity unclear + - <01 0.13 + <01 0.19 0.22
TB-JAW peak synchronicity |unclear + + <01 0.08 + <01 0.14 0.14
target duration (FA) ratio + - <01 0.03 + 0.03 0.02 0.08
F1-F2 peak synchronicity unclear 0 + <01 0.05 + <01 011 0.12

Table 3.5. Heteroskedasticity results for measurements of [u-w] in the GV-Imitation
experiment. FA stands for forced alignment.

mean-variance relationship: the variable must be on a ratio scale; there must be a positive
effect in Model 1 (i.e, increasing variance with increasing value of the measurement); and

any effect in Model 2 must be in the same direction as the main effect from Model 0 (i.e., if
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the value of the measurement decreases with increasing stimulus duration, then variance
should also decrease). Additionally, it shouldn’t be the case that Model 2 or Model 3 has a
substantially greater R? than Model 1. Rows where these conditions are met have been
grayed out. Where any of these conditions is not met, there’s evidence that the stimulus
(and thus, glide/vowel status) is a source of heteroskedasticity in that measurement.
Though some measurements with the strongest heteroskedasticity effects, such as
curvature and smoothness, seem to be simply mean-proportional, there are several others
for which the stimulus seems to be the driving force of heteroskedasticity. Articulatory and

temporal variables show strong patterns; acoustic variables are less certain.

3.4 GV-Feedback variance/precision results

The GV-Feedback experiment will be described in detail in Chapter 4. Here, it
suffices to say that participants were recorded saying utterances of /bia/ and /bja/, an
unaspirated stop followed by the target segment (glide or high vowel) followed by a central
vowel. Some utterances were produced under altered feedback. Articulatory data was not
collected in this experiment, but acoustic measurements can be analyzed for
heteroskedasticity in the same manner as the GV-Imitation measurements.

Measured acoustic properties included the first three formants of both the target
segment and the following central vowel, formant slopes (from the target segment into the
central vowel), and various timing measures such as delay between stop release and onset
of the target steady state. Models were constructed as in Section 3.1.1, now with a
categorical predictor variable of ‘glide’ or ‘vowel’ (based on the orthographic stimulus);

individual models were considered for different alteration conditions (baseline, hold, and
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post, as will be discussed in the next chapter) and for all trials combined.

Model statistics are summarized in Table 3.6. In the ‘effect’ columns, the first sign
given is for all trials combined; this followed in parentheses by signs for baseline, hold, and
post trials, in that order. Variables are only shown in the table if at least one subset of trials
had a significant (p<.05) result for Model 2 (heteroskedasticity by stimulus). As before,
variables have been grayed out if they meet the conditions for mean-proportional
heteroskedasticity to be the only significant effect. A negative effect in Model 2 indicates

that vowels had less variance than glides; a positive effects indicates that vowels had more

variance.

Model 0 Model 1 Model 2 M3

measurement scale main hetsk. by mean hetsk. by stimulus both
effect effect p R2 effect p R2 R2

F2 mean ratio +(+++4)| -(---) <01 032 | -(--0) <.01 0.30 0.32

42 F2 peak ratio +(+++4)| -(---) <01 036 | -(--0) <.01 0.35 0.37
g F1 mean ratio -(---) -(---) <01 029 | -(---) <.01 0.29 0.30
§ F1 valley ratio -(---) -(---) <01 025 | -(---) <.01 0.24 | 0.27
© |F1-F2 ratio ratio ~(---) |+(+++) <01 017 | -(---) <01 0.17 | 0.18
8 |F2 slope ratio | -(0-0) [+ (+++) <01 029 | -(0--) <.01 0.21 | 0.29

F1slope ratio -(---) (+++4) <.01 0.22 |[+(+++) <.01 0.16 0.28

/a/ F2 mean ratio +(+++)|+(+++) <01 0.10 |0(0+0) <.01 0.09 0.10

/a/

F2 steady state duration |ratio + ( (+++4) <01 0.59 |+(+++4) <.01 0.56 0.59
F1 steady state duration (ratio +(++4) (+++4) <01 0.65 |+(+++4) <.01 0.65 0.65
F2 onset delay unclear | + (+ + +) (-++) <01 014 |+(+++) <01 0.14 | 0.14
F1 onset delay unclear | -(0-0) |+(+++) <01 042 | -(---) <.01 0.31 | 042

+
+
+
+

/a/ F1 mean ratio -(---) | +(-0+) 0.01 0.23 |+(+++) <.01 0.25 | 0.26
++4) |+
+
+

temporal

Table 3.6. Heteroskedasticity results from the GV-Feedback experiment.

In the GV-Imitation measurements, effects in acoustic variables could often not be
distinguished from mean-proportional heteroskedasticity, but here, formant values
consistently show stimulus-dependent effects, with less variance for vowels than glides.

Other variables—F1 slope, /a/ F1 mean, and onset delays for both formants—show the
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opposite effect. The result for the central vowel may not be due to the glide or vowel status
of what precedes it, but could also be affected by differences in stress and vowel quality
([8] vs. [a] vs. some speakers sometimes produced something more like [a]), so no

conclusions about the glide/vowel distinction can be drawn from it.

3.5 Discussion

Several measured properties from both the GV-Imitation and GV-Feedback
experiments show heteroskedasticity effects that cannot be attributed solely to mean-
proportional variance. Though the stimuli in these experiments were quite different, in
both cases they were designed to elicit productions of glides and high vowels; thus, it
seems that the glide or vowel status of a segment has an effect on the precision of many of

the physical properties of its realization.

3.5.1 Articulatory and acoustic measures

Only the GV-Imitation experiment provided articulatory data, but this data is quite
consistent on the matter of heteroskedasticity. Table 3.7 shows the non-mean-
proportional heteroskedastic effects. For both [i-j] and [u-w], variance of an array of
articulatory measurements increases with more vowel-like productions. In many cases
this is in direct opposition to any expected mean-proportional effect: variance decreases
with greater values of the measurement itself. Glides thus seem to be more precise in their
articulation than vowels.

The acoustic data is not quite so clear-cut. Both experiments provided acoustic

measurements, and their non-mean-proportional heteroskedastic effects are summarized
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Model O Model 1 Model 2 M3

measurement scale main hetsk. by mean hetsk. by stimulus both
effect effect p R2 |effect p R2 R2

TB release speed ratio - - <01 0.1 + 0.03 0.1 0.1
—=[JAW al valley interval 0 + <.01 0.22 + <01 0.15 0.22
= |JAW peak x location interval | 0 0 0.2 + 004 016 | 0.16
% JAW y movement in ratio + - <.01 0.14 + 0.02 0.13 0.14
-‘g JAW constriction speed |ratio + 0 0.3 + <01 0.14 0.14
< |LAalvalley interval + - <.01 0.14 + <01 0.13 0.14
O ILA constriction speed ratio - - <01 0.21 + <01 0.2 0.22
LA release speed ratio + - <.01 0.24 + <.01 0.23 0.25

—. |TB'y movementin ratio + 0 0.08 + 0.03 0.05 0.05
% |TB xmovement in ratio : - <01 007 | + <01 007 | 007
g TB x movement out ratio - 0 0.31 + <.01 0.08 0.08
= | TB release speed ratio - - <.01 0.1 + <01 o0.08 0.1
'E JAW al valley interval - + <.01 0.21 + 0.01 0.17 0.21
% LA al valley interval + - <.01 0.17 + 0.01 0.15 0.17
LA jaw contribution out |ratio + - <.01 0.23 - <.01 0.13 0.23

Table 3.7. Heteroskedasticity in articulatory variables.

in Table 3.8. Formant slopes show the same pattern as articulatory variables, while peak
and steady state formant values show the opposite: less variance for vowels than for glides.
Peak and steady state values of the formants can be taken to reflect a target state of the

vowel or glide, while slopes in and out of the segment may instead be influenced by the

Model 0 Model 1 Model 2 M3
measurement scale main hetsk. by mean hetsk. by stimulus both
effect | effect p R2 | effect p R2 R2

< |[i-j] F2 mean ratio + - <01 0.34 - <.01 0.25| 0.35
2 |[i-] F2 slope out ratio ; + <01 019]| + <01 0.17| 0.20
‘E [u-w] F2 slope in ratio 0 + <01 0.33 + <.01 0.26| 0.33
< |[u-w] F1slope in ratio 0 + <.01 0.19 + <.01 0.14| 0.20
© [u-w] F2 slope out ratio 0 - <.01 0.30 + <.01 0.27| 0.31
x F2 mean ratio +(+++)|-(---) <01 032| -(--0) <.01 0.30| 0.32
3 |F2 peak ratio +(+++)|-(--) <01 036]| -(--0) <.01 0.35| 0.37
2 |F1 mean ratio | -(---) | -(---) <01 029| -(---) <01 0.29| 0.30
< [F1valley ratio ~(---) | -(---) <01 025| -(---) <.01 0.24| 0.27
© k1 slope ratio -(---) |+(+++) <01 0.22|+(+++4) <.01 0.16| 0.28

Table 3.8. Heteroskedasticity in acoustic variables.
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coordination of surrounding segments; thus, formant slopes may perhaps be better
grouped with the temporal variables discussed below, as an indirect indication of timing
effects.

It is perhaps not surprising that fewer significant heteroskedasticity effects were
found for formants (not their slopes) in the GV-Imitation experiment than the GV-Feedback
experiment. The GV-Imitation experiment utilized an imitation paradigm, which may have
encouraged speakers to attend to the acoustics of their productions more than usual, for
glides as well as for vowels. The feedback paradigm of the GV-Feedback experiment would
not be expected to have had such an effect.

Nonetheless, there is clear evidence, from both experiments and in both articulatory
and acoustic variables, that high vowels and glides can be distinguished by their patterns of
non-constant variance in different variables. Glides are more precise than vowels in
articulatory variables, and high vowels are more precise than glides in acoustic variables.

This is particularly striking in light of the fact that these differences in precision are
not always accompanied by differences in mean value. Relative precision may be a robust
indicator of glide/vowel or consonant/vowel status even in the absence of other cues. This
in turn suggests that articulatory and acoustic domains, as introduced in Chapter 1, may be

at play in the distinction.

3.5.2 Temporal measures
Heteroskedasticity in temporal variables in both experiments is summarized in
Table 3.9. For most of these, it isn’t immediately obvious whether they should be

considered ratio scale or interval scale measurements.
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Model O Model 1 Model 2 M3
measurement scale main hetsk. by mean hetsk. by stimulus both
effect | effect p R2 | effect p R2 R2
TB plateau duration unclear + + <.01 0.03 + <.01 0.04| 0.04
= |TB onset-onset duration |unclear + + <.01 0.08 + <.01 0.04| 0.08
§_ JAW plateau duration unclear + + <.01 0.18 + <.01 0.16| 0.18
€ |JAW onset-onset
% duration unclear + + <01 0.13 + 0.02 0.13| 0.13
Z'|LA plateau duration unclear + 0 0.37 + <01 0.12| 0.12
8 LA onset-onset duration |unclear + + <.01 0.06 + 0.02 0.06| 0.06
-‘g TB-LA peak synchronicity |unclear 0 - 0.02 0.15 + <01 0.18| 0.18
2 | TB-JAW peak synchr. unclear 0 - 0.05 0.16 + <.01 0.19| 0.19
© lwhole duration (FA) ratio + 0 0.37 + <.01 0.06| 0.06
F1-F2 peak synchronicity [unclear + + <.01 0.07 + <01 0.12| 0.12
TB plateau duration unclear + + <01 0.2 + <01 0.15| 0.2
‘® |TB onset-onset duration |unclear + + <.01 0.05 + 0.02 0.03| 0.06
é— JAW plateau duration unclear + + <.01 0.06 + <.01 0.06| 0.06
9 [JAW onset-onset
' |duration unclear + + <01 0.1 + <01 01| 01
(LA plateau duration unclear + 0 0.4 + <.01 0.03| 0.04
E LA onset-onset duration |unclear + + <.01 0.06 + <.01 0.05| 0.06
E TB-LA peak synchronicity |unclear + - <01 0.13 + <.01 0.19| 0.22
—*,5 TB-JAW peak synchr. unclear + + <.01 0.08 + <01 0.14| 0.14
5 target duration (FA) ratio + - <.01 0.03 + 0.03 0.02| 0.08
F1-F2 peak synchronicity [unclear 0 + <.01 0.05 + <01 0.11| 0.12
o |F2 onset delay unclear | +(+++) |+(-++) <01 0.14|+(+++) <.01 0.14| 0.14
< |F1 onset delay unclear | -(0-0) |+(+++) <01 042| -(---) <.01 0.31| 042

Table 3.9. Heteroskedasticity in temporal variables.

The reason for this uncertainty is that most of these “durations” don’t represent an
inherent duration of a single event, but rather, represent an amount of time between two
events. Plateau duration is the time between the target-achievement of one gesture and
the onset of the next; onset-onset duration is the time between the onset of one gesture and
the onset of the next; peak synchronicities are the time between the peaks of two entirely
separate trajectories; and onset delay in the GV-Feedback experiment is the time between

the release of the stop closure and the achievement of the formant’s steady state.
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If the two events are independent, then the duration between them is a difference of
two interval-scale measurements. Each event has its own constant temporal variance
regardless of when the other event occurs, and the variance of the difference between them
should be additive and thus also constant. Thus, for the time between two independent
events, mean-proportional variance would not be expected.

If, however, the two events are not independent, but interact in some fashion—i.e.,
there is some force at play pushing them to occur with some certain relative timing—then
the duration between them may be properly understood as a ratio-scale variable,
depending on the exact nature of their interaction. As such, mean-proportional variance
may be expected.

This matter of interaction is usefully addressed with Selection-coordination theory
(SCT; Tilsen 2016, 2018). This is an extension of Articulatory Phonology that incorporates
mechanisms for selecting gestures and distinguishes between coordinative selection (co-
selection) and competitive selection. In coordinative selection, gestures are selected
together with in-phase or anti-phase coupling, which yields relatively precise timing. In
contrast, with competitive control, selection of one gesture entails suppression of others;
competitive control is feedback-governed, with competitive gestures waiting until feedback
has been received that a preceding gesture has reached its target. Thus, competitive
control is expected to yield greater variability in relative timing than coordinative control,
and would be expected to show mean-proportional variance.

There are three possibilities for the durations in Table 3.9: the two gestures that
define them may be coordinated; they may be competitive; or they may be coordinated for

some stimuli and competitive for others. Differences in selection between vowels and
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glides would generally be expected by structural approaches to the distinction, as
discussed in Chapter 2.

Possible gestural coordinations of the utterances in the GV-Imitation experiment are
discussed in Burgdorf & Tilsen 20214, and the utterances of the GV-Feedback experiment
are similar. In both cases, the possibilities for the target segment’s coordination (or lack
thereof) with the following vowel are the same: a glide is expected to be co-selected and in-
phase coordinated with the following vowel, while a vowel may be either co-selected and
anti-phase coordinated with the following vowel, or competitive with it. The difference
between the experiments regards the preceding segment. A preceding vowel is expected to
be a competitively selected unit, while a preceding consonant is expected to coordinate
with the target segment, either in-phase if the target is a vowel or anti-phase if the target is
a consonant. These possibilities are illustrated in Figure 3.8, where curly brackets indicate
competitive selection, solid green lines indicate in-phase coordination, and dotted red lines

indicate anti-phase coordination.

GVIm utterances GVAFP utterances

worase {@QHD—@)} {}

anti-phase {@}{@@} {@}
competitive {@}{@}{@} {}{@}

Figure 3.8. Possible selectional patterns for the utterances of the GV-Imitation and GV-

Feedback experiments. Solid green lines represent in-phase coordination, while dashed
red lines represent anti-phase coordination. Curly brackets mark competitively selected
units.
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A difference between glides and vowels in their timing with the following vowel
would be apparent in measures of time between some event associated with the target
segment and some event associated with the following vowel—i.e., plateau duration and
onset-onset duration. It’s particularly striking, then, that these two durations consistently
had significant heteroskedasticity effects when other durations did not. Other measured
durations included onset-to-achievement (time between two events associated with the
same gesture) and velocity-maximum-to-velocity-minimum (time between two events that
aren’t particularly associated with any gesture, but are only landmarks in the articulatory
trajectory). Thus, only the intergestural durations show heteroskedasticity, and the greater
variability for vowels than glides in these durations may be indicative of a switch from

coordination (for glides) to competition (for vowels).

3.5.3 The source of heteroskedasticity

Though the temporal findings have intriguing implications for extrinsic gestural
coordination and merit further investigation, it is the articulatory and acoustic measures
that are more relevant to this dissertation. Data from multiple experiments show non-
mean-proportional heteroskedasticity in many measured properties of vowels and glides,
with differences in articulatory and acoustic variables that suggest a fundamental intrinsic
difference between consonants and vowels.

This finding inspired the Domain Prioritization Hypothesis. In general terms, the
articulatory precision of consonants is a result of prioritizing the articulatory domain;
likewise the acoustic precision of vowels is a result of prioritizing the acoustic domain. In

more specific, cognitive terms, domain prioritization is likely a result of the feedback
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processes utilized in speech production: consonants are less forgiving of deviation from
expected somatosensory feedback and more forgiving of deviation in auditory feedback,
while vowels are reversed. This is discussed further in Chapter 5; first, the hypothesis will

be tested more directly in Chapter 4 by investigating responses to altered feedback.
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Chapter 4: Evidence of Domain Prioritization in Feedback Compensation

The second experiment to be discussed in this dissertation was designed to test the
Domain Prioritization Hypothesis more directly. This hypothesis states broadly that
consonants prioritize the articulatory domain and vowels prioritize the acoustic domain.
These domains are realized in the cognitive system largely through feedback processes; for
consonants, the system attends closely to somatosensory feedback in order to achieve
functional articulatory targets, while for vowels, it attends more closely to auditory
feedback in order to achieve functional acoustic targets. One prediction of this hypothesis,
therefore, is that vowels should be more sensitive than consonants to unexpected or
infelicitous auditory feedback, and should show more compensation to correct it.

The GV-Feedback experiment tests this prediction. It compares behavioral
responses in /i/ and /j/ to altered auditory feedback. The results were more complicated
than anticipated, but in general, there is support for the hypothesis: /i/ showed more

response to the altered auditory feedback than /j/.

4.1 Background on altered feedback paradigms

In altered feedback paradigms (AFPs), participants are asked to complete some
motor task while receiving altered sensory feedback. This has been done for manual tasks
under altered visual feedback (e.g., Welch 1978) as well as for speech tasks under altered

auditory feedback (e.g., Houde & Jordan 2002). Such studies have revealed a general
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phenomenon of sensorimotor adaptation: motor actions adapt to altered feedback. For
instance, if auditory feedback is altered to shift the formants of a participant’s vowels, the
participant will shift their production in the opposing direction, so that the (altered)
feedback they receive is more congruent with their expectation. Such adjustments in
production are generally referred to as “compensation,” while “adaptation” refers to
carryover effects in other environments either phonologically (e.g., adjustments made to
other vowels when alteration was only applied to one) or temporally (adjustments being
retained for some time after the alteration has been removed).

Altered feedback paradigms in speech have most commonly involved altering F1,
F2, or both in vowels. Houde & Jordan (1998, 2002) found that participants compensated
for formant alterations applied to /€/ in the syllable /pep/ and adapted the formants of the
vowels in /peg/, /gep/, /teg/, /pip/, and /pap/, which were produced under masking
noise (i.e.,, without auditory feedback). Here as in other AFP studies, compensation was
found to be incomplete; that is, the degree to which participants adjusted their production
was not enough to completely counteract the altered feedback, but was only partial.
Katseff et al. (2011) investigated the phenomenon of partial compensation by measuring
how participants compensated to alteration that increased stepwise over the course of the
experiment, and found that participants compensated more completely for smaller
alterations; from this, they conclude that vowel targets must incorporate both auditory and
somatosensory information, and that the speech motor control system is “driven by
differential weighting of auditory and somatosensory feedback” (p. 295). Martin et al.
(2018) showed that auditory acuity is also a factor in interpersonal variation in degrees of

compensation, with participants who displayed better general auditory discrimination also
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displaying more compensation for auditory alterations, and Niziolek & Guenther (2013)
found that compensation was greater for alterations closer to categorical phoneme
boundaries, and lesser for within-category alterations.

AFP studies can yield significant insight into the cognitive processes behind speech
production. Houde & Nagarajan (2011) have used data from AFPs to argue that the central
nervous system must use state feedback control, which is to say, that motor outputs are
generated based on a continuous internal estimate of the current dynamic state of the body
parts concerned (whether limbs or speech articulators), and others such as Patri et al.
(2019) have used AFP findings to build and test models of speech production. To my
knowledge, however, no previous studies have investigated whether different linguistic
units, such as consonants versus vowels, might utilize feedback in slightly different ways.

AFPs have been applied to some consonants, with alterations made to VOT of stops
(Tamura et al. 2019) or spectral center of gravity of fricatives (Shiller et al. 2007), and
Ogane & Honda (2014) found compensation for temporal alteration to glides, with the
alteration consisting of changing the maximum velocities of formant transitions. Temporal
alterations have also been used to investigate the role that feedback plays in speech timing;
Oschkinat & Hoole (2020) found that onsets compensated less (i.e., were “less deformable,”
p. 1478) than codas.

Unfortunately, there is no perfect complement to AFPs in the somatosensory
domain. There have been studies on speech under local anesthesia (i.e., with
somatosensory feedback blocked; e.g., Ringel & Steer 1963, Scott & Ringel 1971) and with
bite-blocks (i.e., with both production and therefore somatosensory feedback altered; e.g.,

Fowler & Turvey 1980, Gay et al. 1981), but it is not currently possible to alter (rather than
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block) somatosensory feedback without also altering production.

Though AFPs have been applied to both vowels and consonants, these studies have
utilized different kinds of alterations, so that no direct comparisons can be made between
the responses of consonants and vowels; all that can be said is that both consonants and
vowels do, in general, compensate for auditory alterations to some degree. The GV-
Feedback experiment attempts to offer a direct comparison by applying the same spectral

alteration to both /i/ and /j/.

4.2 GV-Feedback design and methods

The Domain Prioritization Hypothesis makes many predictions, but the one that this
study attempts to test is this: vowels will show more compensation for altered auditory
feedback than glides, as they prioritize acoustics and attend more to auditory feedback
than glides do. This prediction is illustrated in Figure 4.1. The black line indicates the
degree of alteration applied at each trial; the blue and orange lines show vowel and glide
compensation in the opposing direction; and the dotted blue and orange lines show what
the participant perceives for vowels and glides (i.e., the sum of compensation and
alteration). Compensation in the opposing direction serves to cancel out part of the
alteration and bring the feedback that the participant perceives back toward baseline
levels.

Neither vowels nor glides are expected to show complete compensation or no
compensation. As discussed in the last section, partial compensation is a common result in
AFP speech studies, and as noted in Chapter 1 (to be elaborated in Chapter 5), the Domain

Prioritization Hypothesis only predicts prioritization, not exclusion. Thus both glides and
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Figure 4.1. Predicted response patterns for Ithe GV-Feedback experiment.
vowels are predicted to show some compensation; the point of interest is the difference
between them. Vowels are predicted to show more compensation than glides.

This prediction specifically concerns compensation and not adaptation. Once
accurate feedback is restored, both vowels and glides are expected to return to their
baseline productions. However, domain prioritization might be apparent not only in
degrees of compensation, but in readiness of compensation; that is to say, it’s possible that
vowels will respond to the onset of alteration (by compensating) and to its offset (by
returning to baseline) more promptly than glides, and that glides will thus show longer-

lasting adaptation.

4.2.1 Target words

Participants were asked to produce the nonce words /bia/ and /bja/. These were
chosen to meet several criteria. First, the vowel and the glide should occur in identical
environments (/b_a/). This ensures that any differences between them were not simply

due to different phonological environments (e.g., /bi/ vs. /bja/, where the /i/ might
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experience final lengthening).

Second, they should be preceded by an unaspirated stop consonant. ThoughaV_V
environment could also potentially have been used, tri-vowel sequences are unnatural in
English; moreover, a pre-target vowel would have created difficulties for online
identification of when the target began. The unaspirated stop was chosen to provide a
clear and consistent acoustic landmark for the onset of the target segment, which was in
turn the anchor point for the alteration, as discussed below. /b/ was chosen over /d/ or
/g/ because the bilabial place would not interfere with tongue body gestures for the vowel.

Finally, /a/ was chosen as the final vowel over a more English-like /bju/ to ensure
that the glide would be produced as a consonant. As noted in Chapter 2, the sequence /ju/

in English has been argued to be a diphthong, but /ja/ is certainly not.

4.2.2 Participants and procedure

Twenty-five native English speakers (19F/6M#, age 19-40 years, with no history of
speech or auditory disorder) participated in this study and were financially compensated.
During an initial instruction period, participants were given recorded auditory models of
/bia/ and /bja/ produced by the experimenter, together with orthographic
representations, <bia> and <bya>. Participants were asked to repeat these nonce words and
verify that they could tell the difference. After the experiment, they were also asked
whether the words “sue” and “few” rhymed; this was intended to gauge whether /ju/ was a

diphthong for that participant. Initially five, and later one more as well, who could not

4 One participant was known to be transgender. They are categorized here according to their vocal range, but |
acknowledge and respect that this does not align with their identity.
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reliably produce the glide cluster were excluded from analysis, leaving 19 (13F/6M); the
excluded six all answered “no” to the rhyme question, indicating diphthongal /ju/, but so
too did some of the remaining 19, who were nonetheless able to produce the glide cluster
without trouble. (The sixth excluded participant was initially overlooked because they
seemed able, during the control block, to produce both nonce words distinctly, but they did
not maintain the glide clusters throughout the experiment.)

After the initial instruction period, participants were cued orthographically to
produce the nonce words throughout the experiment. This had the effect of imposing a
category distinction, unlike the auditory stimuli used in the GV-Imitation experiment.

Each experimental session had three blocks, a 90-trial control block followed by two
400-trial manipulation blocks. In the control block, participants were cued to say both
nonce words semi-randomly, with no more than three consecutive repetitions of the same
word and 45 total repetitions of each. These productions provided an initial measure to
control for any effects of the ordering of manipulation blocks. Each manipulation block
consisted of 400 repetitions of only one nonce word; that is, there was a glide block and a
vowel block. The order of manipulation blocks was counterbalanced across participants.

In the control block, no alteration was applied; participants heard themselves
accurately. In the manipulation blocks, the first fifty trials formed a “baseline” with no
alteration. The next fifty (trials 51-100) formed a “ramp” period, during which alteration
gradually ramped up to its maximum value. For two hundred “hold” trials (101-300),
alteration held steady at its maximum, and for the final hundred “post” trials (301-400),
alteration was turned off again. There was no down-ramping period; alteration stopped

abruptly on the 301st trial. This is illustrated in Figure 4.2.
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Figure 4.2. Degree of alteration over the course of the latter two blocks. 1 represents
maximum alteration, O represents no alteration.

After the experiment, participants were asked if they had noticed the alteration.
Conscious attempts to control or adjust their productions might have interfered with the
usual unconscious processes. Several had noticed when the alteration turned off on the

301st trial, but few noticed anything before that. Most only reported extreme boredom.

4.2.3 Alteration

The alteration utilized in this experiment adjusted both F1 and F2, decreasing F1
and increasing F2. This had the effect of making the target segment sound higher/closer
and fronter; i.e., it represented a shift beyond the normal edge of the vowel space. Since the
target segment already occupied the edge of the vowel space, such a shift was necessary to
ensure that the appropriate compensation would be physiologically possible; participants
could repair the feedback they heard by producing a lower and backer vowel, whereas if
the alteration had shifted formants in the opposite directions, participants might not have
been able to produce anything higher and fronter than [i] to compensate.

The maximum alteration consisted of an increase in F2 by 250 Hz and a decrease in
F1 by 120 Hz. Similar values have been used in previous AFP studies (e.g., Houde & Jordan

1998, 2002). Though some studies have altered only a single formant (e.g., Purcell &
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Munhall 2006), since the alteration in this study would already potentially sound strange
or unnatural by virtue of pushing the periphery of the participant’s vowel space, it was
decided that altering both formants might avoid further unnaturalism effects. The ratio of
F1 to F2 was selected to approximate the ratios of change in the formant values between
front vowels, such as /i/ to /e/ or /i/ to /€/, so that the altered target segment might sound
like a natural extension of the front vowel series.

The values were also chosen to be substantial enough to ensure that alteration
would be perceived and compensated for. It has been observed (Purcell & Munhall 2006)
that F1 alterations of less than about 60 Hz do not trigger significant compensation in
vowels for most participants, and the Domain Prioritization Hypothesis might predict that,
in addition to compensating less for substantially altered auditory feedback, glides would
also require greater alterations before showing compensation at all, a slightly different and,
at small alterations, potentially confounding prediction than the one this experiment aimed
to test. An alteration of 250 Hz to F2 and 120 Hz F1, on par with a shift from /e/ to /i/ as
shown in Figure 4.3, was assumed to be substantial enough to avoid this complication.

The alteration was implemented using Audapter, a software package for real-time
manipulation of acoustic parameters of speech (Cai 2008). Within each word, the timing of
the alteration and its temporal profile were designed to target the segments of interest.
Specifically, the alteration within a trial began after the detection of the stop release and
lasted 100ms before stepping down to zero alteration, as shown in Figure 4.4. This was
done so that the alteration would only affect the target high vowel or glide and not the final
central vowel as well. Spectrograms of an example utterance, unaltered and altered, are

given in Figure 4.5.
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Figure 4.4. Degree of alteration within a word, for F2 and F1 during hold trials (max alteration).
Alteration lasted 100ms before stepped down.

The 100ms alteration proved to be a methodological limitation. Several participants

produced very long vowels in the /bia/ trials, [bi:a], that exceeded 100ms and outlasted the

alteration, which meant that the feedback these participants heard was not simply of the

target vowel being higher and fronter as intended; instead, the alteration produced a kind

of diphthong. This limitation was necessary, however, to ensure that vowels and glides
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Figure 4.5. Spectrograms of an utterance of /bia/, unaltered and altered. In the altered
spectrogram, F2 of the first vowel is raised and less distinct, and F1 is lowered.
underwent the same alteration and could thus be compared directly when the vowel was

short enough.

4.2.4 Data processing and analysis

A first approach to analyzing the data was based on landmarks of formant tracks.
Early results of this approach were shared at the 12th International Seminar on Speech
Production in 2020, reported in Burgdorf & Tilsen 2021b. Subsequently, an analysis
utilizing generalized additive models (GAMs) of formant trajectories provides a much
richer accounting of participant response patterns. Where landmark analyses are limited
to considering only a few selected points on the formant trajectories, GAMs allow for
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consideration of the entire trajectory, and make it possible to see effects that a point-based
analysis might overlook or misinterpret. This chapter will discuss landmarking results
briefly before moving into a discussion of the GAM results.

Formants were tracked using Berkform in Matlab (Yao et al. 2010) using ten LPC
coefficients with a window of 49ms, with different nominal expected frequencies for
speakers with male and female vocal ranges. An algorithm was developed in Matlab for
identifying steady states of the target segments and the following vowel, and formant
values were averaged over the steady state; when steady states were not present (for
instance, when glides transitioned into the following vowel immediately after the stop
release), endpoint formant values were used (e.g., the initial formant values immediately
after stop release). Examples of the algorithm’s results for F2 are illustrated in Figure 4.6.

Both F1 and F2 were measured, but effects were generally more substantial in F2.

S8R vowel steady states glide steady states
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Figure 4.6. Steady-states in F2 as identified by the Matlab algorithm in utterances from
P15. Red marks the target steady state, and gray marks the steady state of the following
central vowel.

To gauge degrees of compensation, mean formant values from the baseline and hold
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portions of the manipulation blocks were compared. As discussed below, many participants
did not maintain consistent formant values during the hold trials as in previous AFP
studies, but showed substantial movement in their productions throughout the block. This
created complications for determining how much a given participant compensated, as the
mean of a participant’s formant values across all hold trials does not reflect their varied
movement within the hold period. For this reason, in addition to considering each
participant’s means from all hold trials, we also considered several subsets of hold trials
(middle 100 trials, final 100, 50 trials centered wherever that participant showed the most
deviation from baseline, etc.).

In addition to formant measures, landmarking also yielded steady state durations
and other temporal variables. These proved to be highly relevant as discussed below.

After these landmarks were identified, GAMs were constructed for each of the first
two formants using the mgcv package in R, following in large part after Wieling 2018. For
each participant, models were constructed with the form given below, so that six fitted
trajectories were produced, one each for six conditions: vowels during baseline trials;
vowels during hold trials; vowels during post trials; and glides during the same three trial
subsets. (Ramp trials were excluded from the GAM analysis.) For all models discussed
below, equivalent models were also constructed for F1.

mdl subj <- bam(f2~condition+

s (time,by=condition, k=20),
data=subj data,method="fREML")
The bam function constructs the generalized mixed model from the data input to it.

£2 is the predicted variable, condition provides an intercept for each condition, and s
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constructs a “smooth,” a nonlinear fit for the predicted variable over time (i.e., the formant
trajectory), for each condition. k represents the maximum number of “knots” in the
smooth; more knots allow for more nonlinearity. The relatively high value of k was chosen
after initial models with the default value of 10 showed estimated degrees of freedom very
close to that maximum, suggesting that there was additional nonlinearity present in the
data that the model wasn’t able to capture. The function bam was used rather than gam to
accommodate the large size of the data set.

Separate models were constructed for both raw time and normalized time.
Normalized time was determined by linearly warping the formant trajectories to a
standard duration of 1 second. Models constructed with raw time were subject to edge
effects: for conditions that were generally shorter in total utterance duration (which
included, but was not limited to, the tendency for utterances with glides to be shorter than
those with vowels), the GAMs extrapolated out to the full duration of longer conditions,
sometimes in ways which were obviously nonsensical. These edge effects were not
significant, as they were accompanied by rapid expansions in the confidence interval.
Models constructed with normalized time avoided such edge effects, but had their own,
much bigger problem: duration effects, in which participants changed the durations of their
vowels and glides in different conditions, were distorted and often lost entirely. Thus, the
results discussed below will focus on raw time models unless stated otherwise.

In addition to participant-specific models, mixed effects GAMs (GAMMs, generalized
additive mixed models) were also constructed. Several models with different kinds of

mixed effects were considered, as given below.
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mdl mixl <- bam(f2~condition+
s (time,by=condition, k=20) +
s (participant,bs="re”),
data=all data,method="fREML")
mdl mix2 <- bam(f2~condition+
s (time,by=condition, k=20) +
s (participant,bs="re”) +
s (participant,condition,bs="re”),
data=all data,method="fREML")
mdl mix3 <- bam(fZ~condition+
s (time,by=condition, k=20) +
s(time,participant,by=condition,
bs="fs”,m=1),
data=all data,method="fREML")

The first mixed effects model, nd1 mix1, is the simplest. It allows for a random
speaker-specific intercept with the term s (participant,bs="re”), where "re” is the
basis setting for random effects. This allows a speaker’s entire set of fitted formant
trajectories to shift up or down if their formants were higher or lower (for instance due to
gender). Model md1 mix2 also allows for speaker-specific slopes with the term
s (participant, condition,bs="re”), so thatthe distance (in Hertz) between the
fitted formant trajectories for different conditions can change. That is, this term allows for
speaker-specific differences in the degree of compensation.

The final model, mnd1 mix3, is the most complex. The second smooth term in this
model, s (time,participant, by=condition,bs="fs”,m=1),is a speaker-specific
smooth; rather than simply allowing for speaker-specific intercepts and slopes, this allows
each speaker to have a random non-linear effect that may adjust the shape, rather than

merely the overall height, of their formant trajectories. This inherently subsumes speaker-

specific intercepts and slopes, so that those terms are no longer present in the model.
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4.3 GV-Feedback results

Overall, there was some evidence in support of the Domain Prioritization
Hypothesis. However, not all of the results are straightforward. Even from the
landmarking analysis, it became clear that participants had employed several different
kinds of compensation strategies, making comparison between vowels and glides and
generalization across participants more difficult than anticipated. The GAMs analysis
further highlights the participant-specific nature of response patterns.

Speakers did tend to show more robust compensation for vowels than for glides, but
this compensation was not always or exclusively in the form of altering peak or steady
state formant values. Many participants also utilized changes in duration, timing, and the
overall shape of the formant trajectory. Some participants also showed unexpected
responses by adjusting their formants in the wrong direction (anti-compensation), only
adjusting after alteration was turned off (post-compensation), or only beginning to
compensate well into the hold period of the block (late compensation).

These findings differ from previous altered feedback studies, which have found
more consistent response patterns. This is not entirely surprising, as the design of the GV-
Feedback experiment differs from other AFP studies in several ways, particularly in

utilizing the edge of the vowel space and with regard to the timing of the alteration.

4.3.1 Landmarking results
As reported in Burgdorf & Tilsen 2021b, a landmarking analysis generally showed
support for the hypothesis, with a caveat: speakers tended to compensate more for the

vowel than for the glide, as predicted, if their vowels were short, no longer than the 100ms
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duration of the alteration. Speakers whose vowels were relatively long (as determined by
formant landmarks) exhibited the opposite pattern: more compensation for the glide. The
reason for this difference is that the alteration had different effects on vowels of different
lengths. For short vowels, the effect was as intended: a simple raising of F2 and lowering of
F1. For long vowels, however, the limited duration of the alteration meant that only the
first part of the vowel was affected. Rather than simply altering the steady state formant
values for long vowels, the alteration had a dynamic effect on the formant trajectories,
effectively creating diphthongs. This is illustrated in Figure 4.7.

Thus, speakers with long vowels compensated poorly for those vowels, but this did
not contradict the hypothesis as those speakers did not fall under the scope of the
prediction. Speakers with short vowels, to whom the prediction did apply, were precisely

those speakers who responded as predicted.
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Figure 4.7. Effects of the alteration on F2 of a short vowel and a long vowel. For the short
vowel, its entire steady state is raised and the step-down of the alteration is obscured in the
transition into the following central vowel. For the long vowel, only the first half of its
steady state is raised, and the step-down of the alteration changes the shape of the
formant’s trajectory noticeably.
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Exact rates of response patterns varied slightly depending on exactly how
compensation was determined—for instance, by taking the mean of all hold trials, or only
the last 100, or only those with the most deviation from baseline, etc. Rates also varied
depending on slight adjustments or refinements to the landmarking algorithm. This
sensitivity of the results to details of analysis is partly due to idiosyncrasies in participant
response patterns, as will become apparent in the next section, but it also makes obvious
the limited nature of landmarking for analyzing complex dynamic signals like formant
trajectories. However, the general pattern, that shorter vowels showed more
compensation, remained true across these variations. Not quite half of participants (6-9)
responded as predicted, with short vowels and significantly more compensation for vowels
than for glides, while about half (9-11) produced long vowels and compensated more for
glides. The remainder showed no significant difference between vowels and glides.

Response patterns were not related to block order or to participants’ responses to
the questions asked at the end of the experiment (p>.05 in simple t-tests), but vowel
duration was significant at p<.01 (simple linear fit). Figure 4.8 shows the correlation
between vowel duration and one measure of degree of compensation, as reported in
Burgdorf & Tilsen 2021b. The vertical axis marks the difference between glide and vowel
compensation, and the horizontal axis shows mean vowel duration. The dashed vertical
line marks the duration of the alteration (100ms), so that points to the left represent
participants whose vowels were short enough to fall under the original prediction, and
points to the right represent participants who vowels were too long for the alteration to
apply as intended. Thus, the lower left quadrant represents participants within the scope

of the prediction who responded as predicted; upper left would be participants within the
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Figure 4.8. Difference between glide compensation and vowel compensation by vowel
duration, as reported in Burgdorf & Tilsen 2021b. Positive values indicate more
compensation for the glide, contrary to the prediction, while negative values indicate more
compensation for the vowel, in line with the prediction.

scope of the prediction who responded in the opposite fashion (more compensation for
glides than vowels); and the right-hand quadrants are beyond the scope of the prediction.
The values for degree of compensation in this figure were based on average formant values
taken from the 50 consecutive hold trials with the most deviation from that participant’s
baseline, and thus represent the most extreme values.

Several distinct patterns of response other than simple compensation were reported
in Burgdorf & Tilsen 2021b. Most of these will be better examined with the GAM analysis
in the next section. However, despite the limitations of a landmark-based analysis, it has
one advantage over GAMs: it allows for a fine-grained consideration of change over the
course of the experiment blocks, whereas generalized additive models must be constructed
over large phases of the experiment by combining enough trials to fit the model. Thus the

landmark analysis is the best way to observe the slow, late, and unsteady compensators.

Participants did not always begin to compensate immediately with the onset of
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alteration. Some participants were “slow,” meaning that their formants began changing
during the ramp period but took much longer than the fifty ramp trials to reach maximum
compensation. Others were “late,” meaning that their formants remained at baseline levels
through the ramp period and did not begin to show any compensation until into the hold
period. Slow and late compensation were more common for glides, seen in 11 participants,
than for vowels, seen in only 5. Figures 4.9 and 4.10 slow examples of slow and late
compensation, respectively.

Some participants also showed unsteady compensation, in that their formant values
wavered substantially over the course of the block with little or no apparent correlation to
the degree of alteration. P5 in Figure 4.9 is an example of this. This seemed to be a

participant effect rather than a vowel or glide effect, as participants who showed such
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Figure 4.9. Example of late compensation in the glide (orange). Blue and yellow lines
indicate a smoothed (moving average, window of 20 trials) timecourse of measured F2
values for vowels and glides respectively. Vertical black lines mark the boundaries
between baseline, ramp, hold, and post periods. F2 of the glide does not begin to drop until
about 160 trials into the block, well past the ramp period.
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Figure 4.10. Example of slow compensation. F2 values change only slowly for the glide
(orange) and the vowel (blue), and are still shifting away from baseline values when the
alteration is removed. This participant also shows anti-compensation in the vowel.

wavering in one generally showed it in the other, as well.

4.3.2 GAMs results

For each participant, the generalized additive models described in Section 4.2
produced fits for formant trajectories for six conditions: vowels during baseline trials;
vowels during hold trials; vowels during post-alteration trials; glides during baseline trials;
glides during hold trials; and glides during post-alteration trials. These fitted trajectories
can be visually compared to provide much richer information about each participant’s
response pattern than the landmark analysis yielded.

Participant responses were highly idiosyncratic, to the extent that it’s difficult to
even select one as a representative example. Participants employed a number of

compensation strategies other than adjusting their formant values, including adjusting
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durations and timing. This section will present results from several individual participants
as well as from the mixed effects models with all participants.

Model summaries and plots of fitted formant trajectories for F1 and F2 for all
participants can be found in the appendix. The appendix also includes plots of the
differences between the fits for each condition (from the plot diff function in the
itsadug R package), which highlight where (in time) differences are strongest for each
participant.

In the figures of GAM fits throughout this section and the appendix, solid blue and
orange lines mark the baseline fits for vowels and glides, respectively; dashed purple and
red lines mark the hold fits for vowels and glides, respectively; and dotted blue and orange
lines mark the post-alteration fits for vowels and glides, respectively. Time begins with the
release of the stop and onset of alteration, and the vertical black line marks 100ms, at
which time alteration (during hold trials) began to step down to zero. Though the GAMs
extrapolated values for all trajectories out to the full duration of the longest, each trajectory
is plotted only out to the maximum duration of trials in that condition. All participants are
plotted on the same scale, with a vertical range of 1300Hz and horizontal range from 0 to
45s.

Figure 4,11 shows GAM fits from a participant who responded roughly as predicted,
P3. P3’s vowels were usually shorter than the 100ms alteration, and as predicted, their
target F2 for vowels is lower in hold trials (dashed purple) than baseline (solid blue), by a
fraction of the amount of alteration applied. In the post-alteration trials (dotted blue), F2
rises back toward its baseline value. For the glide, however, peak F2 is not significantly

different across baseline, hold, and post trials.
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Figure 4.11. GAM fits for F2 for P3, showing the expected compensation for the vowel and
also shortening in both the vowel and the glide.

However, in addition to the predicted shifts in formant values, this participant also
adjusted the durations of the target segments. The vowel is shortened in hold trials
compared to baseline trials: its steady state period is shorter and the following central
vowel target is achieved earlier. Some but not all of the lost duration is regained in post
trials. Some shortening is also evident in the glide, which remained shortened in post
trials. Figure 4.12 shows the differences between relevant pairs of conditions: solid lines
indicate the difference from baseline to hold, and dotted lines indicate the difference from
hold to post; a positive difference indicates a higher value of F2 at that point in time in the

later set of trials, while a negative difference indicates a lower F2. It’s clear in the figure
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Figure 4.12. GAM differences for P3. Solid blue i(nziicates the difference from baseline to
hold trials for the vowel; dotted blue, from hold to post trials for the vowel; solid orange,
baseline to hold for the glide; dotted orange, hold to post for the glide.
that the duration shift created more substantial differences between conditions than the
formant shift.

Based on the landmark analysis, Burgdorf & Tilsen (2021b) reported only one
participant who significantly adjusted their vowel duration over the course of the
experiment, but the GAMs show that several participants adjusted durations of both vowels
and glides to some extent. In addition to participants like P3 who shortened the vowel,
others lengthened it, like the participant noted in Burgdorf & Tilsen 2021b. Some
participants adjusted the duration of both vowel and glide, but duration effects were
greater and more common in vowels. Figure 4.13 shows a participant who lowered F2 of

their glides (without lengthening) but lengthened their vowels (without lowering, except in

the onset value).
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Figure 4.13. P8 GAM fits for F2, showing lengthening of the vowel and lowering of the
glide.

Figure 4.14 shows the difference plots for this participant. Though the difference plots, like
those in Figures 4.12 and 4.14, are generally quite useful for comparing GAM fits, they
cannot distinguish between multiple possible sources of differences across conditions—for
instance, they cannot distinguish a shift in peak formant value from a shift in duration. It’s
unclear that these should be viewed without distinction. The apparent instantaneous
formant differences caused by duration shifts do not actually reflect a difference in formant
values at all, and the duration shifts themselves should not be gauged in a spectral space or
directly compared to true spectral properties. Thus, though difference plots are made

available in the Appendix, the presentation of results here will focus more on the original
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Figure 4.14. P8 GAM differences.

fits.

In addition to the use of duration, some participants employed strategies that are
not at all discernible by the landmark analysis. These included shifts in gestural timing and
changes to the shapes of the formant trajectories, with the former more apparent in glides
and the latter more apparent in vowels. In some cases, it is difficult to say whether a
change in the formants of a glide are due to a timing shift or to shortening, or both, buta
few participants seem to adjust their timing quite clearly, with the entire rise, peak, and
descent of F2 associated with the glide happening slightly earlier in hold trials than
baseline. An example is shown in Figure 4.15. For this participant, the timing shift is
retained into the post-alteration trials; the vowel, meanwhile, shows anti-compensation
(raising rather than lowering of the second formant), which will be discussed further

below.
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Figure 4.15. P16 GAM fits for F2, showing a timing shift in the glide as well as shortening.
The glide achieves its target earlier and peaks earlier in the hold condition than in baseline
trials.

One particularly striking example of a change to formant shapes, which was not
observed at all in the landmark analysis, comes from P12. P12’s GAM fits are shown in
Figure 4.16. This participant had long vowels; as noted above, the landmark analysis
concluded that speakers with longer vowels compensated less for those vowels, i.e., that
the difference in F2 between baseline and hold trials was less for longer vowels. This was
based on point and interval measures of F2: peak values and means across the steady state
interval. Thus the landmark analysis had no way of distinguishing between a formant that

was slightly lowered throughout the vowel'’s entire duration, or, as is seen in the GAM fits

for this participant, a formant that was substantially lowered only for part of the vowel'’s
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Figure 4.16. P12 GAM F?2 fits, showing a change to the shape of the vowel’s formant

trajectory.

duration—precisely the part during which the alteration changed the feedback they heard.

The GAM fits also show that, though this participant only compensated in the first 100ms

during hold trials, in post trials, their entire F2 rose, maintaining the mildly diphthongal

shape established during the hold trials.

Most participants, regardless of vowel length, did not split their vowels so distinctly.

Some, however, seem to have employed another strategy that the landmark analysis

missed: adjusting the onset values of their formants after stop release, without otherwise

making substantial changes to their formant trajectories. This may have been achieved by

adjusting gestural timing rather than by changing formant or gestural targets. An example
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is shown in Figure 4.17. For both the vowel and the glide, this participant’s hold F2
trajectories begin lower than the baseline but rise to roughly equal peak values. Like P12,
in the post-alteration trials, this participant adjusted their formants more holistically,
raising the vowel’s F2 (as expected, with the end of alteration that had made it sound
higher) and lowering the glide’s (making it an example of anti-compensation, noted below).
In the landmark analysis, this participant was categorized as a “post-compensator,” who

seemed to show no response during hold trials but only adjusted in post trials.
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Figure 4.17. P1 GAM F?2 fits, showing lowering of the onset formant value without
lowering of the peak.

Finally, as noted in Burgdorf & Tilsen 2021b, some participants showed “anti-

compensation,” i.e., their formants adjusted in the opposite direction to what would have
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corrected the altered feedback they heard. Two participants showed this effect clearly in

their GAM fits. Figure 4.18 shows P15 doing this for the vowel.
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Figure 4.18. P15 GAM F?2 fits, showing anti-compensation for the vowel.

Burgdorf & Tilsen (2021b) noted two other patterns of response: overcompensation
and persistent adaptation. Persistent adaptation will be described in the next section.
Though the GAMs show a few participants with fits that vary between baseline and hold
trials by 200 or even the full 250 Hz, they did not replicate any of the extreme
overcompensation measured in the landmark analysis, suggesting that this was another
limitation of that analysis; by relying on landmarks like trajectory extrema, and poorly

handling trajectories of unusual shapes (such as those of P12, whose vowel F2 during hold
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and post trials was often not quite flat enough for any but the most extreme part of it to be
identified as a steady state), a landmark-based analysis may be prone to yielding more
extreme values.

Table 4.1 summarizes some of the most distinct response patterns observed, but
responses were idiosyncratic enough that most participants cannot be easily categorized
into a single pattern. Thus the table should be taken as only an approximation of the

experiment’s results.

Response Pattern Vowels | Glides
formant compensation 13 15
anti-compensation 1
shape changes 4 0
shortening 11 4
lengthening 4 0
timing 1 4
transitions 5 2

Table 4.1. Number of participants who displayed each major response pattern, as
apparent in GAM fits.

Results discussed so far have considered only GAMs constructed for individual
participants, with only that participant’s data. As described in Section 4.1, mixed effects
models (GAMMs) were also constructed. Only in the simplest model, md1 mix1 f£2, were
all conditions found to be significantly different. This model only allows for speaker
intercepts, and as such, is simplistic to the point of being unrealistic, and without properly
accounting for random effects, it is overconfident. A condensed summary of this model is

given in Table 4.2.
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glide glide glide vowel vowel vowel
baseline hold post baseline hold post
. <2e-16 <2e-16 <2e-16 <2e-16 <2e-16 <2e-16
Intercepts %k %k %k %k %k %k %k %k % %k %k %k %k %k % %k %k %k
<2e-16 <2e-16 <2e-16 <2e-16 <2e-16 <2e-16
smooths ok ok ok koK *okok ek o *kk
edf:13.5 edf:14.1 edf:15.1 edf:17.5 edf:18.2 edf:17.8
participant intercept ’ <2e-16 *** edf: 18.0

Table 4.2. P-values and estimated degrees of freedom (edf) for the terms of
mdl mixl f£2,thesimplest GAMM for F2. All terms are highly significant. Higher edf
values indicates that a smooth term is less linear.

Inmdl mix2 f£2,the additional term for speaker slopes was found to be
significant and therefore justified, and intercepts for alteration periods (baseline, hold, and
post) were no longer significantly different. That is, speaker-specific effects are highly

significant, but there is no general effect of alteration across speakers. Estimated degrees

of freedom for the condition smooths remain high, ranging 13.8-18.4 (maximum possible

19).
glide glide glide vowel vowel vowel
baseline hold post baseline hold post
intercepts | 251® 028 0178 136 3795 ddles
<2e-16 <2e-16 <2e-16 <2e-16 <2e-16 <2e-16
SmOOthS %k ok %k ok k k% k k% k k% k k%
edf: 13.8 edf:14.4 edf:15.3 edf:17.8 edf:18.4 edf:18.0
participant intercepts 3.94e-6 *** edf: 0.0
participant slopes <2e-16 *** edf: 108.0

Table 4.3. P-values and estimated degrees of freedom for the terms of md1 mix2 £2,the
GAMM for F2 that included speaker slopes as well as intercepts.

Figures 4.19 and 4.20 show condition smooths and differences for mdl mix2 f£2.
Though the condition smooths remain statistically significant in the summary above, most

of this significance is associated with the glide/vowel distinction rather than with the
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alteration condition, as is evident in the overlapping confidence intervals in Figure 4.19 and
lack of significant deviations from 0 (indicating no change across alteration periods) in

Figure 4.20.
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Figure 4.19. Condition smooths formdl mix2 £2. Glides can be distinguished from
vowels, but alteration conditions (baseline, hold, post) are not distinguishable.

The trend holds for the most complex mixed model, md1 mix3 £2, which allowed
for speaker-specific non-linear effects, as shown in Table 4.4. Participant-specific smooths
are highly significant. While condition smooths also remain significant, the estimated
degrees of freedom for glide conditions have dropped noticeably, indicating that these
smooths have become more linear as the non-linearity formerly reflected in them has

shifted into speaker-specific smooths.
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Figure 4.20. Differences from baseline to hold (solid) and hold to post (dotted), for vowels
(blue) and glides (orange), for the second mixed effects models.

glide glide glide vowel vowel vowel

baseline hold post baseline hold post

intercepts | -1® 0375 o780  >0E gy 3937
<2e-16 <2e-16 <2e-16 <2e-16 <2e-16 <2e-16

SmOOthS % k% % k% %k k% %k k% 3k 3k % 3k k%
edf:13.4 edf:8.7 edf:9.1 edf:17.2 edf:17.9 edf:15.5

. <2e-16 <2e-16 <2e-16 <2e-16 <2e-16 <2e-16

partICIPant %k ok %k ok k k% k k% k k% k k%

smooths

edf: 120.2 edf: 134.7 edf: 143.5 edf:138.4 edf:134.9 edf:155.9

Table 4.4. P-values and estimated degrees of freedom for the terms of mdl mix3 £2,the
most complex GAMM for F2 with speaker-specific smooths.

Speaker-specific smooths in this model are, in fact, so substantial that the

underlying smooths for the conditions are completely indistinguishable from each other

and, for the glides, do not even look like glide formant trajectories at all, being too linear

and too low. This can be seen in Figure 4.21. Note also that the confidence intervals for
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baseline conditions are still reasonable; it’s in the hold condition, during which participants

were most varied, that confidence intervals are most bloated.
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Figure 4.21. Condition smooths formdl mix3 f2. Glide-hold and glide-post conditions
no longer look like glide formant trajectories at all, with predicted values as low as 1000Hz.
Note that this plot has a different, larger vertical scale than the others.

The same holds true for mixed effects models of F1, and for GAMMSs of both
formants that utilize normalized time rather than raw time: condition smooths become
increasingly uncertain and indistinct with the addition of speaker-specific random effects,
which always come out to be highly significant. (Summaries and plots of these models can

be found in the appendix.) This is, perhaps, unsurprising, given the idiosyncratic nature of

participant response patterns. It does not mean that participants did not respond to the
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alteration, but that their various response patterns—with some participants showing the
expected compensation while others displayed anti-compensation, with some lengthening
their productions while others shortened them, etc.—largely canceled each other out, and

no single response pattern dominated the mixed effects models.

4.3.3 Persistent adaptation

As noted in Section 4.1, some AFP studies have observed persistent adaptation. This
is an effect by which a participant’s productions, after changing in response to altered
feedback, retain some or all of that change even after the alteration has been turned off,
rather than immediately returning to their baseline productions.

In both the landmark analysis and the GAMs analysis, persistent adaptation is seen
more often in glides than in vowels. Burgdorf & Tilsen (2021b) reported 14 participants
with persistent adaptation based on landmark measures: 10 who had persistent glides, 2
who had persistent vowels, and 2 who had persistent adaptation in both glides and vowels.
GAM results are similar. For glides, 11 participants continued to adjust their productions in
the same direction as the change induced by alteration (that is, if they had lowered F2, it
continued to drop even lower after alteration was turned off), while 3 maintained hold
productions during the post period and only 4 moved back toward their baseline
productions. For vowels, these numbers are nearly reversed: 5 participants continued to
adjust their productions in the same way they had during alteration; 2 maintained hold
levels; and 11 either shifted back toward their baseline values or raised F2 after alteration
turned off despite not substantially lowering it during alteration. Figure 4.22 shows GAM

fits for a participant whose vowels returned toward baseline but whose post-alteration
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Figure 4.22. P14 GAM F2 fits. The vowel returns toward its baseline in the post-alteration
condition, both raising its F2 peak and steepening its transition into the following vowel
but not regaining all of its lost duration, while the glide deviates further from its baseline.

glides deviated further from baseline.

Though the vowel shifts back toward its baseline productions, it does not

completely return to baseline. This was common, and is not unexpected given previous

findings. Just as the compensation for the alteration was not complete in the first place,

adjustment back to baseline is also not complete within the limited time of the experiment.

Although persistent adaptation was not a focus of the prediction that began this

experiment, it is relevant to the underlying hypothesis. This will be discussed in the next

section.
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4.4 Discussion

The idiosyncratic nature of participant responses to the altered feedback they were
exposed to, and the failure of the mixed effects models to identify a strong fixed effect of
alteration phase, make any judgment of “more or less compensation” quite complicated,
but the results are not impossible to interpret. Though it is not in the form anticipated,
there is some support for the hypothesis that inspired this experiment.

The Domain Prioritization Hypothesis states that vowel targets prioritize the
acoustic domain more than glides do. This leads to the general prediction that, under
altered auditory feedback, speakers will compensate more for vowels than for glides; in the
context of the GV-Feedback experiment, the specific prediction was that vowels would
show more lowering of F2 and more raising of F1 than glides would show during the
alteration period of each block of the experiment.

Given what we've seen in the results, it’s clear that this prediction was too
simplistic. Some speakers met this prediction, and some did not, but to the leave
discussion at that would be to overlook a great deal of meaningful, unpredicted responses.
The analysis and discussion presented in Burgdorf & Tilsen 2021b adds duration into the
equation, finding support for the hypothesis among speakers with short vowels while
noting that those with long vowels did not experience the intended alteration, but the
results of the generalized additive models presented here make clear that even that
discussion simplified the highly idiosyncratic nature of response patterns.

There are two questions that a full discussion of this experiment’s results, from both
landmarking and GAMs, must consider: why were participant responses so idiosyncratic

and divergent from previous AFP studies; and what conclusions can be drawn with regard
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to the Domain Prioritization Hypothesis, despite the difficulties these idiosyncrasies create
for direct comparison and pooling of participants?

The first question is relatively straightforward to answer. The design of this study
differs from previous AFP studies, so it is not surprising that its results differ as well.

One way that it differs from previous AFP studies is in applying an alteration at the
edge of the vowel space rather than in the middle. Participants in previous studies, on
hearing for instance [i] instead of an expected [€], would know how an [i] could have been
produced and how to change their production to move it back to [€]; participants of the
current study would not have had such familiarity with the raised [i] or raised [j] they
heard, and so may not have been so readily able to correct for it. This could explain the
observed anti-compensation.

However, it seems likely that the truly crucial difference between the GV-Feedback
experiment and previous AFPs is in the 100ms limit to the alteration. For this experiment,
it was deemed important that, firstly, the alteration be limited to not include the following
central vowel, and secondly, that vowels and glides should be exposed to the same duration
of alteration, lest any difference in their responses be confounded by differences in the
stimulus applied. The 100ms interval was chosen based on a limited preliminary
examination of high vowel and glide durations in American English, meant to be long
enough to include most or all of a high vowel'’s steady state while not being so long as to
include very much of the following central vowel after a glide.

As has been shown, some participants produced vowels of substantially longer
duration than 100ms, and in addition, speakers varied in the shapes of their formant

trajectories, with some having steeper transitions and flatter plateaus than others. Despite
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the constant nature of the alteration itself, variation in participants’ vowel profiles meant
that, effectively, participants were exposed to an array of different feedback for their
vowels. In some cases this resulted not in the intended effect of simply raising F2 and
lowering F1, but instead created diphthongs or other unusual formant trajectories, which
might have been unfamiliar and difficult to interpret. Glide durations and profiles,
however, were more consistent across participants, always short enough to fall within the
100ms alteration window, so that the alteration applied more consistently to glides.

With these effective differences in feedback in mind, it is unsurprisingly that vowels were
more varied in their responses than glides, as shown above in Table 4.1. In particular, vowels
were more likely than glides to utilize duration, and did so much more substantially. They were
also more likely to show noticeable differences in the shape of their formant trajectories and the
steepness of their transitions. In general, speakers employed more strategies to correct their
vowel feedback, which is consistent with the observation that there was effectively more variety
in that feedback. The one strategy that glides were more likely to employ was to adjust the timing
of the whole segment, with its whole formant profile shifting earlier or later relative to the stop
release. This is interesting in tandem with the observation from the examination of variances in
the last chapter that timing effects may be linked to differences in selectional control.

Having addressed the question of why speakers varied so much, the more difficult
question remains: what conclusions can be drawn from these results with regard to the
original hypothesis? How can we make meaningful comparisons of categorically different
response patterns to effectively different stimuli?

There is, unfortunately, no clear way to draw strong cross-speaker conclusions from

speakers’ responses during the hold period. Luckily, there is another dimension to these
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results: the post-alteration period. Regardless of what specific compensation strategies
speakers employed, we can compare how well vowels and glides returned to their baseline
productions after the alteration was turned off. Table 4.5 summarizes post-alteration
responses. “Return to baseline” refers to reverting whatever change may have been

employed during the hold period, whether of formant values, duration, etc.

Post-Alteration Response Vowels Glides
complete/excess return to baseline 2 1
partial return to baseline 5 3
post-compensation 4 0
subtotal 11 4
persistent adaptation 2 3
continued deviation from baseline 5 11
subtotal 7 14

Table 4.5. Response patterns in the post-alteration period.

Glides were more likely than vowels to retain compensation strategies, and even to
continue to deviate further from their baselines, while vowels were more likely to shift
back toward baseline or, in cases where the speaker hadn’t compensated much during
alteration, to compensate for the sudden absence of alteration (post-compensation). Thus,
though it’s difficult to say whether vowels compensated more or more accurately than
glides for the first change in feedback (the onset of alteration), it does seem to be the case
that they compensated better for the second (the end of alteration). These post-alteration
patterns align with the finding of the landmark analysis that glides were more likely than
vowels to show slow or late compensation for the alteration during the hold period; in

general, then, it seems that vowels are able to respond better and more quickly to changes
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in auditory feedback.

The findings of this experiment can be summarized in a few points: (1) participants
with sufficiently short vowels tended to compensate more for /i/ than for /j/, as predicted;
(2) /j/ was often slower to respond to the alteration; (3) /i/ was overall better than /j/ at
returning to its baseline in the post-alteration period; and (4) /i/ was more likely than /j/
to show changes in duration or in the shape of its formant trajectories, while /j/ was more
likely than /i/ to show changes in timing. Refinement of these findings should be possible
with additional experimentation, including further investigation into feedback responses
with variations on the altered feedback paradigm and investigation into related
phenomena such as the behavior of glides and vowels under bite-block conditions.

These points will be discussed further in Chapter 5. For the moment, two things are
clear: First, especially for vowels, speakers can and do employ a variety of strategies to
attempt to correct infelicitous feedback, even if that feedback may be strange and not so
straightforward to correct as by simply raising or lowering a formant. Second, and more
directly relevant to the Domain Prioritization Hypothesis, between the duration effect
discussed in the landmark analysis and the post-alteration effect discussed just above,
there is good evidence, if not of the form anticipated, that vowels respond more to altered
auditory feedback than glides do.

The next chapter will formalize the Domain Prioritization Hypothesis and discuss
the cognitive feedback processes through which domain prioritization is realized. This will
allow for a more detailed discussion of the findings of the GV-Imitation and GV-Feedback

experiments, as well as the case studies considered in Chapter 2.
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Chapter 5: Modeling Domain Prioritization in Articulatory Phonology / Task
Dynamics

So far in this dissertation, [ have built on the fairly well-established idea that there
are two cognitive domains involved in speech production, the articulatory domain and the
acoustic domain, and I have presented evidence that consonants and vowels prioritize
these domains differently, based on differential behavior in variances and in responses to
altered feedback. The question now is how to capture and utilize this difference within
existing theoretical frameworks.

Articulatory Phonology / Task Dynamics is the natural framework to start with, as it
has already done half the work by being grounded in articulation rather than relying on
purely abstracted representations, as other approaches to phonology have done. This
chapter will briefly review AP and proceed to formalize the idea of domains in the AP/TD
framework. This will involve an expansion of the conception of a gesture to allow gestural
targets to reside in acoustic, as well as spatial (articulatory), functional spaces, so that
vowels can be modeled with acoustic goals while consonants have articulatory goals. This
is the main theoretical claim of this dissertation: vowels drive the articulatory system to
achieve acoustic goals, while consonants drive the system to achieve goals of spatial
configuration. Section 5.3 will briefly explore how this expansion of gestures could be
incorporated into a cognitive model of speech production, with particular attention to

feedback control. It will then be demonstrated how these expanded gestures can account
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for the findings of the case studies in Chapter 2 and the experiments in Chapters 3 and 4.

5.1 A brief review of Articulatory Phonology

This section presents a brief review of Articulatory Phonology, with particular
attention to how it has so far handled not only consonants and vowels, but also tones.
Though tones are not a subject of this dissertation, their representation in AP will prove
relevant and useful.

Articulatory Phonology began as a response to observations that linear sequences of
segments or feature bundles were inadequate to capture a great deal of cross-linguistic
variety in gestural timing (Browman & Goldstein 1986). Browman & Goldstein note that
previous approaches to dealing with these observations generally involved “positing
inexplicit implementation rules [which would translate features into graded temporal
commands to the articulators] or proliferating ad hoc features” (p. 222). Implementation
rules for articulatory timing had not been made explicit because there was not yet any
“vocabulary” for describing the organization of articulatory movements, though they note
that implementation rules had been successfully explicated for intonation (FO0),
represented in acoustic terms, by Liberman & Pierrehumbert (1984).

AP forgoes these two previous approaches in favor of “bas[ing] phonological
representation on an explicit and direct description of articulatory movement in space and
over time” (p. 222), taking advantage of data from new and improved technologies for
tracking continuous articulatory movements. AP draws on task-dynamic models of the
coordination of speech articulators (Saltzman & Munhall 1989) and formalizes the concept

of a gesture as a dynamic articulatory structure characterized by parameters of target,
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stiffness, and damping (see Browman & Goldstein 1992 for more detail). The target of a
gesture is defined in terms of tract variables, such as lip aperture or tongue tip constriction
location. These tract variables utilize articulators to achieve their targets; for instance, lip
aperture utilizes the upper lip, lower lip, and jaw. The gesture of AP is thus not directly
associated with any articulator; instead there are non-one-to-one relationships between
gestures, tract variables, and articulators. Tract variables and their associated articulators

are summarized in Table 5.1.

Articulators
UL |LL | TT | TB | TR |Jaw| Vel | Gl

Tract Variables

Lip Aperture

Labial Lip Protrusion

TT Constriction Location
Coronal TT Constriction Degree X | XXX

TB Constriction Location
Dorsal TB Constriction Degree XXX

TR Constriction Location
Pharyngeal TR Constriction Degree X | X

Nasal Velic Aperture X

Phonation | Glottal Aperture X

Table 5.1. The tract variables and their associated articulators that characterize the
original gestures of AP. An X indicates that an articulator is used by the tract variables in
thatrow. TT is Tongue Tip, TB is Tongue Body, and TR is Tongue Root. The tongue root
was not originally present in Browman & Goldstein 1992, but has been included in much
later work (e.g., Goldstein 2003; Nam 2007; Campbell et al. 2010).

Words and utterances can be schematically represented with gestural scores. These
show the relative timing and durations of all the gestures involved in the word/utterance.
Articulatory timing patterns can be derived by modeling articulators as phase-coupled
oscillators (Browman & Goldstein 2000). In-phase coupling will pull gestures toward

synchronicity, while anti-phase coupling will push them apart temporally, toward a more
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sequential timing arrangement. Competing couplings can result in effects like the C-center
effect, in which the beginning of a vowel is centered between the beginnings of multiple
consonants in an onset cluster. A sample coupling graph and a gestural score for a CCVC

syllable are shown in Figure 5.1.

C3

Figure 5.1. A coupling graph and gestural score for a typical CCVC syllable.

Though grounded in articulatory events, AP (and Task Dynamics more broadly)
does utilize a level of abstraction. This is not incidental; as Saltzman & Munhall (1989)
write, “Much theoretical and empirical evidence from the study of skilled movements of the
limbs and speech articulators supports the hypothesis that the ‘significant informational
units of action’ [...] do not entail rigid or hard-wired control of joint and/or muscle
variables. Rather, these units or coordinative structures [...] must be defined abstractly or
functionally in a task-specific, flexible manner” (p. 337). That s, the targets of a gesture are
not muscular activations or other physiological details, but are defined in a functional space
specific to the task at hand. For speech production, the task at hand is to create specific
constrictions in the vocal tract, and so the tract variables of AP represent the functional

target space of speech gestures in dimensions of constriction degree and constriction
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location. A gesture attempts to achieve a target coordinate in these dimensions.

What makes AP more grounded in articulation than other phonological frameworks
is twofold. First, it implements an explicit mechanism for translating its invariant abstract
units (the target values of tract variables) into contextually-dependent articulations
(trajectories of model articulators). Second, the functional, task-specific spaces in which
gestural targets are defined are abstractions of vocal tract configurations, simplified to a

few key dimensions.

5.1.1 Consonants and vowels

Consonants are very well-suited to this theoretical approach. All sorts of
consonantal contrasts, and non-contrastive cross-linguistic variations, can be easily
represented by adjusting the presence/absence, parameters, or timing of certain gestures.
This is unsurprising since these are exactly the sort of variations that AP set out to tackle.
Fricatives can be distinguished from stops by a target constriction degree of “critical”
rather than “closure;” nasal from oral segments by the presence of a velum opening
gesture; differences of voicing and aspiration can be captured with the presence, target,
and timing of glottal gestures; etc.

Vowels have generally received less attention than consonants in AP. In gestural
scores, high vowels are usually shown as long-duration tongue body gestures, and low
vowels as long-duration pharyngeal gestures; they are often not defined in any more detail
than this. To my knowledge, there has been no particular effort to show exactly how
vowels of different qualities, within and across languages, should be differently

characterized, except in these broadest strokes of tongue body versus pharyngeal gestures.
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The timing of vowels, relative to consonants and to other vowels, has been of much more
interest in AP work than the quality or contrast of them (for example, in Browman &
Goldstein 1992; Smith 1992; etc.).

The lack of attention to vowel quality may be for several reasons. From its
inception, Articulatory Phonology has been focused on the timing and interactions between
segments® rather than on individual segments. Individual segments can be well
understood in other theoretical frameworks; rather than reinventing the wheel, AP has set
out to address questions that other frameworks had left unresolved. Moreover, pre-AP
representations of consonants are more easily translated into gestural parameters than
pre-AP representations of vowels. Our understanding of consonants, across theoretical
frameworks, is largely framed in articulatory terms, so that place of articulation becomes
constriction location, manner of articulation becomes constriction degree (and possibly
stiffness), nasalization becomes a velum gesture, and voicing and aspiration become glottal
gestures. Further refinements may be made to this initial translation (such as Gick et al.’s
2006 work on liquids), but there is a firm starting point.

For vowels, however, any such translation is less straightforward. As noted in
Chapter 1, the way in which we commonly understand vowels, in terms of height and
backness, does not correlate particularly well with vocal tract constrictions, but is
fundamentally and necessarily acoustic (e.g. Ladefoged 1964, 1975), and rearranging

vowels in more articulatory terms (such as Catford’s polar coordinates) makes their

® The term “segment” here is used for convenience, but Articulatory Phonology does not require segments as
meaningful units; segments may be taken to be epiphenomenal results of coordinated combinations of gestures.
Browman & Goldstein (1989) explicitly argue for the gesture rather than the segment as a phonological primitive.
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natural classes opaque. Thus, the functional space in which AP represents the targets of its
gestures seems ill-suited to vowels.

It is perhaps for the same reason that, though a distinction is often made in AP
between consonantal and vocalic gestures, this distinction is poorly defined. There is a
sense that consonants and vowels should employ different types of gestures, that
“reflect]...] the intrinsic differences between the two classes” (Browman & Goldstein 1992,
p. 30), but those differences have only been loosely attributed to parameter values: “The
consonantal gestures typically have a greater degree of constriction and a shorter time
constant (higher stiffness) than the vocalic gestures” (p. 30). Browman & Goldstein also
briefly speculate that a difference of stiffness might be appropriate specifically for the
glide/vowel distinction. There has been no attempt to distinguish C and V gestures in a
more fundamental way; they utilize the same functional task space and are described by
the same parameters, and there is no attempt to explain why one particular difference in
constriction degree or stiffness should produce such a fundamental contrast when other
differences in the same parameter produce much more minor contrasts.

Differences in target constriction degree would, of course, tend to yield differences
in constriction in production: consonants would be realized with narrower constrictions
than vowels. Chapter 2, however, provided evidence that this is not always the case;
multiple experiments have found evidence that, at least in some phonological
environments, glides may actually be less constricted than high vowels. Whether
constriction degree is represented with features or gestural parameters, it is not enough to
account for the consonant/vowel distinction.

Stiffness, rather than capturing some aspect of a gesture’s target, instead reflects the
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strength of the force exerted on articulators to achieve that target. Lesser stiffness results
in less rapid movement of the articulators, and can mean that a gesture takes longer to
reach its target or is more likely to undershoot that target (depending, as well, on the other
forces being exerted on the articulators by other gestures). Like constriction degree,
however, a difference of stiffness between consonants and vowels may only be typically,
rather than reliably, true, and there is to my knowledge little direct evidence for it.
Burgdorf & Tilsen (2021a) measured stiffness for vowels and glides (as the square of
maximum velocity divided by movement amplitude) and found substantial effects only for
[u-w], not [i-j], and only for two of six participants.

Though there is no clear, reliable intrinsic difference between consonantal and
vocalic gestures, they are functionally divided via phasing rules. That is, while vocalic
gestures may typically have lesser constriction degrees and lower stiffness than
consonants, what reliably sets them apart is how they are coordinated with consonants
into syllables. Initial consonants are coordinated in-phase with vowels, and codas are
coordinated anti-phase with vowels, as shown in Figure 5.1 above, producing gestural
overlap that is taken to be responsible for coarticulatory effects. Burgdorf & Tilsen (2021a)
suggest differences of gestural coordination are at play in the glide/vowel distinction.

Much work with vocalic gestures has not actually been about vowels at all, but about
complex consonants, and this work, too, has attended to timing effects. Sproat & Fujimora
(1993), in examining allophonic variation of English /1/, characterize this segment as being
composed of a “consonantal” apical gesture and a “vocalic” dorsal gesture, with
asynchronous timing of these gestures being responsible for the darker sound of /1/ in

post-vocalic position. Gick et al. (2006) build on this, examining liquids from several
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languages and proposing that such segments are characteristically composed of one
consonantal and one vocalic gesture. Gick etal. (2002) provide MRI evidence that the
“vocalic” gestures of /1/ and /1/ are indistinguishable, in their tongue posture, from the
gestures of /o/ and /a/, respectively, and Gick et al. (2006) argue that these vocalic
gestures have distinct timing patterns. When the complex segment occurs in onset, its two
gestures are usually synchronous, but in post-vocalic position, the vocalic gesture occurs
earlier and closer to the nucleus than the consonantal gesture. This timing pattern, and the
similarity of the gestures to gestures used in vowels, is taken to be what makes these
gestures “vocalic;” thus, the idea of a vocalic gesture is used to account for timing patterns
of complex consonants, but remains poorly defined in itself.

Thus, it seems three possibilities have been raised as candidates to distinguish
consonantal gestures from vocalic ones: constriction degree targets, stiffness, and
intergestural coordination. There is not strong evidence in support of the first two, and,
though the latter is well-supported, it reflects only an extrinsic difference, not an intrinsic
one. Chapter 2 established the necessity of an intrinsic difference for the glide/vowel
distinction, and that would seem to imply one for the larger consonant/vowel distinction.
Though AP has found ways to characterize vowels that are generally sufficient for the task
at hand—that task being, usually, to understand the timing of consonants—it has not
attempted to deeply address questions of vowel representation or the consonant/vowel

distinction.

5.1.2 Tones

Tones were first brought into AP by Gao (2008). Gao deviates from the
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Autosegmental-Metrical approach to tone, in which tonal targets are linearly arranged
points anchored to certain segments, in favor of introducing tone gestures or T gestures.
Like the other gestures of AP, these have durations and can be coordinated in non-linear,
overlapping ways.

T gestures are not represented in the same functional space as C and V gestures.
Instead, they are formalized as gestures for which the goal is not an articulatory
constriction, but an FO target (high or low). FO is utilized as both the tract variable (or
“goal variable,” since it isn’t concerned with any part of the vocal tract) and as the
articulator that realizes that tract/goal variable. This is not presented as a meaningful
deviation from the articulatory nature of C and V gestures, but as an unfortunate but
necessary approximation: “In theory, the ‘real” articulators of the tone gestures would be
the cricothyroid (CT muscle) angle, sterno-hyoid distance, subglottal pressure [...] etc.
However, [...] the modeling of tone gesture is restricted to an abstract level due to the
limitations of our knowledge about the physiological aspect of tone production” (p. 38).
The implication is that, with better understanding of the muscles involved in controlling
pitch in speech, it should be possible and desirable to re-conceive of tone gestures in a
fashion more in line with C and V gestures.

Nonetheless, Gao’s abstraction of tone gestures as residing in FO space allowed her
to present a compelling analysis of Mandarin tones and has been adopted by other
researchers, both for modeling lexical tone as Gao did (e.g., Yi 2017) and for pitch accent
(e.g., Miicke et al. 2012), and even for the interaction between lexical and prosodic tone (Yi
2017). Karlin (2018) builds on this to provide a complete gestural model of tone

representation, in which tone gestures are durationally underspecified and receive timing
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information from the constellation of segmental gestures they are coordinated with. Tone
gestures can generally be coordinated with each other and with C and V gestures in the
usual ways (in-phase and anti-phase), though there may be substantial cross-linguistic
variation in the details of these coordinations.

Though tone is not a subject of this dissertation, the approach to representing tone
in AP will prove quite useful. The use of an acoustic FO space for T gestures (even if only
out of necessity rather than design) has proved highly effective for integrating tone into AP.
This demonstrates that speech gestures can be successfully modeled in functional spaces
other than the articulatory vocal tract space in which consonantal and vocalic gestures

have been modeled so far.

5.2 Vowel gestures as formant gestures

[ propose that acoustically-oriented T gestures have been successful for modeling
tone in AP precisely because FO space (or an abstracted version of it) is the appropriate
task-specific functional space in which to define the goals of tone production. This entails
an expansion of the Task Dynamic framework. Gestures, in speech and in other tasks, have
generally been understood as utilizing functional targets that are abstractions of spatial
positions or configurations, but any gestural target must ultimately be judged by the
sensory information available to the cognitive system. Spatial targets can employ
somatosensory feedback (which is, of course, a collection of different kinds of sensation
including but not limited to proprioception), but somatosensation is not the only source of
information available. Experiments with altered feedback have shown that visual feedback

plays a major role in reaching tasks (e.g., Welch 1978) and that auditory feedback plays a
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major role in speech (e.g., House & Jordan 2002), and cognitive models of speech
production such as the DIVA model (Tourville & Guenther 2011) generally incorporate
auditory as well as somatosensory feedback. Moreover, it is a feature of Task Dynamics
that the targets of gestures are defined in functional, task-specific coordinates. [ propose
that these coordinates need not be constrained to be always spatial/somatosensory in
nature, but that any sensory modality generally available to the cognitive system is also
available as a functional space in which to achieve certain tasks, and some tasks will
inherently be better suited to auditory (or visual) functional coordinates than
somatosensory ones.

With regard to speech production, I propose that consonants utilize a
spatial/somatosensory functional space, as they have so far been modeled; that tone
utilizes an acoustic/auditory functional space as Gao modeled it; and that vowels, which
have so far been modeled like consonants with spatial/somatosensory targets, should
instead, like tone, utilize an acoustic/auditory functional space. It seems entirely
reasonable to assume, though experimental evidence would be needed to confirm, that
tones, like vowels, should prioritize the acoustic domain, and this prioritization can be
reflected in AP by the domain of the goal variable—i.e., whether the goal is defined in
articulatory vocal tract coordinates, or in acoustic coordinates. In this way, consonantal
gestures prioritize articulation, while vocalic (and tone) gestures prioritize acoustics.

Though generally conceived of as an articulatory entity, the gesture of AP has always
been a somewhat abstracted unit, several steps removed from the gritty details of
physiological muscular control. This is why it was possible in the first place for Gao to

model “gestures” in FO space, and in light of the matter of domain prioritization, it now
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proves a feature of the theory rather than a bug. Domain prioritization need not be tacked
on top of an existing theory, but can be integrated into the primitive units of AP via their
goal variables (albeit with a substantial expansion of the Task Dynamics model): all
gestures may be implemented via physiological articulators, but some gestures have spatial
goals while others have acoustic goals.

Where the goal variable for tone is F0, for vowels, the obvious contenders are F1
and F2, and possibly F3. Other options might include coarser, higher-dimensional spectral
properties, but as has been discussed, our common characterization of vowels in terms of
height and backness—or, equivalently, the first two formants—is quite effective for
describing their phonological patterns and natural classes. Just as AP has generally seen no
need to reinvent our understanding of consonants, there is no immediate need to reinvent
vowels rather than simply translating our current understanding of them into AP
representations. A functional goal space defined by (abstractions of) F1 and F2 makes such
a translation possible. In the same way that multiple tract variables may be needed for a
well-formed consonantal gesture (constriction degree and location), it seems reasonable
that both (or all three) formants should be involved for a well-formed vocalic gesture.

Though the articulators that implement the FO goal variable for tone gestures
remain in question pending better understanding of the physiology of tone, the articulators
for F1 and F2 goal variables are obvious: tongue and jaw, and also the lips. This has
allowed vowels to be reasonably well approximated with consonant-style (i.e., vocal tract
goals) TB gestures, but a consequence of F1 and F2 goal variables is that the vocal tract can
be utilized more holistically. Where a consonantal gesture aims to achieve a constriction at

one location and is unconcerned with the rest of the vocal tract (e.g., a coronal consonant
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does not exert any force on the lips as articulators), a vocalic gesture may utilize all the oral
articulators, and will do so by shaping them so that the entire vocal tract best creates target
resonances. Vocalic gestures can thus be said to be “holistic” in two ways: first, that they
utilize all oral articulators rather than only some; second, that they attend to the entire
posture of an articulator, rather than only the point that forms a constriction.

This holistic use of multiple independent articulators to achieve a single acoustic
goal is not an entirely new idea. Kingston (e.g., 1991, 1992) has argued that articulatory
covariation, particularly with regard to vowel height, is perceptually rather than only
physiologically motivated, and suggests that the objects of speech perception are
abstracted combinations of acoustic features. Perkell et al. (1993) attempted to test
precisely the hypothesis that the objective of articulatory movements for /u/ is acoustic,
and that reciprocal contributions of the lips and tongue body can constrain acoustic
variation. Despite some methodological limitations, they found mild support for this in
three of four participants: negative correlations between tongue raising and lip rounding,
indicating that as one constriction became less narrow, the other became more, to maintain
alow F2 target. More detailed articulatory data than the point-tracking of EMA could allow
for stronger observations of such trade-offs in the vocal tract configurations of vowels.

The three types of gestures proposed in AP can now be meaningfully distinguished
from each other: C gestures have spatial/articulatory goal variables; V gestures have
acoustic goal variables and utilize oral articulators; and T gestures have acoustic goal
variables and utilize as-yet-uncertain non-oral articulators. (Presumably the physiological
articulators appropriate for T gestures can be loosely categorized as “laryngeal,” but I don’t

discount the possibility that an abstracted F0 articulator, like the FO goal variable, may be
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effective for a reason. This is beyond the scope of this dissertation.) C gestures thus
prioritize the articulatory domain, while V and T gestures prioritize the acoustic domain.

Types of gestures are summarized in Table 5.2.

i Articulators
Goal Variables
UL | LL | TT | TB | TR |Jaw| Vel | Gl
Labial Lip Aperture X | X X
Lip Protrusion
—~ TT Constriction Location
o
= Coronal TT Constriction Degree X x| xX
]
E~1] . . .
= TB Constriction Location
g Dorsal TB Constriction Degree X & X
u) . . .
o TR Constriction Location
8 Pharyngeal TR Constriction Degree X X
Nasal Velic Aperture X
Phonation | Glottal Aperture X
Vocalic (V) F1,F2; F3? X[ X | X | X | X | X
Tone (T) FO

Table 5.2. The original gestures of AP, classified as consonantal gestures, plus tone
gestures as proposed by Gao (2008) and vocalic or formant gestures as proposed here.
Articulators for tone gestures remain uncertain.

Formant targets will, like consonantal and tone targets, be somewhat abstracted.
Just as constriction degree targets are discrete, abstracted, functional values like “closure,”
“critical,” and “narrow,” and tone targets in Gao 2008 are abstracted values of “high” and
“low,” so too should the functional, underlying representations of vowels utilize abstracted,
invariant formant targets like “high” and “low,” though, as is discussed in the next section,

these abstracted targets will become associated with very precise speaker-specific sensory

expectations, so that speakers can be sensitive and responsive to very small deviations in

feedback.
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A small vowel inventory can easily be modeled with only binary formant target
values of “high” and “low”: /i/ has low F1 and high F2, /u/ has low targets for both
formants, etc. For languages with larger vowel inventories, additional quality distinctions
are necessary, but these can potentially be achieved in several ways. The goal variables
might utilize additional target values like “mid,” or alternatively, in the same way that Gao
(2008) achieves mid FO values by overlapping “high” and “low” tone gestures, mid F1 and
F2 values could also be modeled as overlapping “high” and “low” gestures. Some work on
vowels, such as Schane’s (1984) Particle Phonology, has suggested that vowels might best
be thought of as combinations of elements or “particles” defined by the extreme vowels [i u
a], which would seem to support the possibility of overlapping formant gestures.

Additionally, some vowels might be distinguished by differences in gestural
stiffness, just as consonantal contrasts can utilize differences in both target values and
stiffness values. Higher stiffness essentially means that a greater force is exerted to achieve
the gesture’s goals, which makes stiffness a potential candidate for a correlate of tenseness
(higher stiffness) and laxness (lower stiffness) in vowels. I am not aware of any empirical
work on the stiffness of vocalic gestures, so for the moment, this remains merely
speculative. An initial approximation of the gestural parameters of common vowels is
given in Table 5.3.

The roundedness of the vowels that result from the basic parameters in Table 5.3 is
not incidental. Itis a well-known phenomenon that in languages that don’t utilize vowel
roundedness contrastively, front vowels are nearly always unrounded and back vowels are
nearly always rounded (protruded), that higher back vowels are more rounded than lower

back vowels, and that high front vowels may involve active retraction of the lips. These
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F2 target

high mid low
- . .
% low i(1) i u (v)
8 mid e (€) A (9) o (0)
= high ® a a

Table 5.3. A first approximation of a vowel classification scheme in AP gestural
parameters. “Mid” target values might be realized by overlapping high and low gestures.
High-stiffness vowels are given first, followed by low-stiffness vowels in parentheses.

facts fall naturally from the inclusion of the lips as articulators for formant gestures.
Protrusion of the lips has the effect of lengthening the vocal tract and lowering formants,
particularly F2, while retraction has the opposite effect, so that protrusion helps to achieve
“low” formant goals and retraction helps to achieve “high” formant goals. Thus, gradient
degrees of lip protrusion in vowels can emerge from the model without the involvement of
any separate labial gesture.

As for languages that do use the roundedness of vowels contrastively, it's been
observed (e.g., Catford 1977) that roundedness is not the same on front and back vowels.
Rounded back vowels show significant lip protrusion, while rounded front vowels instead
display lip compression with no or minimal protrusion, so as to “avoid over-lowering,
particularly of the second formant, and hence to preserve more clearly their front quality”
(p- 173). In this way, rounded front vowels often more closely resemble labial consonants
like [p b m], which generally do not involve protrusion (e.g., Catford 1977); lip protrusion
in consonants is more commonly seen with secondary labialization. Rounded front vowels
could be modeled in AP with the addition of a labial C gesture to a front (high F2) vocalic
gesture. This is something of an inversion of the SPE conception of vowel features as

secondary articulations for consonants; secondary articulation and complex segments will
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be discussed further in Chapter 6. The added C gesture in a rounded front vowel may exert
more control over the lips as articulators than the formant gesture, such that it overrides or
masks whatever protrusion or retraction might otherwise be present.

The inclusion of the lips as articulators for formant gestures is thus well-motivated.
In Table 5.2 above, I've also included the tongue tip, which often plays a role, for instance,
in rhotic vowels. If formant/vocalic gestures characteristically utilize the vocal tract in a
holistic manner (i.e., utilizing as many articulators as are useful), then there is no particular
reason to exclude the tongue tip. This is a matter for future investigation.

The natures of the different types of gestures as proposed here may have
explanatory power with regard to syllable structure; this will be discussed in Chapter 6.
For now, I conclude this section by offering sample gestural scores in Figure 5.2 for the

words “Kkick” and “cool” with traditional “vocalic” gestures and with formant gestures.

traditional gestures formant gestures
= — el i
"kick" palatal narrow Form| F1 low, F2 high
Glot | open open Glot | open open
Lips | narrow, protruded TT
TT Iaternaal ?:;olar TB

" " velar velar F1 mid
COOI closure narrow F2low
B Form

velar narrow —| F1 low, F2 low

Glot | open Glot | open

Figure 5.2. Gestural scores for “kick” and “cool,” with traditional gestures (left) and
formant gestures (right), assuming a V gesture in /1/. Notably, the traditional approach
requires two gestures for the vowel in “cool,” a dorsal gesture and a labial one, but these
can be combined in a single formant gesture.

5.3 Domain prioritization in the cognitive system

The Task Dynamic approach, with differing functional target spaces for consonants
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and vowels, offers a very practical phonological implementation of domain prioritization,
but it doesn’t say much about the underlying the cognitive processes that create these
different kinds of targets and utilize different kinds of feedback. For this, we must turn to
more cognitively-oriented models of speech production.

One of the best-known is the DIVA model (Tourville & Guenther 2011), which offers
a computationally and neuroanatomically explicit account of the brain regions involved in
speech production. Though this model has its weaknesses (particularly regarding
dynamical timing effects, which the Task Dynamic approach excels at), it will provide a
useful framework for discussing domain prioritization in the cognitive system. The model

is summarized in Figure 5.3.

Speech
Sound Map % _L
| piemmbelenstonalin, jseatmmtomtoedos 3 | | [qaSmmiomm e merowmed ______I
Feedforward Feedback | |[ Auditory I> i| Somatosensory i
Control Control Map | || Target Map E ||_Target Map :g
System I g | s
[ 2 || Somatosensory o
Initiation | 91 Error Map @
Map 1| Auditory |13 | 2
'| ErrorMap || s
Y Feedback | a 3
[
Articulator | Control [ Ayditory || |[ Somatosensory :%
Maps System || StateMap || | State Map i
v K :
: Auditory Somatosensory
loAtieyiatars Feedback Feedback

Figure 5.3. A simplified representation of the DIVA model, with domains highlighted. For
the brain region(s) associated with each map, see Tourville & Guenther 2011.

Speech production begins with the activation of a speech sound map, which projects
feedforward motor commands to the articulator velocity and position maps. These motor

commands are essentially the gestures of AP. The articulator maps then send commands to
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the actual articulators. In addition to sending motor commands (gestures) to the
articulator maps, the speech sound maps also send sensory expectations to the auditory
and somatosensory target maps. These target maps are not instantaneous snap-shots, but
are time-varying expectations of the sensory consequences of the dynamic events of a
speech sound. The target maps then send inhibitory inputs to their respective error maps,
such that the error maps become inversions of the target maps.

Auditory and somatosensory feedback are received and processed by their
respective state maps, which then project estimations of the current sensory state to the
error maps. Any correct or expected sensation is canceled out by the inhibitory inputs
from the target maps, so that activation that remains in the error map represents the
difference between expected and actual sensory states. Unexpected feedback results in an
error signal being sent to the feedback control map, which generates corrective motor
commands.

Auditory and somatosensory processing occur in different brain regions in the
model, based on numerous studies utilizing imaging and lesion data (see Tourville &
Guenther 2011 for more detail). Auditory maps lie along the posterior superior temporal
gyrus and Herschl’s gyrus, while somatosensory maps lie in the supramarginal gyrus and
ventral somatosensory cortex. There is an extensive body of research supporting the
separation of auditory and somatosensory feedback processing. Notably, this separation is
only indicated for feedback control, not feedforward control.

As in the Task Dynamic approach, domain prioritization will be a matter of targets.
The auditory and somatosensory target maps of DIVA are not represented as points in a

target space, but as acceptable ranges, and they can have varying degrees of precision or
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permissiveness around certain features of a sound, in ways that allow for phenomena like
coarticulation. For instance, the somatosensory target of a labial consonant like /p/ will be
permissive/imprecise about tongue position, allowing the tongue to be positioned for the
following vowel without generating error signals for the consonant. Additionally, Houde &
Nagarajan (2011) discuss that in cases of feedback mismatch (such as under altered
auditory feedback), the central nervous system must be able to decide how much error to
tolerate in each sensory modality. Following experiments in which participants
compensated more completely for smaller acoustic alterations to formants and pitch
(Katseff et al. 2011, MacDonald et al. 2010, Burnett et al. 1998), Houde & Nagarajan suggest
that the central nervous system may have a fixed tolerance for somatosensory error while
always striving for minimal auditory error.

With this previous work in mind, capturing domain prioritization in sensory targets
is straightforward. For a consonant, the somatosensory target will be very precise in the
constricted region of the vocal tract and imprecise elsewhere, and the auditory target will
be similarly imprecise (at least with regard to formants). For a vowel, the auditory target
will be relatively precise, and the somatosensory target throughout the vocal tract will
likely be less precise than the constricted part of a consonant but more precise than
unconstrained parts of consonants. These differing target precisions will then influence
both how readily a deviation from expectation is detected as an error and also how the
domains are weighted in situations of mismatch. The system will strive to minimize
sensory error with weight, or priority, given to each modality according to the precision of
the target.

Such relative precision of different sensory targets is not a new claim on my part,
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but has been a factor in some models of perception (e.g., Ernst & Banks 2002) and
sensorimotor integration (e.g., Kérding & Wolpert, 2004), and has been offered as a
potential explanation for interpersonal sensory preferences (e.g., Patri et al. 2019). The
evidence for such preferences comes from studies comparing responses to altered auditory
versus altered somatosensory feedback in speech; Lametti et al. (2012), for instance, found
that speakers varied as to which kind of altered feedback triggered more of a
compensatory response. Direct comparison of degrees of compensation across modalities
is complicated by the many other factors influencing degree of compensation (degree of
alteration, Katseff et al. 2011; sensory acuity, Martin et al. 2018; proximity to category
boundaries, Niziolek & Guenther 2013; etc.), but it is certainly well-established that there is
variability in the use of feedback across speakers and tasks, and it seems well-accepted that
such variation could arise from the relative precision of sensory targets. Patri et al. (2019)
additionally suggest that the cognitive system might be able to modulate the sensitivity of
the comparison of feedback to targets, for instance as a matter of attentional control, so
that feedback is held to a higher standard in more careful task contexts. Regardless, all I
propose here is that relative precision of sensory targets also contributes to the distinction
between consonants and vowels.

In addition to contributing to the C/V distinction, permissiveness of sensory targets
also likely plays a role in coarticulation. When adjacent segments have complementary
permissiveness in their sensory targets—e.g., a consonant with permissive auditory targets
and a vowel with permissive somatosensory targets—each segment will be able to
approach its own sensory targets without directly compromising the other’s, though there

will often be interference and limitations from the overlapping use of shared articulators.
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The appropriate sensory targets for speech sounds, including appropriate
precision/permissiveness, must be learned for each speech sound. DIVA offers a model of
speech acquisition as well as production, with two phases. First, in an early babbling
phase, the model learns the feedback (both auditory and somatosensory) associated with
various motor commands, and tunes the projections from the error maps to the feedback
control map. Target maps are not developed in this phase. The second phase consists of
imitation learning. In this phase, auditory target maps are initially tuned based on samples
from other speakers, and attempted imitations of those sounds then allow the system to
refine its speech sound maps and target maps.

The DIVA model does not say much about how relevant functional parameters
(acoustic and articulatory) of speech sounds are identified by the cognitive system, but
such a process must undoubtedly occur. This should involve two things: defining or
clarifying the underlying speech sound maps in terms of a small number of invariant
functional parameters; and tuning the precision of the sensory target maps accordingly.
There is presumably a level of abstraction in the underlying speech sound maps, which are
somewhat distinct from (though associated with) the sensory maps, and this abstraction
allows for the identification and learning of invariant parameters across diverse
interspeaker inputs. Target maps should then become precise specifically around those
parameters that are most relevant for intelligibility and phonological contrasts, and
permissive elsewhere. Thus, consonantal target maps will become precise in the
constricted part of the vocal tract but permissive elsewhere and acoustically, while vowels
will become precise in their formant targets but relatively permissive of somatosensory

variation and potentially of non-formant acoustic properties.
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Though the speech sound maps themselves are not separated into auditory and
somatosensory domains, the functional parameters with which speech sounds are defined
will tend to be either articulatory or acoustic (or, more precisely, abstractions of
articulatory or acoustic properties). They are equivalent to the goal variables of the Task
Dynamic model and they drive feedforward control in speech production, and they will
naturally result in relative precision in the sensory target map for their domain.

The domains of relevant functional parameters, and the consequent precisions and
permissiveness in the sensory target maps, will not only be relevant during learning, but
throughout life, as the fully developed adult production system utilizes feedback to monitor
speech output and correct mistakes. As discussed in Chapter 4, there is a solid body of
research detailing the ways in which speech production responds to altered auditory
feedback; in general, when the cognitive system receives unexpected feedback, it is able to
send corrective commands to the articulators so as to produce feedback more in line with
expectation. This functionality likely serves not only to offer immediate fixes to short-term
speech errors, but to maintain high levels of accuracy and intelligibility in the long term.
Though the feedforward control system does allow speech to be produced without
feedback, and speech remains largely intelligible when feedback is blocked (e.g., Lane &
Tranel 1971), even short-term feedback deprivation can have measurable consequences,
which may pattern along domain lines. Auditory blocking via masking noise can cause
changes and variability in FO, intensity, and speaking rate (e.g. Ringel & Steer 1963), and
somatosensory blocking via anesthesia can cause articulation errors such as loss of
labialization and retroflexion and retraction of place (e.g. Ringel & Steer 1963, Scott &

Ringel 1971). Houde & Jordan (1997, 1998, 2002) have additionally shown that when
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auditory feedback is blocked after being altered, alteration-conditioned compensations in
vowel quality are retained; i.e., the cognitive system is unable to correct deviations from
previous targets until unaltered auditory feedback is restored.

Some of the most striking and long-term data on feedback deprivation comes from
studies of speech quality in post-lingually deafened speakers. This data is somewhat
scattered, as there are many factors contributing to substantial inter-speaker variability,
particularly degree of deafness, age at onset of deafness, and time since. Cowie & Douglas-
Cowie (1983) report that the speech of post-lingually deafened speakers shows deviations
from hearing speakers’ speech in intensity, FO, speaking rate, consonant articulations, and
vowel articulations. They suggest that consonants may be more error-prone than vowels,
with the most common errors involving incorrect voicing and distortions of sibilant
fricatives, but much of the data they consider comes from subjective listener transcriptions
of errors; subsequent research has highlighted consistent and significant degradation of
vowel quality in deafened speakers, even if not always severe enough to seriously impact
intelligibility. In both English (e.g., Waldstein 1990) and Dutch (Langereis et al. 1997),
deafened speakers show smaller formant ranges than hearing speakers, so that the overall
vowel space is shrunken and less tongue movement is involved in vowel contrasts.
Deafened speakers also show more dispersion and overlap in the distributions for
individual vowels, and in some cases the centers of vowel distributions occur out of
sequence (for instance, with /g/ displaying a higher mean F1 than /z/). Though such
displacements, and the exact extents of vowel space shrinking and dispersion, are
idiosyncratic, all deafened speakers in these studies showed weaker vowel contrasts than

hearing speakers. These studies also showed improvement in vowel quality with the use of
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cochlear implants. Thus there is evidence that degradation of vowel quality may be a
systematic consequence of deafening, to the extent that Waldstein (1990) concludes, “This
finding suggests that, even after appropriate vowel targets have been established, adults
appear to use auditory feedback to maintain the distinctiveness of these targets” (p. 2108).

Indeed, if the underlying functional parameters in the cognitive system’s
representation of vocalic speech sounds are acoustic, and the somatosensory target maps
for vowels are therefore relatively imprecise, then somatosensory feedback alone would
not allow vowels to be precisely maintained. The permissiveness of the somatosensory
target maps will allow for productions to drift, generally toward more neutral, less effortful
realizations, and without access to auditory feedback, the system cannot correct this drift.
In contrast, the more precise somatosensory target maps of consonants will prevent them
from degrading in the same way.

Thus, domain prioritization is realized in the cognitive system on two levels. First,
in the abstracted, underlying functional parameters that define speech sounds and drive
feedforward control in speech production; and second, in the precision and permissiveness
of the sensory target maps that are used to judge feedback. Domain prioritization, as such,

arises spontaneously in speech acquisition and has consequences throughout life.

5.4 How this can account for the data

To show how domain prioritization, as developed in the last two sections, can be put
into practice, I'll now demonstrate how it accounts for real data. First, a general account
will be given of glides and vowels, before delving into the specific findings discussed in

previous chapters, in reversed order: the altered feedback responses of Chapter 4; then the
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variance patterns of Chapter 3; and finally, revisiting the case studies from Chapter 2.

5.4.1 High vowels and glides

As discussed in Section 5.2, the V gestures of vowels can be understood as gestures
with acoustic targets, while the C gestures of consonants can be understood as gestures
with articulatory targets. This constitutes a new layer of meaning to the phrases “V
gesture” and “C gesture” which is not present in their use in the literature. With this new
meaning in mind, vowels, including high vowels, can be modeled with V gestures which
utilize tongue, jaw, and lip articulators to achieve formant goal variables, and glides, in
contrast, utilize C gestures (at least in cases where they are phonological consonants;
allophonic glides will be discussed below).

The palatal glide /j/ is characterized by a tongue body gesture with a “palatal” target
location and “narrow” constriction degree, utilizing the tongue body and the jaw. For /w/
and other multi-gestural approximants, there are two possibilities. If Gick et al. (2006) are
correct in characterizing the dorsal gestures of /1.1 w/ as “vocalic,” now understood to
mean that they utilize formant targets, then /w/ would be composed of a labial C gesture
and an [u]-like V gesture, the latter of which will be primarily realized by the tongue
because the lips are in use by the C gesture. It could also conceivably be the other way
around: that /w/ is composed of a dorsal rather than labial C gesture, along with an [u]-like
V gesture. It could even be that both of these gestural compositions of /w/ occur in
different languages. However, the original evidence that inspired Gick et al.’s proposition
that these approximant consonants have V gestures was in the form of articulatory MRI

data and timing patterns, and this dissertation has argued that neither articulatory
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configurations nor extrinsic structures are what distinguish vowels from consonants. Thus,
it’s also possible that both of the gestures of /w/ (and /1/ and /1/) are C gestures, and the
dorsal gestures in these consonants simply have very open constriction degree targets.
Resolving this question will require further investigation into the variances and feedback
responses of these consonants and related vowels.

If /w/ does indeed utilize a V gesture, then the close phonetic similarity and
phonological relationship between /w/ and /u/ has an obvious source: a shared gesture, or
at least, presumably a very similar one. Given that /w/ in some languages alternates or
interacts with /o/ as well as /u/, the exact parameters of the V gesture of /w/ may vary,
but simply having a V gesture at all may allow approximant consonants to engage in
distinct phonological relationships and interactions with vowels.

However, if /w/ does not have a V gesture, then this “shared gesture” explanation is
not available, and regardless, it certainly is not available for /j/ and /i/. There’s little
reason to propose the presence of a V gesture in /j/ and to my knowledge, no such
proposal has ever been made (except, perhaps, by Nevins & Chitoran 2008, though in terms
of designated articulators rather than in terms of gestures). Thus, the phonetic similarity
and phonological relationships between /j/ and /i/ cannot come from a shared gesture.
Some have argued in the framework of Unified Feature Theory that front vowels share a
coronal place feature with coronal consonants (e.g., Clements 1991, Clements & Hume
1995), but others have contested this (e.g., Goad & Narasimhan 1994), and regardless,
there is no direct representation of place in formant gestures as ['ve proposed them. The
relationships between /j/ and /i/ may simply arise because the spatial goals of the glide’s C

gesture happen to create the acoustic properties that are the goals of the vowel’s V gesture,
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and vice versa.

In general, glides (at least, phonemic/consonantal glides) should characteristically
utilize a C gesture (in the sense proposed here), while their counterpart high vowels utilize
a V gesture. Though there may be additional similarities between them in some cases, as
with the possible V gesture of /w/, the general relationship between high vowels and glides
is a consequence of the fact that the effects of their gestures are complementary: a glide’s C
gesture creates vowel-like acoustic effects, and a high vowel’s V gesture creates glide-like
spatial effects. No other class of consonants has such a relationship to any vowels.

Glides and vowels will additionally tend to be different in the ways they coordinate
to other gestures in a syllable. Glides will prefer syllable margins, and vowels syllable
nuclei; glides will tend to coordinate in-phase with following vowels and anti-phase with
other consonants, while vowels will coordinate in-phase with all onset consonants and
anti-phase (or competitive) with other vowels. This will yield temporal differences
between glides and vowels as those observed in Burgdorf & Tilsen 2021a.

Vowels in some languages, however, can also occupy syllable margins, creating
allophonic glides. These glides will be composed of the same V gesture as their
complementary vowel. That is, the V gesture of an allophonic glide is coordinated to other
gestures in the syllable in the way that a consonant normally would be. Phonemic and
derived glides are shown in Figure 5.4.

Though the gestures for these glides are coordinated to the rest of the syllable in the
same way and result in very similar surface productions, they retain an underlying intrinsic
difference in their goal variables, a difference which could be targeted by phonological

processes like vowel harmony.
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@0

Lips Lips | closure

B Vel | open

el - - Form | :21':?; | ;

Form | F1 high, F2 mid | | F1 high, F2 mid |
/mja/ [mja] /mia/ [mja]

Figure 5.4. Coupling graphs and gestural scores for phonemic (left) and derived (right)
glides. The derived glide is composed of a vocalic/formant gesture, coordinated in the
manner of an onset consonant.

5.4.2 Altered feedback responses

As discussed in the last section, the domain of the functional goals of a gesture will
naturally result in sensory target maps that are relatively more precise in that domain, and
this in turn will result in an effective prioritization of that domain for the gesture in
question. Both auditory and somatosensory feedback will be monitored for all speech
sounds, but the less prioritized domain will be more permissive of variation, while the
prioritized domain will be more sensitive to deviation from the sensory target map.

With this in mind, some notable results of the GV-Feedback experiment discussed in
Chapter 4 can now be understood. The relevant results are these: (1) participants with
short vowels tended to compensate more for /i/ than for /j/; (2) /j/ was often slower to
respond to the alteration; (3) /i/ was overall better than /j/ at returning to its baseline in
the post-alteration period; and (4) /i/ was more likely than /j/ to show changes in duration
or in the shape of the formant trajectories, while /j/ was more likely than /i/ to show
changes in timing.

The first result was the originally predicted behavior. When /i/ was short enough
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for the applied alteration to have the intended effect, an equivalent effect on /i/ and /j/, /i/
compensated more. Because the functional goal of the C gesture for /j/ is a spatial
configuration, the somatosensory target map (around the tongue body) for /j/ is more
precise than the same map for /i/. Thus, /i/ had more freedom to correct the altered
auditory feedback before it would generate errorful somatosensory feedback, and so its
compensation was more complete.

The second and third results, that /j/ often took longer to respond to the alteration
than /i/ and that /i/ was better than /j/ at returning to baseline in the post-alteration
period, are related, in that they are consequences of the same effect. The auditory target
map for /i/ is more precise than the same map for /j/, and therefore less permissive of
deviation. The minimum auditory alteration required to generate an error signal is smaller
for /i/ than for /j/, so that during the ramp period of each block, as alteration was
increased, errors would be detected earlier in the block than for /j/. Additionally, while the
full amount of alteration was undoubtedly enough to generate error signals for both, the
magnitude of the error signal likely remained greater for /i/ throughout the block, though
it would be a matter for further investigation to determine how significant such a
difference might be. The faster and greater error signal generated for /i/ could drive the
vowel to respond more quickly and more completely both to the original alteration and to
its sudden absence, while the later and lesser error signal generated for /j/ might be
slower to drive corrective adjustments to both the original alteration and its absence.

The fourth result was that /i/ was more likely than /j/ to show changes in duration
or in the shape of the formant trajectories, while /j/ was more likely than /i/ to show

changes in timing. This result is more interesting, and can also be interpreted in light of
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domain prioritization. Like the first result, this derives from the different
precision/permissiveness of the somatosensory target maps of the two segments, but here,
it must be remembered that the sensory target maps are not instantaneous snap-shots of
formants and vocal tract configurations, but are time-varying expectations that also contain
dynamic and durational information. The temporal information in the target maps for /i/
(and for longer segments in general) may be relatively imprecise, permissive of durational
variation and of small dynamic fluctuations in formant values, so that, just as /i/ is more
free than /j/ to vary its articulation, it is also more free to vary its duration before
generating error signals. /j/, without so much freedom to vary any intrinsic properties like
duration or articulatory targets, may instead resort to extrinsic tactics to repair the
infelicitous feedback with adjustments to its timing relative to other segments.

One interesting path for future altered feedback experiments would be to more
closely examine responses of /i/ and /j/ to much smaller alterations, and explicitly test the
prediction that a larger alteration may be needed to trigger an error signal and thus
compensation in /j/ than in /i/. ] am not aware of any existing research that attempts to
gauge the minimum alteration necessary to trigger a compensatory response—i.e., that
attempts to measure the precision/permissiveness of the auditory target map.

In these ways, the disparate and, in some cases, unexpected results of the GV-

Feedback experiment can be unified under the Domain Prioritization Hypothesis.

5.4.3 Variance patterns
In the GV-Imitation data, and subsequently also in the GV-Feedback data, it was

found that vowels (or more vowel-like productions) had lower variances in acoustic
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variables than glides (or more glide-like productions), and that glides had lower variances
in articulatory variables. This observation formed the seed of the Domain Prioritization
Hypothesis, and with reference to the AP/TD implementation of that hypothesis proposed
here, it can now be fully explained.

As noted in Section 5.2, vocalic gestures can utilize the vocal tract more holistically
than consonantal gestures. They do this by employing all of the oral articulators rather
than only a subset of them and by attending to the entire posture of each articulator rather
than only the point that forms a constriction. While the point-focused use of articulators is
ideal for consonants to achieve their goals (constriction locations and degrees), the holistic
use of articulators allows vowels to instead achieve target resonances. In a glide or any
other consonant, this means that the C gesture imposes a degree of spatial precision in the
one part of the oral tract that concerns it, yielding precision in articulatory measurements
(which, naturally, are generally concerned with just that same part of the oral tract);
meanwhile, the rest of the oral tract is less constrained and will therefore show more
variability from utterance to utterance, and this will result in variability in the acoustic
output (particularly in the formants, which depend on the whole vocal tract holistically, as
opposed to less holistic acoustic correlates of consonants like VOT). In a vowel, just the
opposite is true: the V gesture imposes a degree of precision on the formants, but these
acoustic targets might be achieved with slightly different vocal tract arrangements from
utterance to utterance and no localized part of the vocal tract will show the same
constrained articulatory precision that’s seen with a C gesture.

In other terms, the precision and permissiveness of the sensory target maps

associated with any segment will constrain or allow different kinds of variability in
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realization. Consonants, with high precision in their somatosensory target maps, are
realized with high precision in the spatial configuration of the articulators around the point
of constriction, a precision that isn’t matched by vowels even if those vowels are otherwise
very similar in articulation. Vowels are instead realized with high precision in their

formants, to match the high precision in their auditory target maps.

5.4.4 Case studies: Phonemic and allophonic glides

Section 2.2 gave an overview of several languages that challenge previous
phonological accounts of glides. Some of these languages, Karuk, Sundanese, and Pulaar,
did so by virtue of the fact that they contain both phonemic and allophonic glides, as
identified by Levi (2008). That is, some of the glides that occur in surface forms in these
languages are consonant phonemes, and others are allophones of vowels. The two kinds of
glide behave differently in certain phonological processes in each language.

The data from Karuk are repeated in (8-9) below. Allophonic glides [w j] are shown
in (8), where they are either adjacent to the low vowels /a/ (8a-c) or followed by a another
higher vowel (8d-f). The phonemic glide /w/ is shown in (9); this segment must
underlyingly be a glide because it follows high vowels, whereas (8d-f) show that when two

high vowels are adjacent, it is the first, not the second, that becomes a glide.

(8) Derived glides in Karuk

a. /tfakai/ - [tfakaj] ‘to be disgusted by’

b. /tfupiau/ - [tfupjaw] ‘to sort’

c. /taiau/ - [tajaw] ‘to choose’

d. /imuira/ - [imwira] ‘fishery’

e. /imiuha/ - [imjuha] ‘soap plant’

f.  /suniiBih/ — [sunjiBih] ‘nut of a giant chinquapin’
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(9) Phonemic glide in Karuk
a. /uiriwsaw/ — [wiriwfaw] ‘to bequeath to’
b. /apiw/ - [tapiw] ‘to seek’
c. /tiw/ - [tiw] ‘to die’

Levi identifies further evidence of the phonemic status of /w/ in boundary
alternations and vowel harmony. Similarly, Sundanese distinguishes phonemic and
allophonic glides in that only the former block nasal harmony, and Pulaar’s phonemic and
allophonic glides can be distinguished in processes of consonant gradation, vowel
harmony, and vowel epenthesis. For all three languages, these differential behaviors
indicate that the two kinds of glides must be representationally, intrinsically different from
each other, so that one and not the other can be targeted by any given phonological
process.

The different functional goals proposed in this chapter for consonantal and vocalic
gestures offer just such an intrinsic difference. Vowel harmony in Karuk and Pulaar targets
segments with formant goals, and is blind to segments without such goals; nasal harmony
in Sundanese is blocked by segments with oral constriction goals, but spreads across
segments without; etc. In general, in any language in which extrinsic coordinations are not
sufficient to account for the behavior of vowels and glides, C and V gestures as proposed

here offer an intrinsic difference.

5.4.5 Case study: Shan
The next language discussed in Section 2.2 was Shan, which exhibits asymmetric
patterning of its (phonemic) glides. This was most apparent in the process of glottal stop

epenthesis: glottal stops are appended word-initially to words that begin with vowels and
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words that begin with /w/, but not to words that begin with /j/ or other consonants, so
that /w/ appears to be more “vowel-like” in some way than /j/. The data are repeated here

in (10).

(10) Word-initial glottal stop epenthesis in Shan

a. /an’/ - [2an’] read
b. /en?/ - [?2en?] ‘run’

c. /ig5/ - [?in°] ‘slightly’

d. /o*an>/ - [?0%*an?] ‘small’

e. /wap>/ - [?wan?] ‘village’

f. /wun*tcaw?*/ — [?wun*tgaw?]  ‘monk’

g /iin®/ - [jin3], *[?jin3]  ‘I/me (humble)’
h. /jaw?/ - [jaw?], *[?jaw?] ‘big’

To account for this pattern, it is not enough to distinguish glides from vowels. /w/
must also be distinguished from /j/.

As noted above, while /j/ is composed of a single C gesture, /w/ is composed of two
gestures, one of which might be a V gesture. The presence of a V gesture in /w/ could be
precisely what allows it to be targeted by glottal stop epenthesis: the process looks for
words in which the first segment has a vocalic gesture. Thus, vowels and /w/, and not /j/.

There is a potential complication in that /w/ is not the only consonant in Shan that
has been proposed to have a vocalic gesture: Shan also has an /1/, which Gick et al. (2006)
would argue has a vocalic [0]-like gesture, and which is not targeted for word-initial glottal
stop epenthesis. It’s possible that, in Shan, /w/ and not /1/ has a V gesture, in which case
the solution to the glottal stop epenthesis data is simple, but it might also be that both or
neither of /w/ and /1/ have V gestures, in which case, the solution may be more

complicated. A more detailed analysis of the approximants of Shan would be necessary to
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determine what approach might be most appropriate. Regardless, it is certainly possible,
with the understanding of glides and of C and V gestures developed here, to draw

significant phonological differences between /j/ and /w/.

5.4.6 Uncommon glides

Finally, Section 2.2 made note of several uncommon but attested kinds of glides:
labiopalatal, velar, pharyngeal, and geminate glides. These glides posed problems for
previous approaches to glides that relied on designated articulators or on short duration,
but none of them pose any trouble for the domain prioritization approach.

There are several possible gestural compositions for the labiopalatal glide. It might,
of course, be composed of three consonantal gestures, one each labial, palatal, and dorsal.
If, however, Gick et al. (2006) are correct in characterizing the less-prominent gestures of
multi-gestural approximants as vocalic gestures, then this glide can be composed of two
gestures, one C and one V, rather than an unwieldy three.

With a V gesture, it might be composed of a palatal C gesture and an /u/-like V
gesture, or a labial C gesture and an /i/-like V gesture. Either way, the V gesture
contributes a dorsal component. Which of these is appropriate might be predicted by the
nature of other phonological contrasts in the language: for instance, a series of rounded
front vowels with labial C gestures might suggest that the labiopalatal glide, too, have a
labial C gesture. Alternatively, the correct gestural decomposition might be determined by
the nature of the lip-rounding involved in the glide: compressed lips would suggest thata C
gesture has primary control of the lips, and hence that the glide is composed of a labial C

gesture with an [i]-like V gesture, while protruded lips in the glide would suggest instead a
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palatal C gesture with an [u]-like V gesture.

The other rare glides are simpler. The velar and pharyngeal glides should each be
composed of a single C gesture like /j/, a tongue body gesture for the velar glide and a
pharyngeal gesture for the pharyngeal glide. Geminate glides of any place, of course, are
simply C gestures with extra duration; being C gestures, they remain intrinsically distinct
from vowels despite the phonetic similarity created by that extra duration.

[ have thus demonstrated that the various findings concerning vowels and glides
discussed throughout this dissertation can be accounted for and unified with the idea of
domain prioritization as I've formalized it in the framework of Articulatory Phonology.
Consonantal gestures aim to achieve goals of vocal tract configurations, while vocalic
gestures aim to achieve goals of formant structure, and these different functional goals lead
to differences in the precision and permissiveness of feedback expectations in different
sensory modalities. Chapter 6 will conclude with a brief discussion of further possible

implications and uses of domain prioritization and avenues of future research.
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Chapter 6: Further Avenues of Research

This dissertation has presented an array of evidence in support of the Domain
Prioritization Hypothesis, and has formalized this hypothesis in the framework of
Articulatory Phonology / Task Dynamics. This work, however, represents only a first step.
Because this hypothesis concerns something so fundamental as the consonant/vowel
distinction, it has many further potential uses and implications that I have not been able to
address here. This chapter will briefly overview some of the most compelling avenues for

future work.

6.1 Other consonants and sonority

The experiments and case studies discussed here have focused on glides, as their
close relationship to vowels allowed for compelling comparisons. However, the Domain
Prioritization Hypothesis—that domain prioritization is what underlies the entire
consonant/vowel distinction, not merely the glide/vowel distinction—remains to be tested
for other consonants. Similar patterns with regard to precision and feedback responses
should be attainable with other consonants, though the degree to which the articulatory
domain is prioritized may vary; i.e., though all consonants would be expected to prioritize
articulation over acoustics, some consonants may still attend to acoustics more than others.

Liquids seem the obvious choice as the next consonants, after glides, to investigate,

as they are the next most vowel-like, but they may be more complicated. If it’s correct that
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liquids utilize both a C gesture and a V gesture, then the latter may allow for vowel-like
acoustic precision and feedback response. However, even if this is so, liquids would still be
expected to show greater articulatory precision than vowels thanks to their C gesture.

Nasals might also be reasonably compared to vowels, without the complication of
involving a V gesture of their own, though they are multi-gestural (composed of an oral
consonantal closure gesture and also a velum lowering gesture). They would be expected
to show more articulatory precision than vowels, less acoustic precision (in their formants
or, perhaps, their anti-formants), and less response to altered acoustic feedback.

Obstruents, of course, would be more difficult to compare to vowels, as they are
characterized by categorically different properties (e.g., closures and turbulence as
opposed to openings, silences and spectral tilt as opposed to formant structure, etc.).
However, if expected results are found for liquids and/or nasals, that alone will offer some
support for generalizing domain prioritization from glides to consonants more broadly.

In addition to simply examining consonants other than glides for evidence in
support of the Domain Prioritization Hypothesis, the hypothesis as presented and modeled
in this dissertation may be able to shed light on other consonants, particularly with regard
to sonority. A course-grained sonority scale would generally place liquids as the most
sonorous consonants, then nasals, then fricatives, and finally stops; notably, there is a
matching progression in the acoustic properties of these segments, from full vowel-like
formants in liquids to weaker formants and anti-formants in nasals, to noise in fricatives, to
silence in stops, so that each step in the scale offers less for the cognitive system to work
with in the way of auditory feedback. It may be that sonority is directly associated with the

precision of the auditory target map for a speech sound, so that more sonorous sounds
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generally are able to attend more to auditory feedback (even if not prioritizing it over
somatosensory feedback), while less sonorous sounds increasingly prioritize articulation
and rely on somatosensory feedback.

Sibilants constitute a particularly interesting class. Sibilant fricatives have been
found to compensate for alterations to their spectral center of gravity in AFP experiments
(e.g., Shiller et al. 2007), and are the most often distorted consonants in the speech of post-
lingually deafened speakers (Cowie & Douglas-Cowie 1983); it thus seems likely that, as a
class, sibilants attend more to acoustics than other obstruents do, presumably with more
precise auditory target maps. In some languages, some sibilants even appear to use lip-
rounding in potentially a similar way to vowels: in English, for instance, /[/ is often
accompanied by lip-rounding, which serves to lower its spectral center of gravity and
further distinguish it from /s/. Thus, in some ways, sibilants appear surprisingly vowel-
like, but they are certainly still obstruents. The relevant parameter in their auditory target
maps would not be formant structure as for vowels, but spectral center of gravity, and this
may be represented and processed in the cognitive system in a different way than
formants. Investigation into the roles of the articulatory and acoustic domains in sibilants
might be able to shed light on their gestural compositions and underlying functional

parameters.

6.2 Syllable structure and syllabic consonants
The Domain Prioritization Hypothesis has allowed me to model a meaningful
functional difference between consonantal and vocalic gestures: their goals are defined in

different functional spaces, abstractions of the spatial vocal tract and of acoustic formant
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structure, respectively. Now that we have such a meaningful difference between C and V
gestures, we can use it to explain their different patterns of coordination in larger gestural
structures.

What we know about a typical syllable can be summarized in a few points: (1) it will
have a vocalic nucleus; (2) onset consonants will be coordinated in-phase to the vowel and
anti-phase to each other; (3) coda consonants will also be coordinated anti-phase to each
other, and the first of them will be coordinated anti-phase to the vowel. We can derive
these coordination patterns by making one key proposition: gestures whose goals reside in
the same functional space prefer to be coordinated anti-phase, and gestures whose goals
reside in distinct functional spaces (spatial versus acoustic) prefer to be coordinated in-
phase. In other words, opposites attract: gestures in the same functional space repel each
other, but gestures in distinct functional spaces are attracted to each other.

Thus, clustered consonants, whether in onset or in coda, will establish anti-phase
coordinations with each other because their goals are defined in the same functional space
abstracted from the vocal tract. Similarly, clustered vowels (i.e., diphthongs) will utilize
anti-phase coordinations. When consonants and vowels are combined, they preferentially
coordinate in-phase, resulting in the universal simplicity of the CV syllable and the
preference for onsets over codas. It's interesting to note as well that those cases where we
typically see anti-phase coordination are also where we might sometimes see competitive
selection; it has been observed, for instance, that both anti-phase coordination and
competitive selection can be utilized in onset clusters (e.g., Tilsen et al. 2012). This might
be framed by saying that gestures with shared functional spaces sometimes repel each

other so strongly that they fail to coordinate at all.
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The natural tendency of vowels to be the nuclei of syllables may simply derive from
a preference in the cognitive system to have acoustic goals in syllable nuclei. Work by
Ohman (e.g., 1966) has suggested that consonants and vowels utilize different “channels” in
speech production, and that speech can be thought of as an unbroken series of vowel
targets with consonants superimposed; in terms of domains, it might be that there is a
preference to usually or always have some acoustic/auditory target active, onto which
other gestures can be coordinated. There could perceptual motivations for this: vocalic
gestures will tend to be realized with greater duration and intensity than consonantal
gestures. In this way, the vocalic gesture becomes the nucleus off of which all else is built.

“Opposites attract,” and the corollary “like repels like,” are obviously not absolute
rules for gestural coordinations. With codas, opposites repel: the coda C gesture is
coordinated anti-phase, not in-phase, with the vowel. Even if this is more marked than
onset consonant coordinations, it’s still quite common. Additionally, there are cases of like
gestures coordinating in-phase. This can be seen, for instance, in allophonic glides: though
the glide’s gesture is vocalic and its goals are acoustic, it coordinates in-phase with the
nucleic vowel (and anti-phase with any consonants in the onset). It might be argued that
its unusual coordinations are a result of allophony and are therefore a marked exception to
the “like repels like” rule, but there are also cases of such coordinations without allophony:
syllabic consonants. A syllabic consonant takes the position in a gestural constellation that
is normally defined by the nucleic vowel, and generally, syllabic consonants are
unpredictable. Onsets coordinate in-phase to them, and codas (if present) anti-phase.

It's often thought that the most readily syllabified consonants are liquids (e.g.,

Anderson 2018). Though further experimental evidence would still be useful,
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syllabifiability of liquids might be taken as phonological evidence in favor of Gick et al.’s
(2006) characterization of liquids as utilizing vocalic gestures: if they have a V gesture, then
that gesture, rather than the C gesture, might act as the nucleus of the syllable’s gestural
constellation, so that the preferred coordination patterns are maintained.

However, Kramer & Zec (2020) presented data showing that cross-linguistically,
syllabic liquids are actually much less common than anticipated, and syllabic nasals are
much more common. They argue that there are two kinds of nasals, high-sonority nasals
(usually seen in nuclei and codas) and low-sonority nasals (usually seen in onsets), and
that the former are unspecified for the feature [+continuant]. The difference between
these nasals might also be realized as a difference of functional goals, if low-sonority nasals
have the typical consonantal functional goals of constriction location and degree while
high-sonority nasals additionally have some acoustic functional goal, perhaps concerning
anti-formants. With or without different or additional functional goals, these nasals might
differ in their sensory target maps, with the auditory targets of high-sonority nasals being
more precise than those of low-sonority nasals.

Though much less common, obstruents have also been attested in syllabic position.
Kramer & Zec note several languages for which sibilants are the only syllabic consonants,
making syllabifiability another way in which sibilants can be surprisingly vowel-like, but
even noncontinuant obstruents can be syllabic in some languages, most notably in
Tashlhiyt Berber (e.g., Dell & Elmedlaoui 1985). (The one kind of consonant that, to my
knowledge, has never been attested in syllabic position is glides, and there is a very
obvious reason for this: a syllabic glide would presumably be perceptually

indistinguishable from a vowel.) Thus, it seems that acoustic functional goals and precise
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auditory targets are not required in the nucleus, but are highly preferred. Even for
consonants without acoustic functional goals, being utilized as the nucleus of a gestural
constellation may impose certain constraints, such as sufficient duration, and may cause
the cognitive system to attend more to auditory stability and feedback than it normally
would for that consonant, perhaps even to the extent that syllabic allophones of consonants
generally develop more precise auditory target maps than their non-syllabic instantiations.
It could be interesting to investigate the precision of the acoustic properties (formants,
anti-formants, spectral tilt, etc.) of syllabic versus non-syllabic consonants, and to
investigate whether gestural coordinations and timing effects in a syllable with a
consonantal nucleus are observably different from those of a syllable with a vocalic
nucleus. Pouplier & Berus (2011) have already found that syllables with syllabic liquids in
Slovak display less gestural overlap than syllables with vocalic nuclei, but many questions

about syllabic consonants remain.

6.3 Complex segments

Domain prioritization, as initially conceived, applies to segments: consonants
prioritize the articulatory domain, and vowels prioritize the acoustic domain. As
formalized in the AP/TD framework, however, it applies to gestures: C gestures have
spatial goal variables, and V gestures have acoustic goal variables. These are essentially
equivalent for single-gesture segments, but what of complex segments?

It has already come up several times that liquids and /w/ have been proposed to
have one C gesture and one V gesture (Sproat & Fujimora 1993, Gick et al. 2006, etc.), but

these are not the only multi-gestural segments (disregarding nasal and glottal gestures).
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There is a broad class of consonants with so-called “secondary articulations” (such as
palatalization), as well as less common double consonants (such as /kp/) and vowels that
might be analyzed as multi-gestural (such as rounded front vowels, as discussed in Section
5.2).

Gick et al. (2006) make an interesting distinction between the liquids they are
interested in and segments with phonologically secondary articulations. Unfortunately,
they do so only implicitly, in discussing why they’ve selected certain liquids from certain
languages for their study: “While there are many other cases [besides the Korean liquid] of
liquids with palatal components in the world’s languages, many of these involve
palatalization only as a secondary component (e.g., as part of a more general palatalized
series, or only in palatalizing contexts), which may affect gestural timing relationships" (p.
52). They offer as an example of a liquid with a “secondary” component Serbo-Croatian’s
palatalized /1/. Their distinction, made explicit, would seem to be this: the liquids in which
they are interested have two gestures of equal phonological status, whereas the gestures of
liquids (and other segments) with “secondary” articulations are phonologically unequal.

This is a deviation from a more traditional understanding of secondary articulations.
Ladefoged & Maddieson (1996) state that “the standard phonetic definition of a secondary
articulation is that it is an articulation of a lesser degree of stricture accompanying a
primary articulation of a higher degree” (p. 354) and refine this by suggesting that
secondary articulations should always be “approximant-like.” Dark /1/ serves as their
prime example of velarization. Similarly, Van De Weijer (2011), in discussing several
decades of work on secondary articulation, groups consonants that Gick et al. would

identify as having “secondary” components, such as /k"/, together with liquids like dark
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/1/, given as /1¥/. Atleast since SPE (Chomsky & Halle 1968) such a grouping has been
common. A distinction is generally made between “secondary” articulations (i.e., unequal
phonological status) and “double” articulations (i.e., equal phonological status), but only
articulations of the same constriction type (e.g., two stop closures) are taken to be
phonologically equal.

Secondary articulations, from SPE through feature geometry and into Dependency
and Government Phonology, are generally taken to be “vocalic” in nature, instances of
vocalic features superimposed onto consonants (Van De Weijer 2011). In this, at least, Gick
et al. seem to agree with previous work, since they take the dorsal gestures of liquids to be
vocalic gestures. The disagreement seems to be on the phonological status—equal or
unequal—of these gestures relative to the primary or consonantal gesture. This is

summarized in Table 6.1.

SPE, etc. Gick etal. 2006
secondary palatalization, latalizati
_ . palatalization,
phonologically labialization, etc. labialization, etc.
unequal /1/,dark /1/, etc.
b do;lbl_e I double st licks. et double stops, clicks, etc.
ouble stops, clicks, etc.
P Onfqﬁiica y P /1/, dark /1/, etc.

Table 6.1. Complex segments, as traditionally understood and as implied by Gick et al.

Gick et al. (2006) would presumably posit that double stops and liquids can be
further distinguished by their gestures, with the former utilizing two C gestures while the
latter utilize one C and one V gesture, but, except to briefly note the possibility of timing
differences, they do not make any claims as to what makes a gesture “secondary” or what

makes the vocalic gestures of liquids like dark /1/ non-secondary. In the traditional
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approach, secondary articulations are secondary simply by virtue of being less constricted
or vocalic, but this explanation is not available to Gick et al. if the liquids employ non-
secondary V gestures.

Though they don’t identify its source, the distinction Gick et al. make between
secondary articulations and complex liquids does seem to be a meaningful one. Van De
Weijer (2011) notes that the relationship between vowels and secondary articulations like
palatalization is often evidenced historically and phonologically: such articulations can
arise historically from plain consonants adjacent to certain vowels, and they sometimes
interact with phonological processes like vowel harmony. This, however, does not seem to
be so true for the complex liquids: segments like /1/ and dark /1/ are quite common cross-
linguistically without any such historical or phonological properties, and they often occur
in languages that otherwise lack secondary articulations, whereas palatalization,
labialization, etc. generally occur in series.

Though it is beyond the scope of this dissertation to investigate the matter, I will
suggest a way of modeling “secondary” phonological status that could neatly account for
these patterns and also incorporate multi-gestural vowels: through gestural coordination.
In any complex segment, the two gestures should generally be coordinated in-phase to each
other, but in a segment whose gestures are of “equal” status, both gestures coordinate to
other gestures in the gestural constellation, while in one with a “secondary” articulation,
only the “primary” gesture coordinates to other gestures. The secondary gesture does not
coordinate to anything except the segment’s primary gesture, so that it is left floating at the
periphery of the constellation. This is illustrated in Figure 6.1.

For most of these complex segments, the matter of segment-level domain
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PR T

Ipjal / kpa/ /pial Ial Ityl
Figure 6.1. Hypothesized coupling graphs for syllables with various complex segments.
The nucleic gesture for each syllable is given a bold outline. The non-coronal gesture for
dark /1/ is represented as “2” (following Gick et al. 2002) and the rounding gesture for /y/
is represented as “v,” but these symbols are not meant to indicate any strong stance on my
part about the exact nature of these gestures.
prioritization can also now be addressed: segments with secondary gestures prioritize the
domain of their primary gesture. That is, the segment’s sensory target maps will be
weighted with more emphasis on achieving the goals of the primary gesture than those of
the secondary gesture. Thus, consonants with secondary V gestures still prioritize the
articulatory domain, and vowels with secondary C gestures still prioritize acoustics.

For segments with two equal gestures, if those gestures are of the same domain (as
in /kp/), then of course, that domain will be prioritized, with sensory target maps that
weight both gestures equally. If Gick et al. (2006) are correct about liquids, then we also
have segments composed of equal gestures of different domains. This might conceivably be
precisely what makes liquids a natural class. As for their domain prioritization, they are
certainly consonantal segments, so the C gesture appears to win out, but the readiness with
which they can be syllabified (as discussed in the last section) suggests that both domains
are well attended to, and perhaps that either domain might be prioritized depending on

syllable position.

Complex segments, both consonantal and vocalic, can now be neatly typologized, as
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shown in Table 6.2. Two equal consonantal gestures, C+C, will form a double consonant; a
consonantal gesture with a secondary vocalic gesture, C(+V), forms a consonant with
secondary articulation; C+V forms a liquid; and V(+C) forms a vowel with secondary
articulation. V+V and V(+V) segments are likely unattested because of their shared goals;
it’s possible for two C gestures to attain their goals simultaneously if those goals concern
different parts of the vocal tract, but it is not possible for two V gestures to attain their
goals simultaneously. (A possible exception: if vowels with mid formant targets are
analyzed as overlapping high and low gestures, then they would constitute V+V segments.
Whether such vowels should be considered complex in this way is beyond the scope of this

dissertation.)

Gestures Segment Type Examples
C+C double consonants & clicks kp kv
C(+V) C with secondary articulation p k"
C+V liquids at
V(+C) V with secondary articulation y (i%)

Table 6.2. Complex segments as proposed here. C gestures have articulatory goals, and V
gestures have acoustic goals. Parentheses indicate that a gesture is secondary (i.e., that it
does not coordinate to any other gestures except the segment’s primary gesture). /k"/ is
used to indicate a labialized velar of the secondary type, and /k"/ a labialized velar of the
non-secondary type (as in Mohawk), as discussed below, though both would usually be
written with /k%/.

C(+C) segments—i.e., consonants with consonantal secondary articulations—may
be unattested simply because, as proposed in the last section, gestures of opposing
functional spaces attract each other, so that two C gestures will both prefer to coordinate

in-phase with the nucleic vowel, whereas in a C(+V) segment, the vocalic gesture is repelled

from and prefers not to coordinate with the nucleic vowel. (For the same reason, V(+V)
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segments would be unpredicted even if vowels with mid formant targets are taken to be
complex V+V.) This is not to say, however, that consonants of different strictures cannot
coordinate together as C+C segments, and indeed, some segments traditionally understood
as utilizing secondary articulations—particularly, labialization—may be better understood
this way.

There is substantial evidence that there are two kinds of labialization. Ladefoged &
Maddieson (1996) note that labialization usually, but not always, co-occurs with
velarization, and Hall (2011) shows that there are two kinds of labialization typologically,
as well: one which applies rounding contrasts to consonants of all or nearly all places in an
inventory, thus fulfilling the principle of feature economy (Clements 2003), and one which
preferentially occurs on dorsal consonants to the exclusion of coronals, often forming only
a single labialized consonant in the entire inventory (as, for instance, in Mohawk,
Comanche, and Dani, Hall 2011). Hall frames the difference by saying that the former “is
represented as a vocalic articulation” (in a feature geometric framework, p. 203), but that
for the latter, “its secondariness is underspecified” (p. 203), so that the /k"/ in languages
like Mohawk is less a labialized velar than a labiovelar.

It might be that the two kinds of labialization are realized by different gestures: one,
with a secondary /u/-like V gesture, which displays “velarization” in the role of the tongue
body and which readily attaches to most or all consonants in an inventory; the other, with a
labial C gesture which lacks velarization, which coordinates to another (usually dorsal)
consonantal gesture in a more marked, primary fashion. Thus, Hall’s characterization of
“underspecified secondariness” can be interpreted to mean something like “secondary in

the traditional sense by virtue of being less constricted, but primary in the sense of being of
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equal phonological status.”

6.4 Oral vs. laryngeal articulators

There is one further point of interest to be noted for future investigation. In Section
5.2, the different gestures of AP were summarized thusly: C gestures have
spatial/articulatory goal variables; V gestures have acoustic goal variables and utilize oral
articulators; and T gestures have acoustic goal variables and utilize as-yet-uncertain non-
oral articulators. If T gestures should ultimately be understood as utilizing laryngeal
articulators, and if the distinction of V and T gestures on the basis of their articulators is
meaningful, then the question must be asked: can C gestures also be meaningfully divided
on the basis of their articulators?

The gestures of AP could then be arranged as shown in Table 6.3. Laryngeal
articulatory gestures would include all those gestures associated with voicing, aspiration,
phonation, etc., which, like vocalic gestures, have not been thoroughly investigated in AP,
largely for the same reason that Gao was unable to include the laryngeal control of tone in
her model in any meaningful way: we simply don’t yet have detailed enough articulatory
data on the workings of the larynx.

Such a division of oral and laryngeal consonantal gestures would seem to mesh well
with the fact that laryngeal articulations do not only occur in coordination with oral C
gestures to control the voicing of consonants, but are also used in several other ways,
including prosodically (e.g., phrase-final creaking), for contrastive register on vowels, and
in tandem with pitch-control in lexical “tone” in many languages. It also offers an

explanation for why consonants with glottal gestures are not generally considered
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Goal Domain
Articulatory Acoustic
C Gestures
V Gestures
consonantal .
—_ vocalic
o
o spatial targets: .
p o lg . acoustic targets:
2 constriction location,
S L F1,F2,F3
= constriction degree
=
2 ?
£ ) T Gestures
< | = phonation
T tone
=
> spatial targets: .
o acoustic targets:
— glottal aperture, FO
cricothyroid angle, etc.

Table 6.3. A classification of AP gestures by domain prioritization and articulators. “Goal
Domain” refers to the nature of the gesture’s functional goals.
complex, and the glottal gestures themselves are not generally considered “secondary,” in
the sense discussed in the last section. In general, there may be a strong argument to be
made that phonation should be considered distinct from oral consonantal gestures. This,
however, is a matter for future work, pending better understanding of laryngeal
articulations.

One other question that would remain, with such a typology of gestures, would be
where the velum lowering gesture used in nasal segments should fit into things. Perhaps a
general “non-oral” category rather than specifically “laryngeal” would be appropriate, or

perhaps this gesture should be considered unique.

6.5 Conclusion

The consonant/vowel distinction is one of the most fundamental phonological
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distinctions in spoken language, but it has proved surprisingly difficult to capture in
phonological theory. From SPE to AP, the distinction has often been taken so for granted
that there’s been little to no attempt to explain it. When it has been addressed, previous
accounts have generally attributed the difference to either constriction degree or syllable
position, both of which allow for strong generalizations, but neither of which is
exceptionless.

This dissertation has presented the Domain Prioritization Hypothesis: that
consonants prioritize the articulatory domain, vowels prioritize the acoustic domain, and
this difference of domain prioritization is what underlies the C/V distinction. This was
investigated with a specific focus on glides, the most vowel-like consonants, and supported
with two kinds of experimental evidence. First, it was found that glides have greater
precision in articulatory properties than vowels, while vowels have greater precision in
acoustic properties than glides. Second, it was found that /i/ may be better able to
compensate for and recover from altered acoustic feedback than /j/.

The hypothesis was then formalized in the framework of Articulatory Phonology /
Task Dynamics by introducing an expansion of the functional spaces in which gestural
goals can be represented into multiple sensory modalities: the goal variables of consonants
are abstractions of articulatory constrictions, but the goals variables of vowels are
abstractions of acoustic formant structure. Formant gestures utilize the vocal tract
holistically, employing all oral articulators to best achieve target resonances.

This approach is able to explain the experimental results and also to account for
cross-linguistic glide data that have proved difficult for previous approaches. This is,

however, only a first step in understanding the roles domain prioritization may play in
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phonology, not only in the C/V distinction but also in syllable structure and complex

segments. Many intriguing issues remain to be investigated.
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Appendix: Individual GAM Results in the GV-Feedback Experiment

For each participant in the GV-Feedback experiment who was not excluded from
analysis, this appendix shows their GAM results. All participants are plotted to the same
scale.

The first figure shows their fits for F1 and F2 in each condition. Solid blue and
orange lines indicate baseline fits for vowels and glides, respectively; dashed purple and
red lines indicate hold fits for vowels and glides, respectively; and dotted blue and orange
lines indicate post fits for vowels and glides, respectively.

The second figure shows the differences between relevant pairs of conditions, as
obtained with the plot diff function in the itsadug R package. Solid blue and orange
lines indicate the difference between baseline and hold fits for vowels and glides,
respectively. Dotted blue and orange lines indicate the difference between hold and post
fits for vowels and glides, respectively.

Model summaries are also provided.
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Figure A.1. GAM results for P1.
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P1 model summaries:

Formula: F1 ~ condition + s(time,
Parametric coefficients:
Estimate S
581.460
-5.916
-50.781
-214.011
-235.753
-221.670

(Intercept)
conditionglide final
conditionglide hold
conditionvowel baseline
conditionvowel final
conditionvowel hold

AR Nk k7

Signif. codes: 0 0.001

Approximate significance of smooth

s (time)
s (time)
s (time)
s (time)
s (time)
s (time)

:conditionglide baseline
:conditionglide final
:conditionglide hold
:conditionvowel baseline
:conditionvowel final 1
:conditionvowel hold 1

0 Yx*xKT! Yk k!

Signif. codes: 0.001

R-sg. (adj) 0.941
fREML 1.2655e+05

Deviance exp
Scale est. =1

Formula: F2 ~ condition + s(time,
Parametric coefficients:
Estimate S
1600.161
-3.893
-8.965
387.453
467.363
414.207

(Intercept)
conditionglide final
conditionglide hold
conditionvowel baseline
conditionvowel final
conditionvowel hold

0 VYxkKkkT! \k k!

Signif. codes: 0.001

Approximate significance of smooth

s (time
s (time
s (time
s (time
s (time
s (time

:conditionglide hold

:conditionvowel final
:conditionvowel hold

)
)
)
)
)
)

Signif. codes: 0 ‘Y***7 (0,001 ‘**’

R-sqg. (adj) 0.928
fREML 1.429e+05

Deviance exp
Scale est. 56

5
5
8.
9
1
3

:conditionglide baseline 7.
:conditionglide final 8.
10.
:conditionvowel baseline 10.
12.
14.

by = condition, k = 20)

td. Error t value Pr(>|t])
4.279 135.893 <2e-16 ***
7.061 -0.838 0.402
4.597 -11.046 <2e-16 ***
4.366 -49.017 <2e-16 ***
4.322 -54.550 <2e-16 ***
4.300 -51.546 <2e-16 ***
0.01 >’ 0.05 Y. 0.1 " 1
terms:
edf Ref.df F p-value
.089 6.308 3277 <2e-16 ***
.696 6.980 4716 <2e-16 ***
840 10.475 7506 <2e-16 ***
.392 11.431 2401 <2e-16 ***
.800 14.063 4916 <2e-16 ***
.830 16.082 8597 <2e-16 ***
0.01 Y’ 0.05 Y.’ 0.1 " 1
lained = 94.1%
515 n = 24896
by = condition, k = 20)
td. Error t value Pr(>|t])
15.038 106.405 <2e-16 ***
26.747 -0.146 0.884
15.488 -0.579 0.563
15.131 25.606 <2e-16 ***
15.084 30.984 <2e-16 ***
15.0061 27.502 <2e-16 ***
0.01 Y’ 0.05 Y. 0.1 v " 1
terms:
edf Ref.df F p-value
856 9.325 797.2 <2e-16 ***
523 9.754 770.1 <2e-16 ***
852 12.254 2335.0 <2e-16 ***
753 12.876 1985.8 <2e-16 ***
999 15.195 3759.8 <2e-16 ***
476 16.624 5827.3 <2e-16 ***
0.01 >’ 0.05 Y. 0.1 v " 1
lained = 92.8%
29.1 n = 24896
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P2 model summaries:
Formula: Fl1 ~ condition + s(time, by = condition, k = 20)

Parametric coefficients:
Estimate Std. Error t value Pr(>|t])

(Intercept) 528.969 5.782 91.483 < 2e-16
conditionglide final 53.419 10.071 5.304 1.14e-07
conditionglide hold 72.771 5.802 12.541 < 2e-16
conditionvowel baseline -18.130 5.854 -3.097 0.00196
conditionvowel final -24.048 5.819 -4.133 3.59e-05
conditionvowel hold -48.114 5.800 =-8.295 < 2e-16

Signif. codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 *.” 0.1 7

Approximate significance of smooth terms:

edf Ref.df F p-value
s (time) :conditionglide baseline 12.20 13.32 868.5 <2e-16 *
s (time) :conditionglide final 10.37 11.58 2209.2 <2e-1l6 *
s (time) :conditionglide hold 12.93 15.02 4609.8 <2e-16 *
s (time) :conditionvowel baseline 10.75 12.90 2206.1 <2e-16 *
s (time) :conditionvowel final 13.42 15.47 2455.8 <2e-16 *
s (time) :conditionvowel hold 14.17 16.43 4210.8 <2e-16 *

Signif. codes: 0 ‘***’/ (0.001 ‘**’ 0.01 ‘*’ 0.05 *." 0.1 7
R-sg. (adj) = 0.872 Deviance explained = 87.3%

fREML = 2.1254e+05 Scale est. = 2525.3 n = 39811
Formula: F2 ~ condition + s(time, by = condition, k = 20)

Parametric coefficients:
Estimate Std. Error t value Pr(>|t])

(Intercept) 1873.889 7.949 235.74 <2e-16
conditionglide final -264.285 18.120 -14.59 <2e-16
conditionglide hold -200.468 8.001 -25.06 <2e-16
conditionvowel baseline 252.099 8.133 31.00 <2e-16
conditionvowel final 175.191 8.041 21.79 <2e-16
conditionvowel hold 250.793 7.995 31.37 <2e-16

Signif. codes: 0 ‘***’ (0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.” 0.1 7

Approximate significance of smooth terms:
edf Ref.df F p-value

s (time) :conditionglide baseline 10.71 12.25 1288 <2e-16 ***
s (time) :conditionglide final 10.58 11.73 2430 <2e-16 **x*
s (time) :conditionglide hold 16.15 17.40 4666 <2e-16 ***
s (time) :conditionvowel baseline 13.33 15.30 3030 <2e-16 ***
s (time) :conditionvowel final 14.94 16.63 4240 <2e-16 **x*
s (time) :conditionvowel hold 16.28 17.99 7102 <2e-16 **x*
Signif. codes: 0 ‘***/ (0.001 ‘**’ 0.01 ‘*’ 0.05 “.” 0.1 “ 7
R-sqg. (adj) = 0.928 Deviance explained = 92.8%

fREML = 2.3737e+05 Scale est. = 8781.6 n = 39811
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P3 model summaries:

Formula: Fl1 ~ condition + s(time, by = condition,

Parametric coefficients:

k =

20)

Estimate Std. Error t value Pr(>|t])

(Intercept) 507.1588 0.694
conditionglide final 18.3391 0.915
conditionglide hold 13.2143 0.766
conditionvowel baseline -88.7807 0.896
conditionvowel final -57.9983 0.803
conditionvowel hold -56.3651 0.752

Signif. codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*

Approximate significance of smooth terms:

8 729.
0 20.
0 17.
4 -99.
1 =-72.
4 =74,
" 0.05

94
04
25
04
22
92

\

I4

<2e-16
<2e-16
<2e-16
<2e-16
<2e-16
<2e-16

0.1 v’

edf Ref.df F p-value

s (time) :conditionglide baseline 12.01 14.01 2743 <2e-16 **xx*
s (time) :conditionglide final 14.08 15.60 4381 <2e-16 ***
s (time) :conditionglide hold 15.34 16.67 9072 <2e-16 ***
s (time) :conditionvowel baseline 14.02 16.33 2819 <2e-16 **xx*
s (time) :conditionvowel final 15.95 17.79 6329 <2e-16 ***
s (time) :conditionvowel hold 16.00 17.77 9105 <2e-16 ***
Signif. codes: 0 ‘x**/ (0.001 ‘**’ 0.01 ‘*’ 0.05 *.” 0.1 '
R-sg. (adj) = 0.936 Deviance explained = 93.6%
fREML = 2.0792e+05 Scale est. = 1034.5 n = 42491
Formula: F2 ~ condition + s(time, by = condition, k = 20)
Parametric coefficients:

Estimate Std. Error t value Pr(>|t])
(Intercept) 1442.713 1.530 943.13 <2e-16
conditionglide final -43.187 2.005 -21.54 <2e-16
conditionglide hold -26.909 1.679 -16.02 <2e-16
conditionvowel baseline 247.768 1.942 127.58 <2e-16
conditionvowel final 165.690 1.750 94.66 <2e-16
conditionvowel hold 135.307 1.0647 82.17 <2e-16
Signif. codes: 0 ‘***’ (0.001 “**’ 0.01 ‘*’ 0.05 *." 0.1 '
Approximate significance of smooth terms:

edf Ref.df F p-value

s (time) :conditionglide baseline 13.93 15.53 2948 <2e-16 **
s (time) :conditionglide final 14.69 15.99 5888 <2e-16 **
s (time) :conditionglide hold 16.15 17.13 11742 <2e-16 **
s (time) :conditionvowel baseline 15.45 17.47 4083 <2e-16 **
s (time) :conditionvowel final 16.36 18.05 8907 <2e-16 **
s (time) :conditionvowel hold 17.10 18.41 12137 <2e-16 **
Signif. codes: 0 ‘***r (.001 ‘**’ (0.01 ‘** 0.05 “.” 0.1 “ 7
R-sqg. (adj) = 0.952 Deviance explained = 95.2%
fREML = 2.3972e+05 Scale est. = 4616.3 n = 42491
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Figure A.4. GAM results for P4.
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P4 model summaries:

Formula: Fl1 ~ condition + s(time, by = condition, k = 20)
Parametric coefficients:

Estimate Std. Error t value Pr(>]|t])
(Intercept) 673.457 2.850 236.284 < 2e-16 **x
conditionglide final 40.580 3.470 11.695 < 2e-16 **%*
conditionglide hold 16.093 3.186 5.051 4.42e-07 ***
conditionvowel baseline -218.227 4.217 -51.752 < 2e-1l6 ***
conditionvowel final -235.154 3.564 -65.989 < 2e-16 ***
conditionvowel hold -212.243 3.213 -66.063 < 2e-16 ***
Signif. codes: 0 ‘***’ (0.001 ‘**’ 0.01 ‘*’ 0.05 *.” 0.1 ¥’ 1
Approximate significance of smooth terms:

edf Ref.df F p-value

s (time) :conditionglide baseline 9.105 11.16 497.40 <2e-16 ***
s (time) :conditionglide final 11.948 14.19 891.64 <2e-16 ***
s (time) :conditionglide hold 13.777 16.05 1337.76 <2e-16 ***
s (time) :conditionvowel baseline 8.101 9.92 81.78 <2e-16 ***
s (time) :conditionvowel final 8.589 10.52 51.03 <2e-16 ***
s (time) :conditionvowel hold 10.618 12.82 225.84 <2e-16 ***
Signif. codes: 0 ‘***’ (0.001 ‘**’ 0.01 ‘*’ 0.05 *.” 0.1 * " 1
R-sg. (adj) = 0.679 Deviance explained = 68%
fREML = 2.1277e+05 Scale est. = 19825 n = 33411
Formula: F2 ~ condition + s(time, by = condition, k = 20)
Parametric coefficients:

Estimate Std. Error t value Pr(>|t])
(Intercept) 1919.950 2.379 806.99 <2e-16 ***
conditionglide final -94.182 2.897 -32.51 <2e-16 ***
conditionglide hold -58.242 2.659 -21.90 <2e-16 ***
conditionvowel baseline 284.470 3.558 79.95 <2e-1l6 ***
conditionvowel final 226.461 2.977 76.07 <2e-16 ***
conditionvowel hold 245.791 2.682 91.64 <2e-16 ***
Signif. codes: 0 ‘***/ (0.001 “**’ 0.01 ‘*’ 0.05 *.” 0.1 » " 1
Approximate significance of smooth terms:

edf Ref.df F p-value

s (time) :conditionglide baseline 12.73 14.89 0918.2 <2e-16 **x*
s (time) :conditionglide final 15.20 16.88 1382.9 <2e-16 ***
s (time) :conditionglide hold 16.69 18.21 3048.9 <2e-16 ***
s (time) :conditionvowel baseline 11.67 13.56 828.8 <2e-16 **x*
s (time) :conditionvowel final 12.05 14.05 1748.0 <2e-16 ***
s (time) :conditionvowel hold 14.85 16.70 2864.9 <2e-16 ***
Signif. codes: 0 ‘***r (0,001 ‘**’ Q.01 ‘*' 0.05 '.” 0.1 v’ 1
R-sqg. (adj) = 0.881 Deviance explained = 88.2%
fREML = 2.0678e+05 Scale est. = 13803 n = 33411

A9



P5 GAM fits and differences

2800 _ glige F‘aﬁjeline
I — — = glide ho
2600 S e, | glide post
i vowel baseline
2400 ; . - = = yowel hold
2200 V7 N NN N e vowel post

2000 .
= 1800
1600
1400
1200 -
1000

fitted formant trajectories (Hz

-
o
o

F2 differences (Hz)

differences (Hz)

L -150

-200 I ! |
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45

time (s)

Figure A.5. GAM results for P5.
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P5 model summaries:
Formula: Fl1 ~ condition + s(time,

Parametric coefficients:
Estimate S

(Intercept) 578.126
conditionglide final 119.517
conditionglide hold 46.893
conditionvowel baseline -73.379
conditionvowel final -62.711
conditionvowel hold -51.330

Signif. codes: 0 ‘***/ (0.001 ‘**’/
Approximate significance of smooth

s (time) :conditionglide baseline 9

s (time) :conditionglide final 10.
s (time) :conditionglide hold 13.

s (time) :conditionvowel baseline 9

s (time) :conditionvowel final 10.
s (time) :conditionvowel hold 11.

Signif. codes: 0 ‘x**/ (0.001 ‘**’/
R-sg. (adj) = 0.801 Deviance exp
fREML = 1.6846e+05 Scale est. = 4
Formula: F2 ~ condition + s(time,

Parametric coefficients:

by = condit

ion, k =

20)

td. Error t value Pr(>|t])

2.818 2
21.438
4.797
.218 -
.997 -
.904 -

NN W

0.01 > 0

terms:

edf Ref.df
.720 11.46
178 11.05
444 14.12
.904 12.14
687 12.71
719 13.79

0.01 > 0
lained = 80

829 n

by = condit

05.129
5.575
9.776

22.802

20.922

17.677

.05 .

939.
1129.
2525.

916.
1346.
2132.

.05 .
1%

= 2974

ion, k

I4

W s W g

6

2e-16 ***
.5e-08 ***
2e-16 ***
2e-16 ***
2e-16 ***
2e-16 ***

AN AN AN NDNDA

p-value

<2e-16 ***
<2e-16 ***
<2e-16 ***
<2e-16 ***
<2e-16 ***
<2e-16 ***

= 20)

Estimate Std. Error t value Pr(>|t])

(Intercept) 2099.0660
conditionglide final -211.889
conditionglide hold -150.144
conditionvowel baseline 194.900
conditionvowel final 89.631
conditionvowel hold 92.941

Signif. codes: 0 ‘Y***7 (0.001 ‘**’
Approximate significance of smooth

s (time
s (time
s (time
s (time
s (time
s (time

)
)
)
)
)
)

Signif. codes: 0 ‘Y***7 (0.001 ‘**’

R-sqg. (adj) = 0.855 Deviance exp
fREML = 1.9066e+05 Scale est. = 2

:conditionglide baseline 11.
:conditionglide final 9.
:conditionglide hold 12.
:conditionvowel baseline 11.
:conditionvowel final 12.
:conditionvowel hold 13.

7.857 2
41.071
10.193 -

8.513

8.155

7.996

0.01 > O

terms:

edf Ref.df
873 13.22
922 10.88
558 13.51
139 13.51
738 14.53
847 15.53

0.01 7 0.

lained = 85
1474 n

Al1

67.238 < 2e-16 **x*
-5.159 2.5e-07 ***
14.730 < 2e-16 **x*
22.895 < 2e-16 **xx*
10.991 < 2e-16 ***
11.623 < 2e-16 ***
.05 Y./ 0.1 v 1
F p-value
1035 <2e-16 ***
1193 <2e-16 ***
2778 <2e-16 ***
992 <2e-16 ***
2248 <2e-16 **x*
3908 <2e-16 ***
05 Y. 0.1 v "1
.5%
= 29746
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Figure A.6. GAM results for Pé6.
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P6 model summaries:

Formula: Fl1 ~ condition + s(time,
Parametric coefficients:
Estimate S
741.111
42.075
59.626
-278.236
-236.538
-252.416

(Intercept)
conditionglide final
conditionglide hold
conditionvowel baseline
conditionvowel final
conditionvowel hold

AR Nk k7

Signif. codes: 0 0.001

Approximate significance of smooth

s (time)
s (time)
s (time)
s (time)
s (time)
s (time)

:conditionglide baseline
:conditionglide final
:conditionglide hold
:conditionvowel baseline
:conditionvowel final
:conditionvowel hold

AR AR N4

Signif. codes: 0 0.001

R-sg. (adj) 0.718
fREML 1.7944e+05

Deviance exp
Scale est. =1

Formula: F2 ~ condition + s(time,

Parametric coefficients:

Estimate S
(Intercept) 2156.742
conditionglide final -42.895
conditionglide hold -90.999
conditionvowel baseline 363.887
conditionvowel final 146.507
conditionvowel hold 229.769
Signif. codes: 0 ‘Y***7 (0.001 ‘**’
Approximate significance of smooth
s (time) :conditionglide baseline 10.
s (time) :conditionglide final 9.
s (time) :conditionglide hold 11.
s (time) :conditionvowel baseline 10.
s (time) :conditionvowel final 11.
s (time) :conditionvowel hold 12.
Signif. codes: 0 Y***7 (0,001 ‘**’
R-sqg. (adj) = 0.667 Deviance exp
fREML = 1.91e+05 Scale est. = 395

7
7
7
9.

10
9

by = k

condition,

20)

td. Error t value Pr(>|t])
3.528 210.082 <2e-16
4.762 8.836 <2e-16
4.019 14.835 <2e-16
4.480 -62.101 <2e-16
4.109 -57.563 <2e-16
3.796 -66.492 <2e-16
0.01 *" 0.05 Y. 0.1 ™'
terms:
edf Ref.df F p-value
.355 9.009 643.6 <2e-16
.469 9.113 951.2 <2e-16
.780 9.532 2058.9 <2e-16
655 11.842 381.2 <2e-16
.339 12.467 230.3 <2e-16
.370 11.509 763.5 <2e-16
0.01 Y*" 0.05 ‘.’ 0.1 ™'
lained = 71.9%
7578 n = 28448
by = condition, k = 20)

td. Error t value Pr(>|t])
5.523 390.509 < 2e-16
7.920 -5.416 6.13e-08
6.284 -14.480 < 2e-16
6.905 52.701 < 2e-16
6.364 23.023 < 2e-16
5.910 38.877 < 2e-16
0.01 >’ 0.05 " 0.1 v 7
terms:
edf Ref.df F p-value
028 11.82 269.7 <2e-16
706 11.41 468.7 <2e-16
708 13.38 766.9 <2e-16
176 12.43 551.5 <2e-16
095 13.25 354.0 <2e-16
730 15.03 1167.0 <2e-16
0.01 Y>*" 0.05 Y. 0.1 ™'
lained = 66.7%
52 n = 28448
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P7 model summaries:

Formula: Fl1 ~ condition + s(time, by

Parametric coefficients:
Estimate Std.

(Intercept) 582.01
conditionglide final 122.04
conditionglide hold 95.66
conditionvowel baseline -205.86
conditionvowel final -193.36
conditionvowel hold -244.16
Signif. codes: 0 ‘***’ 0.001 “**’ 0.0

condition, k = 20)

Error t value Pr(>|t])

Approximate significance of smooth terms:

edf
886
000
508
920
758
369

s (time)
s (time)
s (time)
s (time)
s (time)
s (time)

:conditionglide baseline 5.
:conditionglide final 6.
:conditionglide hold 8.
:conditionvowel baseline 3.
:conditionvowel final 4.
:conditionvowel hold 7.

Signif. codes: 0 ‘***’ 0.001 ‘**’ 0.0

R-sg. (adj) 0.722
fREML 1.802e+05

Deviance explain
Scale est. 8758.9

Formula: F2 ~ condition + s(time, by =
Parametric coefficients:

Estimate
2128.95162

-0.03074
-17.67884
346.13382
189.59293

220.62922

4
6
6
4
4
4

(Intercept)
conditionglide final
conditionglide hold
conditionvowel baseline
conditionvowel final
conditionvowel hold

Nk k!

Signif. codes: 0 ‘***’ (0.001 0.0
ter
edf
317
126
890
713
522
997

Approximate significance of smooth
s (time 8.
s (time
s (time
s (time
s (time
s (time

:conditionglide baseline
:conditionglide final 10.
:conditionglide hold 9.
:conditionvowel baseline 10.
:conditionvowel final 11.
:conditionvowel hold 12.

)
)
)
)
)
)

Signif. codes: 0 ‘Y***/ (0.001 ‘**’ 0.0

R-sqg. (adj) 0.744
fREML 1.9787e+05

Deviance explain
Scale est. 28090

Std.

14.66 39.711 < 2e-16 **%*
16.69 7.312 2.70e-13 ***
22.40 4.271 1.95e-05 **x*
14.77 -13.938 < 2e-16 ***
14.72 -13.136 < 2e-16 ***
14.69 -16.625 < 2e-16 ***
1 Y’ 0.05 Y./ 0.1 v 1
Ref.df F p-value
7.194 364.03 <2e-16 ***
7.360 2073.62 <2e-16 ***
9.727 2026.65 <2e-16 ***
4.925 34.48 <2e-16 ***
5.952 33.96 <2e-16 ***
9.150 24 .32 <2e-1l6 ***
1 Y’ 0.05 ‘.’ 0.1 " 1
ed = 72.3%
n = 30242
condition, k = 20)

Error t value Pr(>|t])
9.45559 43.048 < 2e-16 ***
3.65079 0.000 0.99961
9.47271 -0.254 0.79913
9.56429 6.984 2.94e-12 ***
9.53008 3.828 0.00013 #**%*
9.48462 4.459 8.28e-06 ***
1 Y*7 0.05 Y./ 0.1 " 1
ms:

Ref.df F p-value

9.616 320.3 <2e-16 ***

11.189 1002.8 <2e-16 ***
10.759 1337.5 <2e-16 ***
13.046 918.3 <2e-16 ***
13.473 1091.0 <2e-16 ***
15.254 2025.1 <2e-16 ***
1 Y’ 0.05 Y.’ 0.1 " 1
ed = 74.5%
n = 30242
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P8 GAM fits and differences

2800
2600
2400

2200

2000

2 1800

1600

1400

1200

~—— glide baseline
— = = glide hold
---------- glide post
vowel baseline
- = = yowel hold
---------- vowel post

fitted formant trajectories (Hz

-3
.j\

-200 -
-300 -
200

150 - I
100 /—\
50 -
S -100 - B
i -150 - >
| | | | 1 | |

-200
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
time (s)

F2 differences (Hz)

differences (Hz)

Figure A.8. GAM results for P8.

Al6



P8 model summaries:
Formula: Fl1 ~ condition + s(time,

Parametric coefficients:

by =

condit

ion, k =

20)

Estimate Std. Error t value Pr(>|t])

(Intercept) 616.059 3.936 1
conditionglide final 288.971 128.183
conditionglide hold 130.379 50.249
conditionvowel baseline -102.487 4.493 -
conditionvowel final -185.377 4.018 -
conditionvowel hold -189.275 3.976 -
Signif. codes: 0 ‘*x**/ (0.001 “**’ 0.01 ‘*’ O
Approximate significance of smooth terms:

edf Ref.df
s (time) :conditionglide baseline 9.512 11.148
s (time) :conditionglide final 4.993 5.584
s (time) :conditionglide hold 7.974 8.763
s (time) :conditionvowel baseline 9.191 11.048
s (time) :conditionvowel final 12.856 15.059
s (time) :conditionvowel hold 18.042 18.815
Signif. codes: 0 ‘x**/ (0.001 “**’ (0.01 ‘*’ O
R-sg. (adj) = 0.864 Deviance explained = 86
fREML = 1.4902e+05 Scale est. = 3335 n
Formula: F2 ~ condition + s(time, by = condit

Parametric coefficients:

56.528
2.254
2.595

22.811

46.140

47.604

.05 .

864.
2141.
3912.

827.
1124.
2198.

.05 .
.5%

= 2720

ion, k

I4

DS wWw R W o o

~

2

2e-16
.02418
.00947
2e-16
2e-16
2e-16

A AN N O O A

p-value
<2e-16
<2e-16
<2e-16
<2e-16
<2e-16
<2e-16

= 20)

Estimate Std. Error t value Pr(>|t])

(Intercept) 1913.570
conditionglide final -177.509
conditionglide hold -177.367
conditionvowel baseline 279.299
conditionvowel final 351.228
conditionvowel hold 387.882

Signif. codes: 0 ‘Y***7 (0.001 ‘**’
Approximate significance of smooth

s (time
s (time
s (time
s (time
s (time
s (time

)
)
)
)
)
)

Signif. codes: 0 Y***7 (0,001 ‘**’

:conditionglide baseline 9.
:conditionglide final 4.
:conditionglide hold 7.
:conditionvowel baseline 10.
:conditionvowel final 14.
:conditionvowel hold 15.

7.

230
76

8.

7

7.

0.01

603 2
.943
.445
800
.768
684

\x 7 O

terms:

edf
171
873
424
536
582
815

0.01

Ref.df
10.818

5.487

8.335
12.367
16.482
17.648

AR 4 O

R-sqg. (adj) = 0.862 Deviance explained = 86
fREML = 1.6745e+05 Scale est. = 12945

51.675
-0.769
-2.320
31.738
45.215
50.478

.05 .

561.
378.
1470.
944.
2223.
4497.

2%

4

~

n = 27202
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P9 model summaries:

Formula: Fl1 ~ condition + s(time, by = condition, k =

Parametric coefficients:

Estimate Std. Error t value
(Intercept) 566.282 1.623 348.87
conditionglide final -21.338 1.962 -10.88
conditionglide hold -20.711 1.802 -11.50
conditionvowel baseline -214.335 2.226 -96.30
conditionvowel final -225.953 2.037 -110.94
conditionvowel hold -231.239 1.796 -128.78

Signif. codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’

Approximate significance of smooth terms:

edf Ref.df F
s (time) :conditionglide baseline 11.568 13.680 442.7
s (time) :conditionglide final 12.591 14.813 694.1
s (time) :conditionglide hold 16.525 18.009 1017.1
s (time) :conditionvowel baseline 7.105 8.846 596.6
s (time) :conditionvowel final 13.785 15.468 101.0
s (time) :conditionvowel hold 14.940 16.887 252.6
Signif. codes: 0 “***’ (0.001 “**’ 0.01 ‘*’ 0.05 .’/
R-sg. (adj) = 0.702 Deviance explained = 70.2%
fREML = 2.6971e+05 Scale est. = 7885 n = 45653

Formula: F2 ~ condition + s(time, by = condition, k

Parametric coefficients:

Estimate Std. Error t value
(Intercept) 1517.164 1.694 895.62
conditionglide final -151.903 2.037 -74.56
conditionglide hold -123.422 1.875 -65.84
conditionvowel baseline 430.506 2.306 186.70
conditionvowel final 291.793 2.117 137.82
conditionvowel hold 352.570 1.868 188.69

Signif. codes: 0 ‘***’ (0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’

Approximate significance of smooth terms:
edf Ref.df F p-

s (time) :conditionglide baseline 14.83 16.26 1088 <
s (time) :conditionglide final 15.71 17.26 2931 <
s (time) :conditionglide hold 17.08 18.33 4780 <
s (time) :conditionvowel baseline 15.18 17.20 1852 <
s (time) :conditionvowel final 14.61 16.03 3132 <
s (time) :conditionvowel hold 16.77 18.08 6093 <
Signif. codes: 0 Y***/ (0.001 ‘**’ 0.01 ‘*" 0.05 ‘.’
R-sqg. (adj) = 0.934 Deviance explained = 93.4%

fREML = 2.7098e+05 Scale est. = 8315.9 n = 45653
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P10 GAM
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P10 model summaries:
Formula: Fl1 ~ condition + s(time,

Parametric coefficients:

by =

condition, k =

20)

Estimate Std. Error t value Pr(>]|t])
(Intercept) 666.26 22.41 29.724 <2e-16 ***
conditionglide final 20.55 32.95 0.624 0.533
conditionglide hold 23.95 24.52 0.977 0.329
conditionvowel baseline -207.21 22.44 -9.233 <2e-16 ***
conditionvowel final -228.16 22.43 -10.173 <2e-16 ***
conditionvowel hold -194.07 22.42 -8.656 <2e-16 ***
Signif. codes: 0 ‘***’ (0.001 ‘**’ 0.01 ‘*’ 0.05 *.” 0.1 ¥’ 1
Approximate significance of smooth terms:

edf Ref.df F p-value

s (time) :conditionglide baseline 6.822 8.134 1474 <2e-16 ***
s (time) :conditionglide final 7.397 8.634 1940 <2e-16 ***
s (time) :conditionglide hold 9.554 10.908 3545 <2e-16 ***
s (time) :conditionvowel baseline 13.126 15.510 1786 <2e-16 ***
s (time) :conditionvowel final 17.911 18.820 3074 <2e-16 ***
s (time) :conditionvowel hold 13.653 15.822 5754 <2e-16 ***
Signif. codes: 0 ‘***’ (0.001 ‘**’ 0.01 ‘*’ 0.05 *.” 0.1 * " 1
R-sg. (adj) = 0.885 Deviance explained = 88.5%
fREML = 2.0392e+05 Scale est. = 3776.9 = 36808
Formula: F2 ~ condition + s(time, by = condition, k = 20)
Parametric coefficients:

Estimate Std. Error t value Pr(>|t])
(Intercept) 1835.32 75.46 24.321 < 2e-16 ***
conditionglide final -112.66 102.82 -1.096 0.2732
conditionglide hold -134.85 81.31 -1.659 0.0972
conditionvowel baseline 659.31 75.50 8.732 < 2e-1l6 **x*
conditionvowel final 629.44 75.48 8.339 < 2e-16 **x*
conditionvowel hold 552.08 75.47 7.315 2.63e-13 ***
Signif. codes: 0 ‘***/ (0.001 “**’ 0.01 ‘*’ 0.05 *.” 0.1 » " 1
Approximate significance of smooth terms:

edf Ref.df F p-value

s (time) :conditionglide baseline 8.025 9.252 1120 <2e-16 ***
s (time) :conditionglide final 8.103 9.246 1534 <2e-16 ***
s (time) :conditionglide hold 10.648 11.749 3398 <2e-16 ***
s (time) :conditionvowel baseline 15.118 17.216 1768 <2e-16 ***
s (time) :conditionvowel final 16.715 18.304 3022 <2e-16 ***
s (time) :conditionvowel hold 16.356 17.751 5182 <2e-16 ***
Signif. codes: 0 ‘***r (0,001 ‘**’ Q.01 ‘*' 0.05 '.” 0.1 v’ 1
R-sqg. (adj) = 0.903 Deviance explained = 90.3%
fREML = 2.3438e+05 Scale est. = 19758 n = 36808
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P11 GAM fits and differences

2800
2600
2400

2200

2000

2 1800

1600

1400

1200

1000

800
600
400
200

fitted formant trajectories (Hz

~—— glide baseline
— = = glide hold
---------- glide post
vowel baseline
- = = yowel hold
---------- vowel post

300
200
100

-100
-200
-300

F2 differences (Hz)
o

200
150
100

(63}
o o

differences (Hz)

l‘l
o O
S O
T

L -150 -

-200 ; ;
0 0.05 0.1 0.15

Figure A.11. GAM results for P11.
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P11 model summaries:
Formula: Fl1 ~ condition + s(time, by =

Parametric coefficients:

condition,

k =

20)

Estimate Std. Error t value Pr(>|t])

(Intercept) 620.023 1.057 586.46 <2e-16 ***
conditionglide final 38.884 1.866 20.84 <2e-16 ***
conditionglide hold 22.628 1.271 17.80 <2e-16 ***
conditionvowel baseline -191.408 1.251 -152.98 <2e-16 ***
conditionvowel final -212.699 1.157 -183.82 <2e-16 ***
conditionvowel hold -215.146 1.108 -194.21 <2e-16 ***
Signif. codes: 0 ‘***’ (0.001 ‘**’ 0.01 '*’ 0.05 . 0.1 Y’ 1
Approximate significance of smooth terms:
edf Ref.df F p-value
s (time) :conditionglide baseline 10.58 12.40 4049 <2e-16 ***
s (time) :conditionglide final 11.05 12.58 6357 <2e-16 ***
s (time) :conditionglide hold 12.40 13.87 13640 <2e-16 ***
s (time) :conditionvowel baseline 11.69 13.84 2849 <2e-16 ***
s (time) :conditionvowel final 13.92 16.18 5331 <2e-16 ***
s (time) :conditionvowel hold 15.81 17.50 10025 <2e-16 ***
Signif. codes: 0 ‘x**/ (0.001 ‘**’ 0.01 ‘*’ 0.05 *.” 0.1 » " 1
R-sg. (adj) = 0.954 Deviance explained = 95.4%
fREML = 2.0533e+05 Scale est. = 1403.2 n = 40700
Formula: F2 ~ condition + s(time, by = condition, k = 20)
Parametric coefficients:
Estimate Std. Error t value Pr(>|t])
(Intercept) 1592.824 2.055 775.253 <2e-16 ***
conditionglide final -30.346 3.447 -8.803 <2e-16 ***
conditionglide hold -31.124 2.457 -12.665 <2e-16 ***
conditionvowel baseline 273.393 2.368 115.444 <2e-16 **x*
conditionvowel final 322.890 2.215 145.784 <2e-1l6 ***
conditionvowel hold 324.291 2.135 151.865 <2e-16 ***
Signif. codes: 0 ‘***/ (0.001 “**’ 0.01 ‘*’ 0.05 *.” 0.1 » " 1
Approximate significance of smooth terms:
edf Ref.df F p-value
s (time) :conditionglide baseline 11.87 13.53 1855 <2e-16 ***
s (time) :conditionglide final 11.40 12.90 2399 <2e-16 ***
s (time) :conditionglide hold 13.48 14.67 6057 <2e-16 ***
s (time) :conditionvowel baseline 13.78 15.69 3915 <2e-16 ***
s (time) :conditionvowel final 15.99 17.81 6797 <2e-16 ***
s (time) :conditionvowel hold 16.60 18.07 12669 <2e-16 ***
Signif. codes: 0 ‘Y***’ (0.001 ‘**’ 0.01 ‘*' 0.05 '.” 0.1 v’ 1
R-sqg. (adj) = 0.946 Deviance explained = 94.7%
fREML = 2.2832e+05 Scale est. = 4338.5 n = 40700
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P12 GAM fits and differences
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P12 model summaries:

Formula: Fl1 ~ condition + s(time, by = condition, k = 20)
Parametric coefficients:

Estimate Std. Error t value Pr(>|t])
(Intercept) 703.620 4.501 156.335 < 2e-16 **%*
conditionglide final 47.606 8.801 5.409 6.37e-08 ***
conditionglide hold 29.703 5.110 5.812 6.20e-09 ***
conditionvowel baseline -318.790 4.929 -64.671 < 2e-1l6 ***
conditionvowel final -373.656 4.721 -79.149 < 2e-1l6 ***
conditionvowel hold -340.577 4.612 -73.840 < 2e-16 ***
Signif. codes: 0 ‘***’/ (0.001 ‘**’ 0.01 ‘*’ 0.05 *.” 0.1 Y’ 1
Approximate significance of smooth terms:

edf Ref.df F p-value

s (time) :conditionglide baseline 11.60 13.37 887.5 <2e-16 ***
s (time) :conditionglide final 11.51 13.00 1745.4 <2e-16 ***
s (time) :conditionglide hold 13.35 14.73 3179.3 <2e-16 ***
s (time) :conditionvowel baseline 11.84 14.17 441.5 <2e-16 ***
s (time) :conditionvowel final 11.16 13.52 109.6 <2e-16 ***
s (time) :conditionvowel hold 18.16 18.86 306.8 <2e-16 ***
Signif. codes: 0 ‘***’ (0.001 ‘**’ 0.01 ‘*’ 0.05 *.” 0.1 * " 1
R-sqg. (adj) = 0.806 Deviance explained = 80.7%
fREML = 2.8094e+05 Scale est. = 13861 n = 45387
Formula: F2 ~ condition + s(time, by = condition, k = 20)

Parametric coefficients:

Estimate Std. Error t value Pr(>|t])

(Intercept) 1895.904 3.445 550.257 <2e-16 ***
conditionglide final 3.847 7.150 0.538 0.591
conditionglide hold -26.434 3.976 -6.648 3e-11 ***
conditionvowel baseline 409.312 3.718 110.082 <2e-1l6 ***
conditionvowel final 453.028 3.585 126.360 <2e-1l6 ***
conditionvowel hold 394.413 3.516 112.175 <2e-16 ***
Signif. codes: 0 ‘***/ (0.001 “**’ 0.01 ‘*’ 0.05 *.” 0.1 » " 1
Approximate significance of smooth terms:

edf Ref.df F p-value
s (time) :conditionglide baseline 12.30 13.92 2952 <2e-16 ***
s (time) :conditionglide final 12.24 13.51 4450 <2e-16 **x*
s (time) :conditionglide hold 14.21 15.25 9099 <2e-16 **x*
s (time) :conditionvowel baseline 14.61 16.67 3139 <2e-16 ***
s (time) :conditionvowel final 16.89 18.33 6417 <2e-16 ***
s (time) :conditionvowel hold 17.27 18.52 9469 <2e-16 ***
Signif. codes: 0 ‘***r (0,001 ‘**’ Q.01 ‘*' 0.05 '.” 0.1 v’ 1
R-sqg. (adj) = 0.947 Deviance explained = 94.7%
fREML = 2.6446e+05 Scale est. = 6694.5 n = 45387
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P13 model summaries:
Formula: Fl1 ~ condition + s(time, by = condition, k =

Parametric coefficients:

Estimate Std. Error t value P
(Intercept) 439.4029 0.9236 475.73
conditionglide final 49.2752 2.0680 23.83
conditionglide hold 89.7058 2.2992 39.02
conditionvowel baseline -37.2106 1.2869 -28.92
conditionvowel final -51.5857 1.1200 -46.06
conditionvowel hold -40.2965 1.0277 -=39.21

Signif. codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’

Approximate significance of smooth terms:

edf Ref.df Fp
s (time) :conditionglide baseline 12.36 14.68 680.1
s (time) :conditionglide final 13.10 14.04 1216.9
s (time) :conditionglide hold 11.67 12.80 2506.9
s (time) :conditionvowel baseline 11.77 14.05 155.3
s (time) :conditionvowel final 13.49 15.67 466.1
s (time) :conditionvowel hold 12.32 14.53 912.4

Signif. codes: 0 ‘***’/ (0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’
R-sg. (adj) = 0.805 Deviance explained = 80.6%
fREML = 1.2604e+05 Scale est. = 1551.1 n = 24728
Formula: F2 ~ condition + s(time, by = condition, k =

Parametric coefficients:

Estimate Std. Error t value P
(Intercept) 1723.685 1.438 1199.00
conditionglide final -74.748 2.661 -28.09
conditionglide hold -96.549 2.962 -32.59
conditionvowel baseline 121.483 2.003 60.65
conditionvowel final 155.482 1.743 89.19
conditionvowel hold 93.553 1.600 58.48

Signif. codes: 0 ‘***’ (0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’

Approximate significance of smooth terms:

edf Ref.df Fp
s (time) :conditionglide baseline 10.07 12.27 475.8
s (time) :conditionglide final 10.49 12.13 816.0
s (time) :conditionglide hold 10.59 12.02 1753.1
s (time) :conditionvowel baseline 10.87 13.13 516.1
s (time) :conditionvowel final 12.14 14.42 1161.7
s (time) :conditionvowel hold 13.23 15.36 2324.0

Signif. codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’

R-sqg. (adj) = 0.844 Deviance explained = 84.4%
fREML = 1.3695e+05 Scale est. = 3758.4 n = 24728
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P14 model summaries:
Formula: F1 ~ condition + s(time,

Parametric coefficients:

by cond

ition,

k =

20)

Estimate Std. Error t value Pr(>|t])

(Intercept) 706.181 5.657 124.839 <2e-16 ***
conditionglide final 4.897 13.257 0.369 0.712
conditionglide hold -9.655 8.542 -1.130 0.258
conditionvowel baseline -258.209 5.708 -45.234 <2e-16 ***
conditionvowel final -246.738 5.684 -43.411 <2e-16 ***
conditionvowel hold -215.802 5.673 -38.041 <2e-16 ***
Signif. codes: 0 ‘***’ (0.001 ‘**’ 0.01 ‘*’ 0.05 *.” 0.1 ¥’ 1
Approximate significance of smooth terms:
edf Ref.df F p-value

s (time) :conditionglide baseline 10.432 11.90 3014 <2e-16 ***
s (time) :conditionglide final 9.589 10.70 4361 <2e-16 ***
s (time) :conditionglide hold 10.987 12.03 9287 <2e-16 ***
s (time) :conditionvowel baseline 12.120 14.52 3858 <2e-16 ***
s (time) :conditionvowel final 14.450 16.39 3888 <2e-16 ***
s (time) :conditionvowel hold 13.499 15.74 7653 <2e-16 ***
Signif. codes: 0 ‘***’ (0.001 ‘**’ 0.01 ‘*’ 0.05 *.” 0.1 * " 1
R-sg. (adj) = 0.94 Deviance explained = 94%
fREML = 1.8015e+05 Scale est. = 1820.9 n = 34808
Formula: F2 ~ condition + s(time, by = condition, k = 20)
Parametric coefficients:

Estimate Std. Error t value Pr(>|t])
(Intercept) 1894.16 13.51 140.183 < 2e-16 ***
conditionglide final -141.93 31.08 -4.567 4.96e-06 ***
conditionglide hold -75.51 21.43 -=-3.523 0.000428 **xx*
conditionvowel baseline 534.83 13.62 39.264 < 2e-16 **x*
conditionvowel final 424.02 13.57 31.248 < 2e-16 **x*
conditionvowel hold 398.42 13.55 29.412 < 2e-16 **x*
Signif. codes: 0 ‘***/ (0.001 “**’ 0.01 ‘*’ 0.05 *.” 0.1 » " 1
Approximate significance of smooth terms:

edf Ref.df F p-value

s (time) :conditionglide baseline 10.681 12.09 1962 <2e-16 ***
s (time) :conditionglide final 9.698 10.78 2561 <2e-16 ***
s (time) :conditionglide hold 11.363 12.28 6462 <2e-16 ***
s (time) :conditionvowel baseline 14.527 16.76 4898 <2e-16 ***
s (time) :conditionvowel final 14.730 16.59 7932 <2e-16 ***
s (time) :conditionvowel hold 15.137 17.08 9573 <2e-16 ***
Signif. codes: 0 ‘***r (0,001 ‘**’ Q.01 ‘*' 0.05 '.” 0.1 v’ 1
R-sqg. (adj) = 0.944 Deviance explained = 94.5%
fREML = 2.0837e+05 Scale est. = 9212.5 n = 34808
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P15 GAM fits and differences
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Figure A.15. GAM results for P15.
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P15 model summaries:
Formula: Fl1 ~ condition + s(time, by = condition, k =

Parametric coefficients:

20)

Estimate Std. Error t value Pr(>|t])

(Intercept) 785.832 5.878 133.702 < 2e-16 ***
conditionglide final 71.319 12.948 5.508 3.65e-08 ***
conditionglide hold 47.188 12.129 3.890 le-04 **xx*
conditionvowel baseline -220.699 6.035 -36.571 < 2e-16 ***
conditionvowel final -278.416 5.901 -47.184 < 2e-16 ***
conditionvowel hold -266.155 5.889 -45.196 < 2e-16 ***
Signif. codes: 0 ‘***’/ (0.001 ‘**’ (0.01 “*’ 0.05 *." 0.1 v " 1
Approximate significance of smooth terms:

edf Ref.df F p-value
s (time) :conditionglide baseline 12.29 13.37 3449 <2e-16 ***
s (time) :conditionglide final 11.10 12.03 4279 <2e-16 ***
s (time) :conditionglide hold 13.96 14.46 7265 <2e-16 ***
s (time) :conditionvowel baseline 13.02 14.55 2979 <2e-16 ***
s (time) :conditionvowel final 15.36 17.06 5597 <2e-16 ***
s (time) :conditionvowel hold 16.91 18.36 11005 <2e-16 ***
Signif. codes: 0 ‘x**/ (0.001 ‘**’ 0.01 ‘*’ 0.05 *.” 0.1 » " 1
R-sg. (adj) = 0.95 Deviance explained = 95%
fREML = 1.9405e+05 Scale est. = 1711.8 n = 37711
Formula: F2 ~ condition + s(time, by = condition, k = 20)

Parametric coefficients:

Estimate Std. Error t value Pr(>|t])

(Intercept) 1758.05 11.96 146.975 < 2e-16 ***
conditionglide final -85.26 20.63 -4.133 3.59e-05 xx*
conditionglide hold -142.19 14.73 =-9.653 < 2e-16 ***
conditionvowel baseline 362.48 12.33 29.400 < 2e-16 **x*
conditionvowel final 471.63 12.02 39.244 < 2e-16 **x*
conditionvowel hold 448.26 11.99 37.388 < 2e-16 ***
Signif. codes: 0 ‘***/ (0.001 “**’ 0.01 ‘*’ 0.05 *.” 0.1 » " 1
Approximate significance of smooth terms:

edf Ref.df F p-value
s (time) :conditionglide baseline 11.987 13.18 1680 <2e-16 **x*
s (time) :conditionglide final 9.685 10.96 2995 <2e-16 ***
s (time) :conditionglide hold 11.502 12.58 5285 <2e-16 ***
s (time) :conditionvowel baseline 12.665 14.29 2946 <2e-16 **x*
s (time) :conditionvowel final 16.408 17.66 7493 <2e-16 ***
s (time) :conditionvowel hold 17.834 18.77 14197 <2e-16 ***
Signif. codes: 0 ‘Y***’ (0.001 ‘**’ 0.01 ‘*' 0.05 '.” 0.1 v’ 1
R-sqg. (adj) = 0.952 Deviance explained = 95.2%
fREML = 2.2432e+05 Scale est. = 8532.6 n = 37711
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P16 GAM fits and differences
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Figure A.16. GAM results for P16.
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P16 model summaries:
Formula: Fl1 ~ condition + s(time, by = condition, k = 20)

Parametric coefficients:
Estimate Std. Error t value Pr(>|t])

(Intercept) 528.975 1.427 370.70 <2e-16
conditionglide final 110.935 1.920 57.79 <2e-16
conditionglide hold 52.596 1.649 31.90 <2e-16
conditionvowel baseline -59.216 2.007 -29.51 <2e-16
conditionvowel final -36.254 1.787 =20.28 <2e-16
conditionvowel hold -45.266 1.587 -28.53 <2e-16

Signif. codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 *.” 0.1 7

Approximate significance of smooth terms:

edf Ref.df F p-value
s (time) :conditionglide baseline 10.80 12.94 813.4 <2e-16
s (time) :conditionglide final 10.63 12.57 1583.2 <2e-16
s (time) :conditionglide hold 13.48 15.47 1797.9 <2e-16
s (time) :conditionvowel baseline 12.73 15.00 653.2 <2e-16
s (time) :conditionvowel final 10.93 12.92 539.0 <2e-16
s (time) :conditionvowel hold 16.85 18.21 1637.8 <2e-16

Signif. codes: 0 ‘***’/ (0.001 ‘**’ 0.01 ‘*’ 0.05 *." 0.1 7
R-sg. (adj) = 0.786 Deviance explained = 78.7%

fREML = 1.7618e+05 Scale est. = 4719.9 n = 31171
Formula: F2 ~ condition + s(time, by = condition, k = 20)

Parametric coefficients:
Estimate Std. Error t value Pr(>|t])

(Intercept) 1993.751 2.522 790.67 <2e-16
conditionglide final -169.563 3.391 -50.00 <2e-16
conditionglide hold -127.808 2.913 -43.88 <2e-16
conditionvowel baseline 257.537 3.546 72.63 <2e-16
conditionvowel final 104.363 3.179 32.83 <2e-16
conditionvowel hold 208.919 2.804 74.52 <2e-16

Signif. codes: 0 ‘***’ (0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.” 0.1 7

Approximate significance of smooth terms:
edf Ref.df F p-value

s (time) :conditionglide baseline 11.35 13.49 981 <2e-16 **
s (time) :conditionglide final 10.99 12.91 1101 <2e-16 **
s (time) :conditionglide hold 12.10 14.22 2149 <2e-16 **
s (time) :conditionvowel baseline 11.80 14.09 1206 <2e-16 **
s (time) :conditionvowel final 12.63 14.40 1849 <2e-16 **
s (time) :conditionvowel hold 14.93 16.92 4147 <2e-16 **
Signif. codes: 0 ‘***/ (0.001 ‘**’ 0.01 ‘*’ 0.05 “.” 0.1 “ 7
R-sqg. (adj) = 0.866 Deviance explained = 86.6%

fREML = 1.9391e+05 Scale est. = 14730 n = 31171
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P17 GAM fits and differences
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Figure A.17. GAM results for P17.
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P17 model summaries:

Formula: Fl1 ~ condition + s(time, by = condition, k = 20)
Parametric coefficients:

Estimate Std. Error t value Pr(>]|t])
(Intercept) 759.751 2.529 300.407 < 2e-16
conditionglide final -7.192 3.192 -2.253 0.02425
conditionglide hold 8.201 2.847 2.881 0.00397
conditionvowel baseline -228.086 3.065 -74.422 < 2e-16
conditionvowel final -273.786 2.781 -98.453 < 2e-16
conditionvowel hold -253.626 2.658 -95.419 < 2e-16
Signif. codes: 0 ‘***’ (0.001 ‘**’ 0.01 ‘*’ 0.05 *." 0.1 '
Approximate significance of smooth terms:

edf Ref.df F p-value

s (time) :conditionglide baseline 10.57 12.53 1346 <2e-16 **
s (time) :conditionglide final 11.03 12.94 2401 <2e-16 **
s (time) :conditionglide hold 11.65 13.56 4028 <2e-16 **
s (time) :conditionvowel baseline 13.98 15.85 1091 <2e-16 **
s (time) :conditionvowel final 13.82 16.08 1138 <2e-16 **
s (time) :conditionvowel hold 15.45 17.38 3231 <2e-16 **
Signif. codes: 0 ‘x**/ (0.001 ‘**’ 0.01 ‘*’ 0.05 *.” 0.1 '
R-sg. (adj) = 0.87 Deviance explained = 87%
fREML = 2.1769e+05 Scale est. = 7609.4 n = 36957
Formula: F2 ~ condition + s(time, by = condition, k = 20)
Parametric coefficients:

Estimate Std. Error t value Pr(>|t])
(Intercept) 1827.183 5.205 351.030 < 2e-16
conditionglide final -20.925 6.850 -3.055 0.00225
conditionglide hold 29.652 5.866 5.055 4.32e-07
conditionvowel baseline 558.531 6.252 89.340 < 2e-16
conditionvowel final 598.269 5.696 105.042 < 2e-16
conditionvowel hold 599.057 5.456 109.799 < 2e-16
Signif. codes: 0 ‘***’ (0.001 “**’ 0.01 ‘*’ 0.05 *." 0.1 '
Approximate significance of smooth terms:

edf Ref.df F p-value

s (time) :conditionglide baseline 12.11 13.92 741.5 <2e-16
s (time) :conditionglide final 12.56 14.22 1499.0 <2e-16
s (time) :conditionglide hold 13.64 15.14 2363.0 <2e-16
s (time) :conditionvowel baseline 14.60 16.31 1073.8 <2e-16
s (time) :conditionvowel final 16.40 17.99 2172.2 <2e-16
s (time) :conditionvowel hold 17.09 18.38 3895.1 <2e-16
Signif. codes: 0 ‘***r (.001 ‘**’ (0.01 ‘** 0.05 “.” 0.1 “ 7
R-sqg. (adj) = 0.877 Deviance explained = 87.7%
fREML = 2.4332e+05 Scale est. = 30407 n = 36957
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Figure A.18. GAM results for P18.
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P18 model summaries:

Formula: Fl1 ~ condition + s(time,
Parametric coefficients:
Estimate S
692.82
62.96
70.45
-280.42
-255.74
-231.46

(Intercept)
conditionglide final
conditionglide hold
conditionvowel baseline
conditionvowel final
conditionvowel hold

AR Nk k7

Signif. codes: 0 0.001

Approximate significance of smooth

s (time)
s (time)
s (time)
s (time)
s (time)
s (time)

:conditionglide final
:conditionglide hold

:conditionvowel final
:conditionvowel hold

Signif. codes: 0 ‘x**/ (0.001 ‘**’/

R-sg. (adj) 0.815
fREML 4.0872e+05

Deviance exp
Scale est. 9

Formula: F2 ~ condition + s(time,
Parametric coefficients:
Estimate S
1861.18
-39.11
-42.66
459.62
409.44
344.40

(Intercept)
conditionglide final
conditionglide hold
conditionvowel baseline
conditionvowel final
conditionvowel hold

Nk k!

Signif. codes: 0 ‘***’ (0.001

Approximate significance of smooth

s (time
s (time
s (time
s (time
s (time
s (time

:conditionglide final
:conditionglide hold

:conditionvowel final
:conditionvowel hold

)
)
)
)
)
)

AR Yk x/

Signif. codes: O 0.001

R-sqg. (adj) 0.835
fREML 4.3926e+05

Deviance exp
Scale est. 2

:conditionglide baseline 11.
8.
10.
:conditionvowel baseline 14.
17.
13.

:conditionglide baseline 11.
9.
11.
:conditionvowel baseline 15.
17.
17.

condition, k 20)

by

td. Error t value Pr(>|t])
11.18 61.947 < 2e-16
26.48 2.377 0.017450
19.76 3.565 0.000364
11.29 -24.831 < 2e-16
11.22 -22.802 < 2e-16
11.21 -20.642 < 2e-16

Nk

0.01 0.05 .7’
terms:

edf Ref.df
519 12.530
703  9.639
550 11.319
534 16.805
322 18.517
623 15.772

F p-value
2046 <2e-16
3765 <2e-16
7151 <2e-16
1311 <2e-16
2559 <2e-16
3687 <2e-16
0.01 ‘*’ 0.1 v’

0.05 .’

81.6%
n 68423

lained
002.4

condition, k 20)

by

td. Error t value Pr(>|t])
18.17 102.450 <2e-16
64.68 -0.605 0.545
37.78 -1.129 0.259
18.33 25.072 <2e-16
18.21 22.479 <2e-16
18.21 18.913 <2e-16

\x 7

0.01 0.05 .7 0.1 Y7
terms:

edf Ref.df
683 12.65
643 10.29
024 11.65
529 17.58
848 18.75
222 18.30

F p-value
1750 <2e-16
2285 <2e-16
4203 <2e-16
1743 <2e-16
4138 <2e-16
4987 <2e-16

AR 4

0.01 0.05 .7 0.1 v’

oe

83.5
n = 68373

lained
2174
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P19 GAM fits and differences
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Figure A.19. GAM results for P19.
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P19 model summaries:
Formula: Fl1 ~ condition + s(time, by = condition, k =

Parametric coefficients:

Estimate Std. Error t value P
(Intercept) 455,981 1.072 425.481
conditionglide final -20.670 1.456 -14.201
conditionglide hold 5.763 1.335 4.317 1
conditionvowel baseline -36.302 1.513 -24.001
conditionvowel final -12.530 1.329 =9.427
conditionvowel hold 7.584 1.200 6.320 2

Signif. codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’

Approximate significance of smooth terms:

edf Ref.df Fp
s (time) :conditionglide baseline 12.137 14.44 239.9
s (time) :conditionglide final 10.637 12.80 348.8
s (time) :conditionglide hold 16.820 17.45 506.6
s (time) :conditionvowel baseline 9.382 11.52 240.9
s (time) :conditionvowel final 11.115 13.29 168.5
s (time) :conditionvowel hold 12.880 15.21 539.3

Signif. codes: 0 ‘***’/ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’

o

R-sg. (adj) = 0.368 Deviance explained = 36.8
fREML = 3.1332e+05 Scale est. = 5619.5 n = 54604
Formula: F2 ~ condition + s(time, by = condition, k =

Parametric coefficients:
Estimate Std. Error t value P

(Intercept) 2001.487 1.856 1078.59
conditionglide final 148.117 2.520 58.78
conditionglide hold 43.718 2.305 18.96
conditionvowel baseline 164.871 2.618 62.98
conditionvowel final 121.580 2.309 52.66
conditionvowel hold 102.189 2.078 49.18

Signif. codes: 0 ‘***’ (0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’

Approximate significance of smooth terms:

20)

r(>[t])
< 2e-16
< 2e-16
.59%9e-05
< 2e-16
< 2e-16
.64e-10

0.1 v’

20)

r(>Itl)
<2e-16
<2e-16
<2e-16
<2e-16
<2e-16
<2e-16

0.1 v 7

edf Ref.df F p-value

s (time) :conditionglide baseline 14.02 16.09 2009 <2
s (time) :conditionglide final 15.38 16.77 1331 <2
s (time) :conditionglide hold 14.62 16.11 2117 <2
s (time) :conditionvowel baseline 12.84 15.16 1057 <2
s (time) :conditionvowel final 12.94 14.96 1593 <2
s (time) :conditionvowel hold 14.74 16.79 3863 <2
Signif. codes: 0 Y***/ (0.001 ‘**’ 0.01 ‘*" 0.05 ‘.’
R-sqg. (adj) = 0.786 Deviance explained = 78.6%
fREML = 3.4357e+05 Scale est. = 16815 n = 54654
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