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Abstract

This dissertation examines an observed sound pattern in North American English:
the affrication of /t/ and /d/ before /1/. This pattern, which has been reported in
many dialects of English, results in words like tree and dream pronounced more like
[tf1i] and [dz1im]. To the best of my knowledge, there have been no experimental
investigations into this phenomenon. This research aims to fill that gap.

The first phase of research involved conducting an Apparent Time Study, with
the goal of answering the question (Q1): Is the phenomenon of /ti/ and /di/ affrica-
tion in English a sound change in progress? During this initial phase of research,
affrication of /ti/ and /d1/ was investigated as a possible sound change in progress
using acoustic data from the Raleigh corpus (Dodsworth and Kohn, 2012) — a collec-
tion of sociolinguistic interviews conducted with English speakers born and raised
in Raleigh, North Carolina.

The second phase of research, a Production Study conducted in the North Car-
olina State University Phonology Lab in Raleigh, was designed to examine the inter-
action between articulators during participants’ productions of /t/ and /d/ before
/1/, and /t d tf d3/ before vowels. The goal was to answer the following question
(Q2): Are English /t/ and /d/ in /ti/ and /di/ clusters articulated like prevocalic [t]
and [d], like prevocalic [tf] and [d3], like neither, or like both? This is an important
question. Are participants producing [t]s and [d]s coarticulated with [1] that, e.g.,

for aerodynamic reasons, simply sound like affricates, or have participants adopted
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a new articulatory target before /1/, suggesting phonologization of a coarticulatory
effect?

The final phase of research, the Perception Study, conducted in the same lab,
was designed to explore how listeners categorize affricated variants of /t/ before /1/.
It was reasoned that if speakers are producing affricated variants, and listeners are
perceiving that affrication, listeners may categorize the variant as CH rather than
T in a forced-choice spelling task. The Perception experiment consisted of a series
of non-words because affricates in complex onsets are prohibited in English. As a
result, English has no contrastive /t1/ - /tf1/ sequences, meaning words produced as
[tii] and [tfxi] are both likely to be categorized as tree by listeners, while non-words
[taav] and [tf1av] may be categorized differently. The Perception Study attempts to
answer the question (Q3): Do English speakers categorize affricated variants of /t/
found in /ti/ clusters as T or CH?

Results showed that a sound change was underway for English speakers in
Raleigh, North Carolina by the middle of the 20th century (Q1), that young English
speakers were producing distinct articulatory targets for /t/ and /d/ in /ti/ and
/d1/ sequences, and not simply [t]s and [d]s coarticulated with [1] (Q2), and that
these same speakers were categorizing affricated variants of /t/ as CH when taken
outside of their natural phonetic environment, with some categorizing affricated
variants of /t/ and phonological /tf/ similarly in pre-[1] environments (Q3). Taken
together, a clearer picture of the phenomenon of /ti/ and /di/ affrication has begun

to emerge.
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Chapter 1

Introduction

This dissertation examines an observed sound pattern in North American English:
the affrication of /t/ and /d/ before /1/. This pattern, which has been reported in
many dialects of English, results in words like tree and dream pronounced more like
[tf1i] and [dz1im]. To the best of my knowledge, there have been no experimental
investigations into this phenomenon, yet it is often referred to quite matter-of-factly
in the literature. Read (1971:13), for example, describes how, "before [r| in English,
[t] and [d] are affricated, i.e., released slowly with a resulting ‘shh’ sound”. Smith
(2013:71) refers to /tr/ affrication as “a sound change nearly completed”, and while
Stevens and Harrington (2016:119) note that “there is surprisingly little discussion
of the sound change /ti/>[tf1] in the literature”, they do not question its status as
such. In Gimson’s Pronunciation of English (Cruttenden, 2014:189-192), foreign
learners are warned about possible confusion between /tf/ and /ti/, and /d3/ and
/d1/ in minimal pairs such as “cheese, trees” and “jaw, draw”.

The affrication of /t1/ has also been implicated in another English phenomenon.
Lawrence (2000) asserts that it is the affrication of /t/ that triggers s-retraction,
a well-documented sound pattern observed in English dialects across the United

States (Baker et al., 2011; Durian, 2007; Gylfadottir, 2015; Labov, 2001; Mielke
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et al., 2010; Rutter, 2011; Wilbanks, 2017), the United Kingdom (Bass, 2009; Glain,
2014), and New Zealand (Lawrence, 2000). English /ti/ and /di/ affrication have
also been reported outside of North America. Gordon and Maclagan (2004:612), for
example, refer to the affrication of /tr/ as a rapid change that is occurring in New
Zealand English, noting that while “the /t/ in /tr/ has always partially devoiced
the following /r/,” now, “the lips are being rounded, and the cluster is pronounced
as though it were spelt chr, so that tree is now pronounced [t[1i]”. Less recently,
Jones (1963:80) observed that “Southern [British| English tr and dr seem to be
intermediate between single affricates and sequences of two distinct sounds”.

Ohala and Solé (2010:47) present a phonetic explanation for what they refer to as
“emergent affricates” that result from the extended period of turbulence that occurs
as a stop is released into a segment with a high tongue position — a vowel, a glide,
or (as in this case) a liquid. In their framing, increased frication noise occurs during
the early portion of a segment with narrow constriction, but can be interpreted by
a listener as belonging to the preceding stop (stop + prolonged frication noise =
affricate), rather than to the following, narrowly constricted segment. This could
lead to the phonologization of a coarticulatory effect, if a listener interprets the
emergent affricate as a new articulatory target.

Given the assumptions that have been made about English /ti/ and /di/ af-
frication in the literature, it seems somewhat remarkable that there is a complete
absence of experimental work investigating the phenomenon. Consequently, there
are still many unanswered questions. Is the affrication of /t/ and /d/ before /1/
a sound change in progress? Are the ‘affricates’ simply emergent, as suggested by
Ohala and Solé (2010), due to aerodynamic factors, or have some speakers phonolo-
gized a coarticulatory effect? This dissertation examines acoustic, articulatory, and

perceptual data on /ti/ and /di/, in order to address these questions.
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1.1 Sound Change

The Actuation Problem, a term originally coined by Weinreich, Labov, and Herzog
(1968), refers to the unresolved question of why a sound change occurs where and
when it does, yet fails to occur elsewhere and at other times. Various explanations
for sound change have been proposed over the last century and a half, many of which
have been situated in the speaker’s drive to reduce articulatory effort (Paul, 1880;
Whitney, 1867). In his theory of hyper- and hypo-articulated speech (H&H theory),
Lindblom (1990) expanded this to include the listener’s needs, arguing that speakers
balance their desire to reduce articulatory effort (through hypo-articulated speech)
with their attentiveness to the situation-specific needs of the listener (through hyper-
articulated speech). Sound change, in this sense, can occur when a speaker miscalcu-
lates the listener’s needs, hyperarticulating to the point where the listener assumes
a different target from the one intended by the speaker, thereby expanding the
range of communicative (phonetic) variants available to the listener-turned-speaker
(Lindblom et al., 1995). Ohala (1981, 1983, 1989, 1993, 1994) proposes a different
explanation for change, asserting that phonetic variability in the speech signal is
something to be factored out (‘normalized’) by the listener, and sound change is
something that results from a listener’s failure to do so — the phonologization of
coarticulation. In Evolutionary Phonology, Blevins (2004) presents a typology of
sound change. In her typology, CHOICE refers to a listener accurately perceiving
a speaker’s hyper- and hypo-articulated phonetic variants, but selecting a different
phonological target from the speaker’s, similar in nature to Lindblom’s (1990) H&H
theory. CHANGE, in contrast, focuses on listener misperceptions of the phonetic
signal, in line with Ohala’s work, whereas CHANCE captures instances of inherent
ambiguity in the phonetic signal, resulting in different underlying forms for speaker
and listener.

What many approaches to sound change have in common is the notion that
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change is due to an “accumulation of errors” (Baker, Archangeli, and Mielke, 2011),
that result from speaker- and/or listener-based needs. Baker et al. (2011) argue
that accumulation-of-error theories such as these are problematic because they over-
predict sound change and do not provide an adequate account for when sound change
fails to occur. This is the crux of the actuation problem, as framed by Weinreich
et al. (1968). In keeping with Janda and Joseph (2003), who argue that the initiation
of a sound change is a brief and phonetically sudden event (a ‘burst’), Baker et al.
(2011) propose a partial solution to this problem, using s-retraction as the basis for
their argumentation. English s-retraction is a phenomenon in which speakers pro-
duce a retracted version of /s/, resulting in more [[]-like articulations (e.g. [[tait]
rather than [stiit]). While s-retraction can occur in a variety of (sC, sCix) contexts, it
is observed most frequently in /sti/ clusters (Shapiro, 1995), where it is at its most
extreme (Baker et al., 2011). Baker et al. (2011) observed that /1/ has a depressing
effect on the centroid frequency of /s/ (making it more [[]-like) in sCi clusters, pro-
viding a clear phonetic motivation for retraction. The authors found that while only
8 of the 19 participants in their study were classified as retractors, all participants
exhibited “a substantial coarticulatory bias toward s-retraction” (p. 360), particu-
larly in sCi contexts. Further, they reported that non-retractors whose /s/ and /1/
tongue shapes exhibited less articulatory distance (i.e. more closely resembled one
another), produced /s/ with a lower (more /[/-like) centroid frequency. Variable
articulatory behaviour in /1/ production has been documented in both adults (De-
lattre and Freeman, 1968; Westbury et al., 1998; Mielke et al., 2010) and children
(Magloughlin, 2016), with no perceivable acoustic consequences — what Twist et al.
(2007) have referred to as ‘covert’ variability. Baker et al. (2011) assert that this
covert variability during production can lead to the noticeable exaggeration of a
phonetic effect. This is a critical component of the authors’ proposed solution to

the actuation problem:
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[T|he potential for sound change arises when inter-speaker variability
is so great that some speakers actually produce a sound that can be
perceived as a distinct target. Given the appropriate social conditions,
this potential can be realized through another speaker adopting the novel

target in his/her speech. (p. 351)

Baker et al. (2011) argue that the actuation of a sound change is rare because
actuation depends on “the chance alignment of extreme coarticulation with extreme
influence” (idem.).

What would the extreme coarticulation of /ti/ and /di/ sequences look like?
Given the assumptions that have been made in the literature, we might assume (for
the time being) that the result could be coarticulated variants that are misperceived
as the distinct targets: [tf1] and [d31]. As affricates in complex onsets are phono-
tactically restricted in English, [t] and [tf] are not contrastive before /1/, so there
is no semantic consequence of producing an affricated variant in this context: [tai]
and [tfxi] may both be parsed as tree (whereas [ti] and [t[i] mean different things).
Gylfadottir (2015) notes that a listener’s awareness of the phonotactics of their lan-
guage may lead to a tolerance for variation in certain contexts. Listener-tolerated
inter-speaker variation during production of /ti1/ and /di/ may provide the ideal
conditions for change. If some speakers produce more affricated variants that are
tolerated by some listeners and, as Baker et al. (2011) have proposed, perceived by

others as a distinct target, the potential for change exists.

1.2 Phonologization or Contact?

Change can happen in a language in a number of different ways. For example, change
can occur through dialect contact, when a new variant (that may be an exaggerated

version of an already present phonetic effect) is imported into a speech community
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from elsewhere, with some speakers adopting the new variant — a change from above
(the level of consciousness) (e.g., Labov, 1990). Phonologization, on the other hand,
occurs when a phonetic effect is exaggerated within a speech community to the point
where it becomes noticeable, at least to some members of the community, and is
adopted (phonologized) as a new articulatory target — a change from below.

First introduced by Jakobson (1931), the term phonologization (originally Pho-
nologisierung) has been used to refer to a variety of different phenomena over the
last century. As noted by Hyman (2013:4), Jakobson’s (1931) meaning “is better
translated as phonemicization (whereby an already phonological property changes
from allophonic to phonemic)”. In this dissertation, phonologization is used in the
sense of Hyman (1977) (revisited in Hyman, 2013), to refer to a phonetic process
that has become phonological over time. Hyman (2013:6) proposed two diagnostics

for identifying whether phonologization has occurred in a language:

(i) A phonetic effect is exaggerated beyond what can be considered universal,

(ii) A ‘categorical’ rule of phonology must refer to the phonologized property.

These diagnostics will be used here to explore whether the affrication of /t1/ and
/d1/ before /1/ is a phenomenon that has been phonologized in the English-speaking
community under investigation. Have speakers adopted new articulatory targets
that more closely resemble [tf] and [d3] and, if so, was the change a gradual one,
over time, or is the change discontinuous, suggesting that the more affricated variants

were imported into the community through dialect contact?

1.3 Coarticulation or a New Target?

A key puzzle explored in this dissertation is how to distinguish between a normal
amount of coarticulation and a move to a new articulatory target. Teasing these

things apart is not necessarily straightforward. What do coarticulated /ti/ and
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/di1/ sequences look like? What is a ‘normal’ (listener-tolerated) amount of coar-
ticulation? In the same way that /k/ may be produced with a more posterior or
anterior constriction depending on the adjacent vowel (Frisch and Wodzinski, 2016),
are (alveolar) /t/ and /d/ produced with a more posterior constriction when coar-
ticulated with a following (post-alveolar) /1/? Is the aperiodic (frication) noise
following the burst of an aspirated coronal stop released into a segment with a high
tongue position similar in duration to an affricate?” How extreme would a more
posterior constriction and/or prolonged aperiodic noise need to be in order for lis-
teners to classify the output as belonging to the category /tf/7 This is an important
question, because it is the existence of the category /tf/ in English that provides
the opportunity for coarticulation to lead to a change in phonological target — the
phonologization of a coarticulatory effect.

The notion that adjacent sounds have an articulatory influence on one another
has been around for well over a century (Sweet, 1877; Paul, 1880), and increas-
ingly since the use of experimental methods to study speech sounds (e.g. Rousselot,
1901; Joos, 1948). The term ‘koartikulation’, which was originally coined by Men-
zerath and de Lacerda (1933), made explicit the idea that adjacent sounds could
be articulated together, and not just in sequence with one another: they could be
co-articulated. Many models of coarticulation have been proposed in the intervening
years, with more recent models acknowledging that there are inter-language differ-
ences in how sounds are coarticulated - what counts as ‘normal’ coarticulation is
language-specific (e.g. Hammarberg, 1976; Guenther, 1994; Beddor, 2009). Feature-
based models have drawn criticism (e.g. Fowler, 1980) because they necessitate a
‘translation process’ between abstract, discrete, timeless, invariant phonemes, and
the variable and continuous physical realizations of these abstract units during pro-
duction. This disconnect prompted the development of a number of models that

view articulatory gestures as the basic (phonological) units of speech (especially
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Browman and Goldstein, 1989), operating under the assumption that sequences of
gestures do not alter one another as they transition from one gesture to the next;
rather, they are coproduced (e.g. Stetson, 1951; Ohman, 1966; Fowler, 1980; Brow-
man and Goldstein, 1989; Saltzman and Munhall, 1989; Fowler and Saltzman, 1993).
Lofqvist (1990:291,316) describes how, “|a|s a consequence of coarticulation, the vo-
cal tract shape at any one time during speech represents an aggregate of gestures
associated with different segments”, and argues that the “blending” of these gestures
may be advantageous for reasons of “computational simplicity”. This idea has been
echoed in work by Guenther (1994), who proposed that speakers actively optimize
gestural overlap for reasons of articulatory efficiency, similar to Lindblom’s (1983)
‘economy of effort’. In their task-dynamic model, Fowler and Saltzman (1993:181)
suggest that variation in the coproduction of gestures depends on “the degree to
which the gestures share articulators”. In cases where there is a conflict between
gestures for control of an articulator, the result is intergestural blending. Blending
strength refers to the notion that ‘stronger’ gestures are more resistant to coar-
ticulation, but can trigger large coarticulatory effects in ‘weaker’ gestures, which
may result in a change in the degree or location of the constriction of the weaker
gesture. While Fowler and Saltzman (1993) do not explicitly reference English /1/
in terms of blending strength, their ranking appears to assign greater influence to
consonants “requiring extreme constrictions and/or placing strong constraints on
articulator movements”. Similarly, the Degree of Articulatory Constraint (DAC)
model, introduced by Recasens et al. (1997), posits that lingual coarticulation is
determined by the demands placed on the tongue during production. In this model,
vowels and consonants are assigned specific DAC values, with those requiring the
greatest degree of lingual precision receiving the highest values. Here, a high DAC
value means greater coarticulatory resistance and greater coarticulatory influence

over adjacent segments.
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From the perspective of the models referenced above, it is assumed that /1/
should be classified as a strong gesture in terms of blending strength (Saltzman and
Munbhall, 1989; Fowler and Saltzman, 1993), and receive a high DAC value (Recasens
et al., 1997). While (to the best of my knowledge) no models of coarticulation have
looked specifically at English coronal stop + /1/ sequences, we know that /1/ is
an articulatorily complex speech sound that requires a high degree of articulatory
precision during production. It is also often one of the last sounds to be acquired
by children (Sander, 1972; Smit, 1993), particularly in prevocalic position (Stoel-
Gammon, 1985; Smit et al., 1990; McGowan et al., 2004; Magloughlin, 2016).

In a recent study comparing the blending strength of the English liquids /1/
and /1/, Walker, Proctor, Smith, and Enzinger (2016) argued that “/1/ in [Gen-
eral American English| is defined by a tongue body gesture with stronger blending
parameters’ than that of the lateral, which results in its exerting a more global in-
fluence on tongue shaping and constriction location than /1/”. In keeping with their
hypothesis, the authors found that, despite variability in /1/ production, the various
tongue postures for /1/ acted to “constrain global tongue shaping more consistently
across different positions in the syllable” when compared with /1/ — a finding that
may prove relevant when examining the coarticulation of /t1/ and /di/. If /1/ exerts

more global influence, we may see /t/ and /d/ changing more than /r/.

1.4 Structure of the Dissertation

This dissertation argues that the affrication of /t/ and /d/ before /1/ is an active
sound change in progress that has been phonologized. Despite numerous references
to it in the literature, no experimental work has been undertaken to investigate the
phenomenon. This dissertation aims to fill that gap. Conducted over three sepa-

rate studies, the research presented in subsequent chapters explores three specific

'For details on blending parameters, see Saltzman and Munhall (1989).
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questions:

Q1: Apparent Time Study — Is the phenomenon of /ti/ and /di/ affrication in

English a sound change in progress?

Q2: Production Study — Are English /t/ and /d/ in /ti/ and /d1/ clusters ar-
ticulated like prevocalic [t] and [d], like prevocalic [tf] and [d3], like neither,

or like both?

Q3: Perception Study — Do English speakers categorize affricated variants of /t/

found in /ti/ clusters as T or CH?

Chapter 2 presents results from an Apparent Time Study, which examines sociolin-
guistic interview data from a corpus of Raleigh, North Carolina English speakers
of different ages, all born in the 20th century. The Raleigh corpus is considered
to be a suitable choice for conducting this investigation for several reasons. First,
it is expected that the phonetic motivation for /ti/ and /di/ affrication will be
present in any English-speaking community. Second, Raleigh experienced an in-
flux of technology workers to the area from Northern regions of the United States
in the middle of the 20th century, following the development of Research Triangle
Park (RTP), making it plausible that the resulting dialect contact may have led to
the introduction of novel affricated variants to the region. Third, /ti/ affrication
has been implicated in s-retraction (in /sti/ clusters), which is a sound change in
progress reported in Raleigh English (Wilbanks, 2017). The Apparent Time Study
aims to determine whether /ti/ and /di1/ affrication, if present, is a sound change
in progress and/or whether the emergence of affricated variants may have been the
result of dialect contact. Building on these findings, Chapter 3 presents results from
a Production Study conducted in Raleigh, North Carolina, which captures audio,
ultrasound, and video data in order to investigate how English speakers’ /t1/ and

/d1/ sequences are coarticulated. The Production Study provides an opportunity
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to find out how affricated variants of /t/ and /d/ before /1/ are articulated. Chap-
ter 4 presents results from a Perception Study, which explores how listeners (from
the Production Study) categorize affricated variants of /t/ spliced from before /1/.
Chapter 5 compares results from across studies, and Chapter 6 provides a general
discussion and conclusion.

Ethics approval was obtained through the University of Ottawa Research Ethics
Board (REB), and experiments were conducted in compliance with REB laws, reg-

ulations, and guidelines.

11



Chapter 2

Apparent Time Study

The first phase of this dissertation research involved conducting an Apparent Time

Study, with the goal of answering the question:

Q1: Is the phenomenon of /ti/ and /di/ affrication in English a sound change in

progress?

The apparent time model, a sociolinguistic approach first introduced by Gauchat
(1905), is a method of synchronic analysis used to explore change in progress. In
contrast with real-time studies, which involve longitudinal data of the same speakers,
apparent time studies look at speakers from a range of ages and operate under two
assumptions: 1) speech, once it is acquired in childhood, remains relatively stable
across the adult lifespan, and 2) speakers from different generations are represen-
tative of community-level speech patterns at various points in time (Bailey et al.,

1991).

2.1 Methodology

During this initial phase of research, affrication of /ti/ and /di/ was investigated

as a possible sound change in progress using acoustic data from the Raleigh corpus

12
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(Dodsworth and Kohn, 2012) — a collection of sociolinguistic interviews conducted
with English speakers born and raised in Raleigh, North Carolina. Speakers included
in the analysis consisted of 75 women and 65 men, born between 1923 and 1996
(Table 2.1). Speakers were grouped into three generations, following previous work
with the corpus (e.g. Dodsworth and Kohn, 2012). The cut-off between Generation 1
and Generation 2 coincides with the year dialect contact was established in Raleigh
following the installation of Research Triangle Park in the mid-1950s, which resulted

in an influx of workers from Northern regions of the United States.

Generation | Birthyear Range | Women | Men | Total
1 1923-1954 28 27 55
2 1955-1978 32 24 56
3 1979-1996 15 14 29
75 65 140

Table 2.1: Age and sex breakdown of Raleigh corpus speakers

Conversational interviews in the corpus were phonetically aligned using the Penn
Phonetics Lab Forced Aligner (P2FA) for English (Yuan and Liberman, 2008). Pre-
liminary acoustic measurements were obtained in Praat (Boersma and Weenink,
2007) using a script created by Wilbanks and Mielke (2015) and adapted by the au-
thor. One of the goals at this stage of the research was to develop a robust measure
for distinguishing between stops and affricates in the data. This proved challenging.
As has been noted by Thomas (2011), “[f|rication noise analysis is a wide-open field”
(p.- 107). In an apparent time study on s-retraction, Gylfadottir (2015) (following
Baker et al., 2011) used centroid frequency to distinguish between /s/ and /[/, and
suggested that a similar approach might be used to investigate the affrication of /t/,

by measuring the centroid frequency of stop bursts. Smith (2013:63-67) used three
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sibilant interval measures to distinguish between different types of affricated and
unaffricated variants in /tw/ sequences, including center of gravity (COG), spectral
slope, and normalized rise time. Citing Stevens (1998:117-118), Smith (2013:66)
noted that “stops have a very short rise time as the constriction is quickly released,
while affricates take longer to reach peak intensity”. She also emphasized that stops
show more energy at the beginning, in contrast with affricates, which show more
energy in the middle. While these types of measures were successful in Smith’s
(2013) laboratory data, they proved inadequate for capturing the relevant contrasts
in spontaneous speech.

A number of different strategies were employed in an attempt to identify acous-
tic measures that would distinguish between voiceless prevocalic coronal stops and
affricates in the Raleigh corpus data. COG is effective for capturing information
about the sibilant interval of fricatives, but for stops and affricates, there are several
acoustic events happening in very quick succession. COG velocity was used in order
to identify the start and end of the sibilant interval and measures were developed to
isolate the maximum COG, normalized rise time (onset of burst to point of maxi-
mum intensity divided by duration), intensity of the release burst, sibilant duration,
and others. While some of these were able to distinguish between coronal stops and
affricates for some speakers, they failed to do so for others, such that no one measure
could adequately capture these contrasts across speakers. Instead, an approach was

adopted that uses forced alignment to classify speech sounds (as detailed below).

2.1.1 Automatic Classification Using Forced Alignment

Automatic classification using forced alignment is a technique that uses an aligner to
identify and assign likelihood scores to segments in a stream of speech. The method
makes use of the Penn Phonetics Lab Forced Aligner (P2FA) for English (Yuan

and Liberman, 2008), which consists of acoustic models trained with the Hidden
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Markov Model Toolkit or HTK (Young et al., 2002), the Carnegie Mellon Univer-
sity (CMU) Pronouncing Dictionary, and a corpus of recordings with over 50 years
of oral arguments from the Supreme Court of the United States (SCOTUS). The
forced aligner maps word-level transcriptions to audio files and aligns the transcribed
words to intervals in the audio file, inserting phone boundaries based on phone-level
entries obtained from the pronouncing dictionary. For each force-aligned segment,
a likelihood score is calculated based on information from the P2FA acoustic mod-
els. Automatic classification involves running the forced aligner more than once
using acoustic models from different pronouncing dictionaries, then calculating the
difference in likelihood scores for each relevant segment.

Yuan and Liberman (2009) originally developed this automatic classification
technique as a way of assigning a darkness score to allophones of /1/, by train-
ing new acoustic models categorizing word-initial /1/s as clear, and word-final /1/s
as dark. This step was necessary, because P2FA did not include separate acoustic
models for the two allophones of /1/. For this dissertation research, it was assumed
that affricated versions of /t/ and /d/ would resemble [t[] and [d3], thereby eliminat-
ing the need for a training stage, as the acoustic models for these existing phonemes
of English were already present in P2FA.

All non-function words with word-initial /t d tf d3/ + vowel or /1/ sequences
were extracted and force-aligned twice with the P2FA 16 kHz acoustic models, once
using a modified version of the CMU Pronouncing Dictionary that contained only
pronunciation entries with stops (e.g. TRAIN: [tiem]), and once using a modified
version of the dictionary that contained only pronunciation entries with affricates
(e.g. TRAIN: [tfzem]). An example of these modified dictionaries is presented in
Figure 2.1. Words not included in the original CMU Pronouncing Dictionary were
added manually to each modified dictionary, as necessary.

Table 2.2 provides a summary of the total number of Raleigh corpus words
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extracted and force-aligned across contexts. Twenty speakers were excluded from

the analysis for insufficient tokens in one or more contexts (e.g., no /dz/ tokens).

After exclusions, a total of 14,605 tokens (or 81% of total extracted and force-aligned

tokens) were included in the analysis.

Word Type | Extracted | Included
#/t) + J1/ 3719 3082
#/d/ + /1/ 1883 1526

#/t/ + vowel 2339 1934

#/t[/ + vowel 1017 802
#/d/ + vowel 7606 6128
#/d3/ + vowel 1500 1133
TOTAL 18064 14605

100% 81%

Table 2.2: Total Raleigh corpus words by Word Type that were Extracted and
force-aligned, and the subset of those tokens Included in the analysis.

[ NON ] dict_only_ TR
TRAILBLAZER T R EY1 L B L EY2 Z ER@
TRAILBLAZERS T R EY1 L B L EY2 Z ERO Z
TRAILED T R EY1 L D

TRAILER T R EY1 L ER@

TRAILERING T R EY1 L ER@ IH@ NG
TRAILERS T R EY1 L ERO Z

TRAILHEAD T R EY1 L HH EH2 D
TRAILING T R EY1 L IH® NG

TRAILS T REY1 L Z

TRAILS' TREYLL Z

TRAILWAYS T R EY1 L W EY2 Z
TRAILWAYS' T R EY1 L W EY2 Z

TRAIN TR EYLN

TRAIN'S TR EYLIN Z

TRAINA T R EY1 N AHO

TRAINABLE T R EY1 N AHO B AHO L
TRAINED T R EY1 N D

TRAINEE T R EY1 N IY1

TRAINEES T R EYL N IY1 Z

TRAINER T R EY1 N ER@

TRAINERS T R EY1 N ERO Z

TRAINING T R EY1 N IH@O NG

TRAINMEN T R EYL N M AHO N

TRAINOR T R EY1 N ER@

TRAINS T R EY1 N Z

TRAIPSE T R EY1 P S

TRAIPSING T R EY1 P S IHO NG

[ NON ] dict_only_CHR
TRAILBLAZER CH R EY1 L B L EY2 Z ER@
TRAILBLAZERS CH R EY1 L B L EY2 Z ER® Z
TRAILED CH R EYL LD

TRAILER CH R EY1l L ER®

TRAILERING CH R EY1 L ER® IH® NG
TRAILERS CH R EY1 L ERO Z

TRAILHEAD CH R EY1 L HH EH2 D
TRAILING CH R EY1 L IHO NG

TRAILS CHREY1L Z

TRAILS' CHREYLL Z

TRAILWAYS CH R EY1 L W EY2 Z
TRAILWAYS' CH R EY1 L W EY2 Z

TRAIN CH R EY1 N

TRAIN'S CH R EYL N Z

TRAINA CH R EY1 N AHO

TRAINABLE CH R EY1 N AHO B AHO L
TRAINED CH R EYI N D

TRAINEE CH R EY1 N IY1

TRAINEES CH R EY1 N IY1 Z

TRAINER CH R EY1 N ER®

TRAINERS CH R EY1 N ERQ Z

TRAINING CH R EY1 N IH@ NG

TRAINMEN CH R EY1 N M AH® N

TRAINOR CH R EY1 N ER®

TRAINS CH R EY1 N Z

TRAIPSE CH R EYL P S

TRAIPSING CH R EY1 P S IHO NG

Figure 2.1: Modified CMU pronouncing dictionaries. T dict (left) contains exclu-
sively [t] entries for /t1/ sequences; CH dict (right) contains exclusively
[t/] entries for /t1/. Similar modified stop/affricate pronouncing dic-
tionaries created for /di/ and /t d tf d3/ + vowel sequences.
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2.1.1.1 A(ffrication)-Score

Yuan and Liberman’s (2009) automatic classification technique for classifying /1/
“darkness” resulted in a D(arkness) score for every /1/ token, where a larger D score
represented a darker /1/. For this research, Yuan and Liberman’s (2009) technique
was adapted in order to calculate an A(ffrication)-Score for every /t d tf d3/ token
before a vowel or an /1/. As shown in Equation 2.1, this was achieved by subtracting
the probability (log likelihood score) associated with each segment’s classification as
a stop (7T'1) from the probability of its classification as an affricate (T'2), normalized
for duration. The higher the A-Score (i.e., > 0), the greater the probability of

affrication.

(2.1) A(t) = log p(t|T2) — log p(t|T1)

For example, a Raleigh corpus speaker produced the word train. The word was
extracted from the corpus because it met the criteria for extraction and was force
aligned twice, once as [tiem] (using the T dictionary), and once as [tfrzem] (using
the CH dictionary). P2FA generated a log likelihood score for the /t/ in each
alignment: 2209.389161 for the [tiem] alignment (T1), and 2251.318361 for the
[tfzem] alignment (T2). 2251.318361 — 2209.389161 = 41.9292. An A-Score of
greater than 0 suggests that the /t/ in this instance of train has a greater probability
of being an affricate than a stop, according to the acoustic models of the P2FA.
Only A-Scores with values between -100 and +100 were included in the analysis
that follows, which represented 96% of tokens.

It is important to note that the P2FA acoustic models for /t/ and /d/ were
trained on /t/s and /d/s produced by speakers across a range of contexts, including
those before /1/. As a result, the models should be able to accept affricated variants

of /t/ and /d/ before /1/ as instances of /t/ and /d/, as long as affricated variants
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occurred in the training data. What this means is that affricated variants may be
assigned a higher log likelihood score during alignment with the T dictionary (than
during alignment with the CH dictionary), which would result in lower (more [t]-
like) A-Scores for these tokens than if no affricated variants existed in the training
data. However, acoustic models for the P2FA are trained on SCOTUS recordings,
which may involve a greater number of older male speakers (Supreme Court justices
tend to be old) who may not be producing affricated variants if a change in progress
is underway. If fewer affricated variants occurred in the training data, this would
increase the likelihood that these affricated variants would derive higher (more [tf]-
like) A-Scores. Neither scenario is inherently problematic for assessing change over
time, given that the same measures are being applied to all tokens in the dataset
— an increase or decrease in A-Score can be interpreted as change, regardless of its

starting point relative to [tf].

2.1.1.2 A(ffrication)-Ratio

In order to measure each speaker’s degree of affrication in /t1/ and /di/ productions
relative to their prevocalic /t d/ and /tf d3/ productions, A-Scores were used to
calculate A(ffrication)-Ratio. As illustrated in Equation 2.2, A-Ratio was calculated
by subtracting a speaker’s mean A-Score for prevocalic /t/ from the A-Score for each
/t1/ token, and dividing that value by the difference between a speaker’s mean A-
Scores for prevocalic /tf/ and /t/. This same method was also used to calculate
ratios for each /di/ token in the dataset. A ratio closer to 1 indicates that the
token is more affricate-like, whereas a ratio closer to 0 indicates that the token is
more stop-like. This approach was adapted from Baker et al. (2011), who used
median centroid frequency to calculate Retraction Ratio in their investigation of
North American /s/-retraction, in order to quantify speakers’ degree of /s/ retraction

in sCz relative to their prevocalic /s/ (ratio=0) and /[/ (ratio=1). For this data,
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a ratio-based approach allows for speaker-internal A-Score normalization: /ti/ and
/d1/ are placed in context within a speaker’s acoustic space, relative to their /t d tf
dz/. In this way, A-Ratio can be used as the dependent measure of /t1/ and /di/

affrication.

(2.2)

(observed A-Score /ti/ token — speaker mean A-Score prevocalic /t/)

A(ffrication)-Ratio =
(speaker mean A-Score prevocalic /tf/ — speaker mean A-Score prevocalic /t/)

2.2 A-Score Results

Automatic classification, from which A(ffrication)-Scores were derived, was success-
ful in distinguishing between coronal stops and affricates in the Raleigh corpus data.
As described above (§ 2.1.1), A-Scores with values of > 0 indicated that higher log
likelihood scores were assigned during forced alignment with the modified affricate
pronouncing (CH or JH) dictionary than during forced alignment with the modified
stop pronouncing (T or D) dictionary. Figure 2.2 shows predominantly negative
A-scores (< 0) for prevocalic /t/ and /d/ words (a, b), where no affrication was
expected, and predominantly positive A-Scores (> 0) for prevocalic /tf/ and /dz/?!
words (¢, d), where affrication was expected. For /ti/ and /di/ words (e, f), we see
both positive and negative A-Scores, with some tokens showing greater probability
of affrication than others, and /di/ showing a greater proportion of tokens with

positive A-Scores (relative to negative A-Scores) when compared with /ti/.

1JH is used by the CMU Pronouncing Dictionary to represent [d3], (Figure 2.2, and elsewhere).

19



/ti/ and /d1/ in North American English
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Figure 2.2: Histograms of A-Scores for all (a) T and (b) D tokens, (¢) CH and (d)
JH tokens, and (e) TR and (f) DR tokens. (NOTE: y-axis scales for
each sub-figure are (at times, dramatically) different, due to variation
in token counts - see Table 2.2.)
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As illustrated in Figures 2.3 and 2.4, when plotted by birth year, A-Scores for
/t/s and /d/sin /ti/ and /di/ tokens showed a pattern of change over time for these
English speakers in Raleigh, North Carolina. A-Scores were lowest for older male
and female speakers, and highest for younger male and female speakers. For voiced
tokens (Figure 2.4), the youngest female speakers showed mean A-Score values for
DR that were higher than JH, and the oldest male speakers showed mean A-Score
values for JH that were much lower relative to the other speakers. These extremes
seem largely driven by the comparatively small number of data points (fewer green

and orange dots) for females and males in these birth years.

A(ffrication)-Score Across Apparent Time: Voiceless Tokens
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Figure 2.3: Mean A-Score of voiceless phones (CH, TR, T) for each female (left)
and male (right) speaker by birth year (across apparent time).
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A(ffrication)-Score Across Apparent Time: Voiced Tokens
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Figure 2.4: Mean A-Score of voiced phones (JH, DR, D) for each female (left) and
male (right) speaker by birth year (across apparent time).

2.3 A-Ratio Results

While raw A-Scores provide information about the likelihood of a speaker’s /ti/
or /di/ productions being more or less affricate-like, A(ffrication)-Ratio normalizes
these scores by speaker, relative to their prevocalic /t d/ and /tf d3/ productions.
A-Ratio provides information about how far a speaker’s /ti/ and /di/ are along
the /t/-/tf/ and /d/-/d3/ dimensions. In keeping with the patterns observed for
mean A-Scores, Figure 2.5 shows A-Ratios changing over time. This pattern is most
apparent for female speakers, with older females exhibiting mean A-Ratio values

closer to 0 for both voiceless (TR) and voiced (DR), and younger females exhibiting
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A-Ratio values closer to 1. While a similar pattern can be observed with the males,
the change is less apparent, which may be due, in part, to the comparatively small

number of data points for the oldest males.

A(ffrication)-Ratio Across Apparent Time: /ti/ and /di/ Tokens
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Figure 2.5: Mean A-Ratios for /ti/ (left) and /di/ (right) for each female and
male speaker by birth year (across apparent time).

Strikingly, a number of the youngest male and female speakers show A-Ratios
with values even greater than 1, which occurs in cases where a speaker’s mean A-
Score for /tf/ or /d3/ is lower than their mean A-Score for /ti/ or /di/. While it
is possible that this effect would disappear with more speakers and higher token-
counts across categories, it is also plausible that the acoustic information the forced
aligner (P2FA) is using to calculate log likelihood scores is more extreme in /t1/

and /di/ clusters than in phonological affricates. The aligner is trained on data
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from Supreme Court Justices, many of whom may have been older males producing
fewer (if any) affricated variants before /i/. It is certainly possible that younger
speakers are producing affricated variants that derive higher log likelihood scores
because the acoustic markers used to determine probability of being an affricate are
more pronounced in these (affricate + [1]) clusters, making them ‘more [tf]-like and
[d3]-like than /tf/ and /d3z/’ (to P2FA). It seems reasonable for a sound change to
stop when it reaches a sound that is already present in the language, but it remains

an open question whether affrication is still ongoing or has reached its conclusion.

2.3.1 Statistical Modeling

The Imer function in the Ime4 package (R Development Core Team, 2008) was used
to generate mixed-effect linear regression models with A-Ratio as the dependent
variable. A-Ratio was chosen over A-Score, because it provides a speaker-internal
measure of /t1/ and /di/ affrication within each speaker’s acoustic space (i.e., rela-
tive to productions of [t tf] and [d d3]). The models presented below include random
intercepts for SPEAKER and WORD. The significance threshold is defined as a t value
of greater than 2.0 or less than -2.0.

Models 1a and 1b? include a two-way interaction between BIRTHYEAR and SEX
(a-ratio ~ birthyear * sex + (1 | speaker) + (1 | word)), in both voiceless (Model 1a
- TR) and voiced (Model 1b - DR) conditions. Table 2.3 shows a significant effect
of birthyear vs. the reference level of A-Ratio (¢ value: 4.413) in voiceless condition,
but no effect of sex vs. the reference level of A-Ratio (¢ value: 1.255), and no
significant interaction between birthyear and sex (¢ value: -1.277). Table 2.4 shows
a significant effect of birthyear vs. the reference level of A-Ratio (¢ value: 6.039)

in the voiced condition, and also a significant effect of sex vs. the reference level of

2] considered using a random slopes structure for each word by speaker (1 + word|speaker),
but the model would not converge, most likely due to the broad range of words in sociolinguistic
interview data.
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A-Ratio (¢ value: 2.315). However, there was also a significant interaction between
birthyear and sex in Model 1b (¢ value: -2.348), with females showing higher A-
Ratios than males, increasing at a faster rate over time. Although Model 1a shows
no significant interaction between birthyear and sex, given that the ¢ values are in
the same direction as in Model 1b, it seems plausible that a similar change may be
taking place in the voiceless condition, but to a lesser degree that is not detectable

using this approach.

AIC: 5840.6 Estimate Std. Error t value
(Intercept) -21.916470 5.094587 -4.302
Birthyear 0.011479 0.002601 4.413
SexM 9.293630 7.407287 1.255
Birthyear:SexM  -0.004828 0.003780 -1.277

Table 2.3: Summary of Model 1a — TR:
a-ratio ~ birthyear * sex + (1 | speaker) + (1 | word)

AIC: 2102.7 Estimate Std. Error t value
(Intercept) -29.444961 4.985853 -5.906
Birthyear 0.015377 0.002546 6.039
SexM 16.769154 7.243535 2.315
Birthyear:SexM  -0.008678 0.003697 -2.348

Table 2.4: Summary of Model 1b — DR:
a-ratio ~ birthyear * sex + (1 | speaker) + (1 | word)

2.4 Phonologization or Contact? (Revisited)

The Figures (2.3 - 2.5) presented in the previous sections show what appears to
be a gradual phonetic change over time in Raleigh, beginning somewhere around
the middle of the twentieth century, suggesting phonologization of a phonetic effect.

Generation 1 speakers are producing /ti/ and /di/ sequences with comparatively
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low A-Scores (more [t]-like and [d]-like), Generation 3 speakers are producing se-
quences with comparatively high A-Scores (more [t[]-like and [d3]-like), and Genera-
tion 2 speakers are producing sequences with more intermediate A-Scores. However,
A-Score (and A-Ratio) values are plotted using speaker means, which has the po-
tential to mask the introduction of new variants into the speech community through
dialect contact. If, for example, following the installation of Research Triangle Park
in Raleigh in the late 1950s, Northerners moving into the region imported with them
affricated variants of /ti/ and /di/ (more exaggerated versions of an already exist-
ing phonetic effect), and some Generation 2 Raleigh speakers began using a mix
of existing and imported variants, we would see more intermediate mean A-Score
(Figures 2.3 and 2.4) and A-Ratio (Figure 2.5) values for those speakers?.

In a study on /ay/-raising in Philadelphia, Fruehwald (2016:384-386) examined
the distribution of speaker data using kurtosis and standard deviation measures, in
order to distinguish between continuous (phonologization) and categorical (dialect
contact) variation. Kurtosis is a way of measuring bimodality, “where the lower the
kurtosis, the greater the bimodality” (Darlington, 1970:19). If affricated variants of
/t1/ and /di/ were imported into Raleigh through dialect contact, we would expect
to see a bimodal distribution (low kurtosis) for the Generation 2 speakers (those
showing intermediate A-Score values) if both affricated and non-affricated (or less
affricated) variants are present in their speech. In contrast, if this phenomenon is
the result of a gradual phonetic change over time that has been phonologized, we
would expect to see normal distribution within each speaker.

Modelled after Fruehwald (2016), Figure 2.6 plots the kurtosis of every speaker’s
A-Score distribution by Birthyear for /t/ and /d/ tokens before /i1/ (left), and

/t/ and /d/ tokens before vowels (right). The kurtosis of a normal distribution is

3Note that there is no particular reason to expect these Northerners to have had more affrication
than Raleigh natives. A contact source for affrication is merely a possibility that can be explored
in the Raleigh data.

26



/ti/ and /d1/ in North American English

represented by the horizontal dotted line at y = 3. The kurtosis of /t/ before /1/
(TR, upper left) showed a normal distribution across birth years (mean: 3.3), and
this same pattern was observed for the kurtosis of /d/ before /1/ (DR, lower left,
mean: 2.8). Following Fruehwald’s (2016) reasoning, if the change observed were
the result of the introduction of a new variant into the Raleigh speech community,
we would expect to see a dip in kurtosis at the mid-point of the change, where there
is the greatest mix of both affricated and non-affricated variants. This is not the
pattern we observe, however, as the trend in kurtosis across birth years is flat for

both TR and DR.
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Figure 2.6: Estimated kurtosis of individual speakers’ A-Scores across Birthyear
for /t/ and /d/ tokens before /1/ (TR - upper left, DR - lower left),
and before vowels (T - upper right, D - lower right). The kurtosis of
a normal distribution is represented by the horizontal dotted line at y
= 3. The y-scale is logarithmic.
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Further, the kurtosis of /t/ before vowels (T, upper right) also showed a normal
distribution across birth years (mean: 3.1), but the kurtosis of /d/ before vowels (D,
lower right) was higher (mean: 4.9) though remained stable across birth years and
may be a side-effect of the comparatively high number of data points for prevocalic
/d/ (42% of the total words were of Word Type /d/ + vowel — see Table 2.2)
and a greater number of outliers. If the sound change in progress in Raleigh were
the result of categorical variation, due to dialect contact with Northerners using
more affricated variants in their speech, we would expect to see noticeably different
kurtosis patterns across pre-/1/ (TR, DR) and prevocalic (T, D) categories, with
prevocalic coronal stops showing flatter kurtosis over the course of the twentieth
century (since a change in prevocalic stops is not underway), when compared with
the patterns observed for /t/ and /d/ before /i1/. Since we do not, this provides
further evidence to suggest that Raleigh speakers are not using a mix of affricated
and non-affricated variants before /1/.

Fruehwald (2016:385-386) also points out that two normal distributions (in our
case, affricated and non-affricated variants of /ti/ and /di1/) will always have larger
standard deviation than will a single distribution on its own. In other words, if the
intermediate A-Score and A-Ratio values observed in Figures 2.3 - 2.5 are due to
dialect contact and the resulting mixture of two variants at the height of the change,
we would expect to see a peak in standard deviation near the middle of the twentieth
century.

In Figure 2.7, which plots the standard deviation of individual speakers’ A-Scores
across Birthyear, we do not see patterns that might suggest the abrupt introduction
of new affricated variants to the Raleigh speech community. As can be observed, the
standard deviation of speakers’ A-Scores for /t/ before /1/ (TR, upper left, mean:
20.1) remains stable across birth years, with no peak at the midpoint of the change,

and values that are in keeping with those observed for /t/ before vowels (T, upper
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right, mean: 20.7). The standard deviation of speakers’ A-Scores for /d/ before /1/
(DR, lower left, mean: 22.8) also shows a relatively flat pattern across birth years,
with no dramatic peak, but slightly more deviation as compared with /d/ before
vowels (D, lower right, mean: 19.6). This modest increase in mean A-Score for DR
(+3.2 over D, + 2.7 over TR) does not suggest normal distributions for two sets of
variants, one with negative A-Score values, and one with positive A-Score values.
Given that the overall range of A-Scores includes values between -100 and +100, we
would expect to see much larger deviation. In addition, the kurtosis of /di/ shows

normal distribution for DR across birth years (Figure 2.6, lower left).

Standard Deviation -- Speaker A-Scores by Phone
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Figure 2.7: Standard deviation of individual speakers’ A-Scores across Birthyear

for /t/ and /d/ tokens before /1/ (TR - upper left, DR - lower left),
and before vowels (T - upper right, D - lower right).

Taken together, the kurtosis and standard deviation of A-Scores across birth
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years do not point to the introduction of new variants to the speech community in
Raleigh as a result of dialect contact, but rather to a gradual phonetic change over

time that has been phonologized.

2.5 Discussion

This apparent time study into the phenomenon of /t1/ and /di/ affrication provides
strong evidence that a change was underway for English speakers in Raleigh, North
Carolina near the middle of the twentieth century. The data show that older speakers
born early in the twentieth century were producing /ti/ and /di/ sequences that are
more like [t] and [d], while younger speakers, born after the middle of the century,
were producing these sequences more like [tf] and [d3] when examined using both
A-Score and (speaker-normalized) A-Ratio measures. Females appear to be leading
the change, as might be expected given that women have been shown to be early
adopters of new variants (Labov, 2001). Further analysis of the data using kurtosis
and standard deviation measures provides additional evidence to suggest that the
change is not due to dialect contact, but rather to a gradual phonetic change over
time.

Although these results are compelling, both A-Scores and A-Ratios are derived
from log likelihoods assigned by the Penn Phonetics Lab Forced Aligner, using acous-
tic models that do not provide any transparent information about how the proba-
bility values are obtained. Further, the small number of speakers in certain birth
years makes it difficult to assess, for example, how affricate-like younger females’
productions of /t1/ and /di/ are relative to their productions of prevocalic /tf/ and
/d3/.

Results in this study provide strong motivation for a laboratory-based investiga-

tion into the phenomenon of /ti/ and /di/ affrication. If a change is occurring in
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Raleigh, what does the change look like in its current state, and what, if any, are the
articulatory motivations for the change? The balance of the research presented in
this dissertation explores this phenomenon using laboratory-based methods. Chap-
ter 3 presents an articulatory study of speakers’ productions of /ti/ and /di/ se-
quences, and Chapter 4 presents a perceptual experiment designed to measure how

speakers categorize affricated variants of /t/ before [1].
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Chapter 3

Production Study

The Apparent Time Study results presented in Chapter 2 showed a sound change
in progress in Raleigh, North Carolina. Speakers’ /t/s and /d/s before /1/ were
increasingly more affricate-like over time, when examined using both A-Score and
(speaker-normalized) A-Ratio measures. Based on these results, it was anticipated
that participants in the Production Study would be more likely to produce variants
of /t/ and /d/ before /1/ that were affricated, given that all were born between 1985
and 1997, which aligns with the youngest (Generation 3) speaker birth years in the
Apparent Time Study.

The Production Study was designed to examine the interaction between articu-
lators during participants’ productions of /t/ and /d/ before /i/, and /t d tf dz/

before vowels. The goal of this stage of research was to answer the following question:

Q2: Are English /t/ and /d/ in /t1/ and /d1/ clusters articulated like prevocalic

[t] and [d], like prevocalic [tf] and [d3], like neither, or like both?

This is an important question. Are participants producing [t]s and [d]s coartic-
ulated with [1] that, for aerodynamic reasons (Ohala and Solé, 2010), sound like
affricates, or have participants adopted a new articulatory target before /1/, sug-

gesting phonologization of a coarticulatory effect?
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As a starting point, we need to imagine what coarticulation of /t/ and /d/
before /1/ would look like. Modelled after Browman and Goldstein (1989), Figure 3.1
presents hypothesized gestural scores for [ti1] and [tf1] clusters. (Similar hypothesized
gestural scores are assumed for [di] and [d31], differing only in terms of the timing
of the onset of voicing.) The scores in the upper half of the figure (i, ii) represent
these as non-overlapping sequences of gestures produced in slow succession!, while
the scores in the lower half (a, b) represent hypotheses of these same gestures,

coproduced.

ing Gestures

/

Non-overla

\

4 =

rounded (i) protruded rounded
LIPS labial LIPS labial labial
TT/TBL closure | release narrow TT/TBL closure release narrow
alveolar i | post-alveolar post-alv. post-alveolar
TRT narrow TRT narrow
\ pharyngeal / \ pharyngeal /
[ t A ] [ tf 1 ]
Coproduction Hypotheses
(a) (b)
/ rounded \ / protruded rounded \
LIPS labial LIPS labial labial
TT/TBL closure release | narrow TT/TBL closure relgase | narrow
alveolar post-alveolar post-alv. post-alveolar
TRT narrow TRT narrow
\ pharyngeal / \ pharyngeal /
[ ta 1 [ tf 1

Figure 3.1: Non-overlapping (upper, i-ii) and hypothesized coproduced (lower, a-
b) gestural score diagrams for [t1] (left) and [tf1] (right) sequences. The
three articulatory tiers engaged in each score include the lips (LIPS),
the tongue tip/blade (TT/TBL), and the tongue root (TRT).

I'Non-overlapping gestures are included here for illustrative purposes only, to isolate the artic-
ulators for each gesture. They are not expected to occur in natural speech and instead represent
an unrealistic scenario where there is no coarticulation. The focus of the discussions that follow
will be on coproduction hypotheses a and b.
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Figure 3.1 is a departure from Browman and Goldstein (1989) in several im-
portant ways?. First, the articulatory tier representing the tongue tip (TT) in
Browman and Goldstein’s (1989) model has been broadened to include the tongue
blade (TT/TBL). The tongue tip and tongue blade are grouped together here in
a single articulatory tier because, although they involve slightly different regions
of the tongue, the tip and blade do not act independently of one another (as we
might see with, e.g. the tongue tip, and tongue dorsum or root). Second, a new
articulatory tier has been introduced to represent engagement of the tongue root
(TRT)3. Third, gestures involving complete oral closure (stops and affricates) have
been elaborated to explicitly show the release following closure, which translates
acoustically to aperiodic noise or voicelessness.

As illustrated in Figure 3.1, the only articulatory tier engaged during the pro-
duction of [t] is TT/TBL (i, a), while both the LIPS and TT/TBL tiers are engaged
during articulation of [tf] (ii, b). Production of [1], a comparatively complex sound,
engages articulators on all three tiers: TT/TBL, TRT, and (typically) LIPS (i, ii,
a, b). The argument put forward here is that there may be nothing preventing
early engagement of the lips and/or tongue root in anticipation of the following /1/.
In (a), the hypothesized gestural score for coproduced [ti], constriction at the lips
(LIPS) and tongue root (TRT) for the /1/ can begin as early as the onset of the clo-
sure for the stop (TT/TBL), as each articulator operates on a separate articulatory
tier. In (b), the hypothesized gestural score for coproduced [tf1], constriction at the
tongue root for the /1/ can also begin as early as the onset of the closure, whereas
constriction at the lips for the /1/ results in an articulatory conflict, since the LIPS

tier is already engaged during production of /tf/. For both gestural scores (a, b), the

2Figure 3.1 makes no claims about Browman and Goldstein’s (1989) Articulatory Phonology
model, and in no way attempts to refine it. Gestural scores are used here simply as a way of
visually representing how gestures involving articulators on different tiers might be coproduced.

3Browman and Goldstein (1989:208) acknowledge “[o|ther oral tract variables that need to be
implemented include an independent tongue root variable”.
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narrow post-alveolar constriction of the tongue for articulation of /1/ can also occur
early, but only following release of the tongue after closure, as both gestures activate
the same articulator on the same tier (TT/TBL). If either coproduction hypothesis
is correct, our articulatory data should show lip and tongue root engagement during
the closure interval for the stop/affricate gestures, and an [1] tongue posture dur-
ing the period of noise (aperiodicity) following release. It is anticipated that /1/
tongue postures under either scenario will be predominantly bunched (tip-down),
given that /1/s produced following coronals are far more likely to be bunched, even
for speakers who retroflex in other contexts (Mielke et al., 2016). In their study on
s-retraction, Baker et al. (2011) found that all participants produced bunched /1/
postures in the /sti/ context. Westbury et al. (1998:214) observed that speakers
exhibited the least amount of variability in the /sti/ context, where /1/ postures
are more constrained. Mielke et al. (2016:114-115) have suggested “abandoning the
bunched /retroflex distinction” for /i1/s next to lingual consonants, at least for some
speakers, because in these contexts “the distinguishing features of bunched and/or
retroflexed postures are both reduced, sometimes to the point of being indistin-
guishable”. In other words, while an interesting characteristic of North American
English /1/ is its variable behaviour, this variability is not likely to be a factor in
the coarticulation of /ti/ and /di/ sequences. It is expected that the articulatory
complexity of the /1/ gesture will be relevant here, and not its variability.

It is important to note that both coproduction hypotheses (a, b) could result in
what sounds like an affricated /ti/: (b) begins with an affricate, and (a) involves
a [t] released into a segment with a high tongue position, resulting in an extended
period of turbulence that could be perceived as affrication (Ohala and Solé, 2010).
In order to distinguish between these hypotheses, articulatory analysis will involve
comparisons on each of the articulatory tiers beginning at closure. At the lips (LIPS),

rounding at the mid-point of the closure interval would indicate early articulation
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of the /1/ gesture (a), whereas protrusion would suggest a gesture that is more
[tf]-like than [1]-like (or [t]-like). At the tongue tip/blade (TT/TBL), comparisons
between /ti/, /tf/, and /t/ tongue postures will determine whether participants
are producing more [t]-like (a) or [tf]-like (b) gestures. While retraction at the
tongue root (TRT) will not distinguish between either of the hypotheses, evidence
of retracted /t1r/ and /di/ tongue root postures at the mid-point of the closure

interval will confirm the anticipated early articulation of the /1/ in both scenarios.

3.1 Methodology

In order to test the coproduction hypotheses presented in Figure 3.1, ultrasound,
video, and acoustic data of participants’ productions of /t1/ /di/ sequences were
captured, along with their productions of prevocalic /t d tf d3/ sequences, in order

to compare across tongue postures.

3.1.1 Participants

32 English speakers, recruited from the North Carolina State University community,
participated in the Production Study. A subset* of these participants were included
in the analysis that follows: 9 females and 3 males, ranging in age from 19 to 31
at the time of recording. Ten were born in North Carolina, one female subject was
born in Wisconsin, and one male subject was born in Delaware. Participants were
native speakers of English and reported no speech or hearing disorders, though S05
indicated “I had to learn how to say my Rs properly in elementary school” and S24
reported “a slight lisp sometimes”. Neither were considered to be problematic for

the purposes of analysis — S05 produced adult-like /1/s across contexts, and no lisp

4The twelve participants selected for the Production Study analysis were those whose acoustic,
articulatory, and video data were aligned and ready when I was. For practical reasons, analysis of
all 32 participants was outside the scope of this dissertation, due to the time required for manually
processing that volume of articulatory data.

36



/ti/ and /d1/ in North American English

was detectable in S24’s speech.

Participant | Sex Birth Year | Birth Place
S03 Female 1996 North Carolina
S05 Female 1995 North Carolina
S06 Female 1996 Wisconsin
S09 Male 1995 Delaware
S10 Female 1995 North Carolina
S13 Female 1997 North Carolina

S18 Male 1995 North Carolina
S19 Female 1996 North Carolina
S23 Male 1996 North Carolina

S24 Female 1985 North Carolina
S29 Female 1994 North Carolina
S30 Female 1991 North Carolina

Table 3.1: Production Study participant details

3.1.2 Stimuli

Stimuli consisted of familiar monosyllabic English words (and one phonotactically
probable nonword) beginning with: /tit tf di d d3/, across a range of unrounded
vowel contexts that included high/low, front/back, and tense/lax distinctions: /i 1
A a/. Proper names Tron® and Jim were used in two contexts, and a nonce word,
Dreep, was used in one context where only one familiar lexical item could be found.
Fillers consisted of words that were relevant to other studies being conducted at the
NCSU Phonology Lab at the time of recording (see Appendix A for a complete list

of experimental and filler tokens).

5 Although the original Tron, a popular video game and film from the early 1980s, may not have
been familiar to all participants, a more recent film, Tron Legacy, was released in 2010.
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fto/ 8/ S /da) fd)/ds/
i tree tea cheap dream deem jeans
treat teach cheek Dreep deep jeep
1 trick tick  chick drip dip Jim
trip  tip chip  drift dibs  jib
A truck tuck chuck drug  duck jug
trust  tub chum drum dumb jump
a trot talk chalk drop  dock job
Tron top chop draw  dog jock

Table 3.2: Production stimuli

3.1.3 Procedures

The Production Study was conducted in a sound-attenuated booth in the Phonology
Lab at North Carolina State University (NCSU). The reading task, which included
experimental phrases in the form “give me a X again”, took between 20 and 30
minutes to complete, following an initial set-up of approximately 10 minutes. Upon
arrival, participants were asked to fill out a consent form (Appendix B.1) and were
paid $15 for their time. The Production experiment was immediately followed by
a Perception experiment (Chapter 4) conducted in an adjacent sound-attenuated
booth in the same lab. Following completion of both experiments, participants were
asked to complete a language background questionnaire (Appendix B.2).
Ultrasound, video, and acoustic data were collected simultaneously using a Tera-
son t3000 ultrasound machine, running Ultraspeech 1.3 (Hueber et al., 2008) in
direct-to-disk mode. A microconvex array transducer (8MC3 3-8MHz, 90-degree
field of view) was used to image the mid-sagittal plane of the tongue. Ultrasound
images were captured in 640x480 pixel bitmaps, generated at a rate of 60 fps. Video
images were also captured in 640x480 pixel bitmaps at 60 fps, using an Imaging
Source DFK 21BU04 1/4" closed-circuit TV camera recording in grayscale mode.
Audio was recorded at a sampling rate of 44,100 Hz with an Audio-Technica AT803

lavalier microphone, attached approximately one inch from the participant’s mouth
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with an AT8418 instrument mounting clip. Audio was transmitted through a Sound-

Devices USBPre 2.0 preamplifier.

3.1.3.1 [Initial set-up

As illustrated in Figure 3.2, the participant was seated in a chair in the sound booth,
and four locking adjustable Magic Arms (A) were used to position and stabilize the
equipment during recording. The ultrasound transducer (B) was placed under the
participant’s chin, and a headrest (C) was used to minimize vertical and horizontal
movement and help stabilize the head in relation to the transducer. A headband (D)
was used to hold head-orientation-tracking sensors in place, and an Arduino device
(F) with a small screen (E) was programmed (Mielke, 2016) to provide feedback
about head-orientation and movement (based on information communicated to the
device from the sensors), and to display experimental phrases. A camera (G) was
positioned to capture the participant’s lip movements during production of stimuli,
and a remote control (H) for the Arduino device was used by the participant to

advance through the experimental phrases displayed on the screen.
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Figure 3.2: Participant set-up: (A) adjustable Magic Arms for positioning equip-
ment; (B) ultrasound transducer; (C) headrest for head-stabilization;
(D) headband to hold head-position sensors; (E) Arduino-compatible
screen and (F) Arduino-based device for tracking head movement and
presenting experimental phrases; (G) camera for recording lip move-
ment; (H) remote control for advancing through stimuli.

During initial set-up, the participant was asked to find a comfortable position in
the chair and fitted with the headband and sensors used to track head-orientation.
The headrest was positioned in such a way as to provide the participant with head
support, as well as tactile information about their vertical and horizontal position
in space. At this stage, the participant was encouraged to ensure they were seated
comfortably against the headrest, as they would be required to maintain a stable

position throughout the experiment. The ultrasound transducer was positioned
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under the participant’s chin in order to capture mid-sagittal images of the tongue,
and recording depth was adjusted for each participant to between 7 and 9 cm in
order to image the full range of tongue movement within the oral cavity. Ultrasound
and video image information was displayed on-screen (Figure 3.5), and was visible to
the participant during set-up. Anatomical features visible in the ultrasound images
were used to ensure proper transducer placement. The hyoid bone and mandible
were used to assess front-to-back alignment, and the genioglossus muscle was used
to assess side-to-side alignment (Figure 3.3), as these features can be seen in the
ultrasound image if the transducer is properly aligned with the mid-sagittal plane.
The participant was also asked to produce a sustained English [or] — a sound that
is typically produced with a deep mid-sagittal groove that can aid in locating the
mid-sagittal plane. Once the transducer placement was established, the camera was
adjusted and focused to capture a complete view of the participant’s lip and jaw
movements during the recording. The microphone was then clipped approximately
one inch from the participant’s mouth and the participant was prompted to produce
some practice phrases that were of the same form as those in the experiment (e.g.

“give me a unicorn again”), so that audio levels could be checked.
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mid-sagittal groove

hyoid shadow /

genioglossus

FILENAME: TROT1 1 0_T_729.346.jpy AUDIO TIME: 729.346
US FILE: may19_0729346_43705.png US WARNING:
VIDEO FILE: mayl9_0729343_43763.png VIDEO WARNING:

Figure 3.3: Anatomical features visible in ultrasound images used to ensure proper
transducer placement along the mid-sagittal plane during recording.

A small Arduino-compatible screen was positioned at eye-level with the par-
ticipant and at an appropriate viewing distance so as to be legible. Once it was
confirmed that the participant was feeling confident that they would be able to
maintain their position for the duration of the experiment, a baseline head posi-
tion was obtained by synchronizing the head-band sensors with the Arduino device
(through the push of a button on the remote control). Ensuring the participant
maintained a consistent head position in relation to the ultrasound transducer was
an important and necessary step in order to (later) be able to compare images across
tokens during analysis (Stone, 2005; Davidson, 2006). As illustrated in Figure 3.4a,
a blue cross and the message “READY” were displayed on the screen to indicate
baseline head position. The participant was then instructed to move their head very
slightly in order to see what would be displayed if they shifted from baseline. The
message “please readjust” would appear on the screen (Figure 3.4b), along with yaw,

pitch, and roll information about the participant’s head-orientation in relation to
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baseline. The participant was then given the opportunity to practice returning to
“READY” (baseline) position. It was explained to them that during the experiment
they would be producing a series of phrases in the form “give me a X again”, and
would be using the remote control to advance to the next phrase. Any head move-
ment would result in the reappearance of the message “please readjust”, and they
would be required to return to “‘READY” in order to advance to the next phrase. A
total of 522 prompts were presented to each participant during the experiment, in-
cluding 3 repetitions of 48 experimental stimuli (Table 3.2) and 3 repetitions of 126

fillers, with breaks at one third and two thirds of the way through the experiment.

Stimuli were presented in one of four random orders.

+ [READY]

(a) READY (baseline position)

(b) please readjust (off baseline)

Figure 3.4: On-screen messages provide participants with information about their
head position in relation to baseline.
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3.1.3.2 Recording

At the start of recording and prior to producing any phrases, the participant was
asked to sip water through a straw and hold it in their mouth in order to image the
palate, then swallow the water. Next, the participant was asked to bite down on a
tongue depressor and press their tongue up against it in order to image the occlusal
plane. Once these two steps were completed, the remote control was handed to
the participant, who was instructed to begin advancing through the word list after
the experimenter had exited the booth and closed the door. The participant’s pro-
ductions were audible from outside of the booth through monitor speakers, which
allowed the experimenter to identify whether the participant was moving through
the list of tokens. If, at the beginning of the experiment, it became clear that a par-
ticipant was having difficulty maintaining their baseline position (i.e. not advancing
through the list of phrases at a reasonable pace), it was sometimes necessary for the
experimenter to re-enter the sound booth and re-establish a baseline head position,

which involved re-synchronizing the head-band sensors with the Arduino device.

Figure 3.5: On-screen ultrasound (left) and video (right) images, captured (with
audio) using Ultraspeech 1.3 (Hueber et al., 2008). Here, a member
of the NCSU Phonology Lab is producing a sustained English [o+], to
align the transducer along the mid-sagittal plane.
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3.1.4 Data Processing and Analysis

As described above, acoustic, video, and ultrasound data from 12 participants were
collected, processed, and analyzed for the Production Study. Ultraspeech 1.3 (Hue-
ber et al., 2008) was used to simultaneously capture acoustic, video, and ultrasound
data. Automatic file-naming during recording provided synchronous time stamp
information, which resulted in the straightforward alignment of all three streams of

data (acoustic, video, and ultrasound).

3.1.4.1 Acoustic analysis

Acoustic .wav files generated during production were segmented at the level of the
phoneme using the Penn Phonetics Lab Forced Aligner (P2FA, Yuan and Liberman,
2008). P2FA was used to align each phrase independently, within the time interval
when the corresponding text appeared on the screen. If the phrase was produced
more than once by the participant, it was aligned with more than one repetition.
All of the transcriptions were concatenated into one Praat (Boersma and Weenink,
2007) TextGrid. Word-initial /t d tf d3z 1/ and following /1/ and vowel intervals of
experimental tokens were then hand corrected, as necessary, on a separate tier in
Praat, and word-initial /t d tf d3/ were further segmented into consonant closure and
aperiodic noise intervals. Only tokens where head orientation deviated by less than
one degree along all three axes (i.e. where the participant’s head orientation relative
to the ultrasound transducer remained stable) were included at this and subsequent
stages of analysis. Tokens that were mis-spoken (e.g. [tiak] for tuck) were excluded
from analysis. The segmentation was used to select ultrasound and video images at
specific points of interest, and to calculate duration of the noise interval following
release of the closure in /t d tf d3/ tokens. Duration was calculated by subtracting
the time at the start of the aperiodicity from the time at the end of the aperiodicity,

then multiplying this value by 1000 to convert to milliseconds.
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3.1.4.2 Articulatory analysis

Acoustic intervals segmented in Praat were used as reference points to select video
and ultrasound images from the mid-point of the consonant closure and noise in-
tervals, and from 20 milliseconds into the /1/ and vowel intervals. A total of 4820
extracted ultrasound images were traced manually using Palatoglossotron (Baker,
2005). XY coordinates for each tongue trace (Figure 3.6, left), exported from
Palatoglossatron, were transformed into polar coordinates, following the technique
described by Mielke (2015). These polar coordinates were then used to generate
Smoothing Spline ANOVAs (Figure 3.6, right) with an R script (R Development
Core Team, 2008), developed by Mielke (2017). The Smoothing Spline ANOVA
(SSANOVA) technique (Gu, 2002) is a way of determining whether there are statis-
tically significant differences between smoothing splines (in our case, tongue curves),
generated based on goodness of fit of the data being compared (Davidson, 2006).
The SSANOVA method uses Bayesian confidence intervals (95%) to identify which
regions of the curve (tongue contour) are statistically different from one another.
For example, there may be significant differences between curves being compared
at the tongue root, but not at the tongue tip/blade (e.g. Figure 3.6). In order to
ensure curves were oriented similarly, tongue contours for each speaker were rotated
so that their occlusal plane (a measure captured during recording) was horizontal.
For analysis, and following Davidson (2006), tongue curves were divided into three
regions (Figure 3.6, right) that roughly correspond to: the tongue tip/blade (upper
right third), the tongue body/dorsum (middle third), and the tongue root (lower
left third). The regions most relevant for examining participants’ articulations of /t

d tf d3z r/ were the tongue tip/blade and the tongue root.
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Figure 3.6: Left: raw tongue traces based on XY coordinates extracted from
Palatoglossatron (Baker, 2005). Right: XY values transformed into
polar coordinates (following Mielke, 2015), were used to generate
SSANOVAs that were then divided into three analysis regions: the
tongue tip/blade (upper right third), the tongue body/dorsum (mid-
dle third), and the tongue root (lower left third.)

Analysis of the lips involved impressionistic coding of tokens in /a/ vowel con-
texts, selected because it was reasoned that this lax, unrounded mid-vowel would
have the least amount of influence on the lips. Lip postures from word-initial voice-
less (truck, tuck, chuck) and voiced (drug, duck, jug) tokens were compared with
one another and with word-initial /1/ (rub) tokens. Image selection involved gen-
erating .pdf files of all the frames of selected tokens using a script developed by
Mielke et al. (2017a), that takes matrices made from cropped, rotated, downsam-
pled, and filtered versions of the original video, audio, and spectrogram images. As
illustrated in Figure 3.7, using the spectrogram as a reference point, lip images were
selected for comparison from the start of /t d tf d3/ at the beginning of the closure
interval, from the release of /t d tf d3/ at the end of the closure interval, from the
mid-point of the noise interval, and from the start of the /1/ voicing in /ti/, /di/,

and word-initial /1/ intervals.
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TRUCK1 R 441.986 441.99

FYRRD gt
1R | '.

441.67 \ start of /1 / voicing 442.386
mid-point of noise interval

start of closure release of closure

Figure 3.7: Example of a single time point (start of /1/ voicing in truck) across
modalities (ultrasound, video, audio), generated using matrices from
the original video and ultrasound images that were cropped, rotated,
downsampled, and filtered.

3.2 Production Results

The results presented in this section include lip rounding data from video images,
tongue contour data from ultrasound images, and consonant duration data from
acoustic .wav files. As depicted in Figure 3.8 (a, b), it is anticipated that lip rounding
and tongue root retraction may begin as early as the closure interval in /ti/ and
/da/ clusters, and articulation of the /1/ tongue gesture may also begin early, during

the period of voicelessness following release of the closure.
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Coproduction Hypotheses

n o)/

@ n

rounded protruded rounded
LIPS labial LIPS labial labial
TT/TBL closure release | narrow TT/TBL closure relgase | narrow
alveolar post-alveolar post-alv. post-alveolar
TRT narrow TRT narrow
\ pharyngeal / \ pharyngeal /
[ t ] [ tf 4 ]

Figure 3.8: Gestural score diagrams for [ti] (left) and [tf1] (right) sequences. The
three articulatory tiers engaged in each score include the lips (LIPS),
the tongue tip/blade (TT/TBL), and the tongue root (TRT). (First
introduced in Figure 3.1, above, and presented again here for refer-
ence.)

3.2.1 Lip rounding

Although quantitative lip measures were outside the scope of this dissertation, a lot
can be gleaned through visual inspection of lip images. By examining the shape of
the lips and the engagement of the lip muscles, comparisons can be drawn between
different articulations. The Orbicular Oris (OO), depicted in Figure 3.9 (Gick et al.,
2013), is a muscle that comprises a substantial portion of the lips. The OO operates
in a sphincter-like manner and is largely responsible for postures like rounding and
protrusion. The marginal or inner part of the muscle (OOm), when contracted,
results in a rounded, “pursed” shape with no lip protrusion and narrow lip aperture,
while the peripheral or outer ring of the muscle (OOp), when contracted, forms a
protruded constriction with wider aperture that may allow the inside of the lips to

be partially visible.
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|Orbicularis Oris|

Superficial| [Marginal Peripheral
Superior Superior

/ / |

Marginal| |Peripheral Interdigitate
Inferior Inferior into Buccinator

Figure 3.9: Orbicular Oris (OO) muscle, responsible for lip rounding or pursing
(OO marginal) and protrusion (OO peripheral). Image from Gick et al.
(2013:193).

If hypothesis (a) in Figure 3.8 (above) is correct, we should see [1]-like lip round-
ing as early as the closure interval for /t/. If hypothesis (b) is correct, we should see
[tf]-like lip protrusion during the closure interval, and [1]-like lip rounding during
the noise interval following release.

Figure 3.10 shows video images of S03’s lip postures during production of tuck,
truck, chuck, and rub. This vowel context was selected for all the images that follow
because /a/ has the most neutral lip posture when compared with the other vowels
in this study (/i 1 a/). The figure presents lip images from S03’s productions of
tuck (top row, a), truck (middle row, b), and chuck (bottom row, c), across three
points in time: the start of the closure interval (i), the release of the closure interval
(ii), and the mid-point of the noise interval following release (iii). Figure 3.10 also

presents lip images from the start of the /1/ in S03’s productions of truck (middle
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row, b) and rub (bottom row, d). Figure 3.11° shows images of S03’s lip postures
during production of duck (a), drug (b), jug (c), and rub (d) at these same time
points”.

When comparing images within each figure (Figures 3.10 and 3.11), a number
of observations can be made. For example, while the lips are open and the teeth
visible during production of /t d/ in tuck/duck (a), /ta di/ in truck/drug (b), and
/tf d3/ in chuck/jug (c), the lips are pursed and the teeth are not visible during
production of /1/ in rub (d). This difference is most striking when comparing the
start of /1/ in rub (d-iv) and the start of /1/ in truck/drug (b-iv), where in (d-iv)
the OOm muscle is contracted, resulting in a more pursed, rounded posture with
narrow lip aperture, whereas in (b-iv) the OOp muscle is contracted, resulting in a
more protruded posture with wider lip aperture. Another noticeable difference can
be observed at the corners of the mouth, in what Gick et al. (2013:197) refer to
as “lateral compression, or pinching” — a mechanism used to brace the lips during
constriction. In Figures 3.10 and 3.11, lateral compression at the corners of the
mouth is evident in S03’s productions of rub (d), truck/drug (b), and chuck/jug (c),
but not in tuck/duck (a), where the superior (upper) and inferior (lower) lips are
not touching at any point along the two lips (no lateral compression). Comparing
across postures at the start of closure, release of closure, and mid-point of the noise
interval for /t d tf d3/, we see protruding lips at each time point in truck/drug (b)
and chuck/jug (c), but not in tuck/duck (a), where there appears to be no bracing,
protrusion, or rounding, suggesting little if any OO muscle engagement. Greater lip
protrusion and wider aperture are observed in S03’s productions of /tf/ and /d3/

at the start (i) and the release (ii) of the closure interval, and the mid-point of the

5The image in Figure 3.11 (c) shows S03’s lip posture at the end rather than the mid-point of
the noise interval, because the duration of the interval in voiced stops was too short to obtain a
frame between release and end.

"Given the similarity between lip postures across voiceless and voiced tokens (e.g. tuck, duck)
for all participants, and the shorter duration of the sibilant interval in voiced stops, only images
from voiceless tokens will be shown from this point forward.
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noise interval (iii) in chuck/jug (c), relative to productions of /t/ and /d/ at these
same time points in truck/drug (b), where lip protrusion is evident, but lip aperture
is smaller. Finally, we see increasing space between the superior and inferior teeth
across time in tuck/duck (a), suggesting jaw lowering that is not present in any of

the other articulations.

(i) START OF CLOSURE (i) RELEASE OF CLOSURE (i) MID-POINT OF NOISE

S03:
voiceless

a-i) TUCK: T start a-ii) TUCK: T release a-iii) TUCK: T mid-noise (iv) START OF R

b-i) TRUCK: T start b-ii) TRUCK: T release b-iii) TRUCK: T mid-noise b-iv) TRUCK: R start

c-i) CHUCK: CH start c-ii) CHUCK: CH release c-iii) CHUCK: CH mid-noise d-iv) RUB: R start

Figure 3.10: S03’s lip postures for (a) tuck, (b) truck, (c) chuck, and (d) rub, at (i)
the start of the closure interval, (ii) the release of the closure interval,
(iii) the mid-point of the noise interval following release, and (iv) the
start of the /1/ (in truck and rub).
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(i) START OF CLOSURE (i) RELEASE OF CLOSURE (iii) MID-POINT OF NOISE

S03:
voiced

a-i) DUCK: D start a-ii) DUCK: D release a-iii) DUCK: D end-noise iv) START OF R

b-i) DRUG: D start b-ii) DRUG: D release b-iiij) DRUG: D mid-noise b-iv) DRUG: R start

c-i) JUG: J start c-ii) JUG: J release c-iiij) JUG: J mid-noise d-iv) RUB: R start

Figure 3.11: S03’s lip postures for (a) duck, (b) drug, (c) jug, and (d) rub, at (i)
the start of the closure interval, (ii) the release of the closure interval,
(iii) the mid-point of the noise interval, and (iv) the start of the /1/
(in drug and rub).

The general lip rounding pattern described for S03 holds across participants,
though there is some inter-speaker variation in terms of the amount of lip aperture,
protrusion, presence of lateral compression, and spacing between superior and in-
ferior teeth. In Figure 3.12, for example, S23 shows a less rounded, more spread,
lip posture than S03, but exhibits similar lip protrusion and lateral compression in
truck (b) and chuck (c), that is not present in tuck (a). Similar to S03, S23 also
shows spacing between the superior and inferior teeth during production of tuck (a),
suggesting jaw lowering not present in the other articulations (b-c), but for S23 this
spacing exhibits more of an increase (more active jaw-lowering) by the mid-point of

the noise interval (iii).
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(i) START OF CLOSURE  (ii) RELEASE OF CLOSURE (i) MID-POINT OF NOISE

S23:
voiceless

a-i) TUCK: T start a-ii TUCK: T release a-iii) TUCK: T mid-noise (iv) START OF R

b-i) TRUCK: T start b-ii) TRUCK: T release b-iii) TRUCK: T mid-noise b-iv) TRUCK: R start

c-i) CHUCK: CH start c-ii) CHUCK: CH release c-iiij) CHUCK: CH mid-noise d-iv) RUB: R start

Figure 3.12: S23’s lip postures for (a) tuck, (b) truck, (c) chuck, and (d) rub, at (i)
the start of the closure interval, (ii) the release of the closure interval,
(iii) the mid-point of the noise interval, and (iv) the start of the /1/
(in truck and rub).

S09 (Figure 3.13) generally shows less variation in lip aperture, as well as an
increase in rounding over the course of truck (b-i to b-iv), such that the start of
/1/ in truck (b-iv) appears more similar to the start of /1/ in rub (d-iv), when
compared with other participants’ lip postures at these time points. Despite this
apparent similarity, however, the inside of the lips (and teeth) are partially visible
in truck (b-iv), suggesting OOp muscle activation, whereas rub (d-iv) shows a more

pursed posture with lips rounded inward, suggesting OOm muscle activation.
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(i) START OF CLOSURE  (ii) RELEASE OF CLOSURE (iii) MID-POINT OF NOISE

S09:
voiceless

a-i) TUCK: T start a-iij) TUCK: T release a-iii) TUCK: T mid-noise (iv) START OF R

b-i) TRUCK: T start b-ii) TRUCK: T release b-iii) TRUCK: T mid-noise b-iv) TRUCK: R start

c-i) CHUCK: CH start c-ii) CHUCK: CH release c-iiij) CHUCK: CH mid-noise d-iv) RUB: R start

Figure 3.13: S09’s lip postures for (a) tuck, (b) truck, (c) chuck, and (d) rub, at (i)
the start of the closure interval, (ii) the release of the closure interval,
(iii) the mid-point of the noise interval, and (iv) the start of the /1/
(in truck and rub).

The figures that follow present lip images for all participants at the start of
the /1/ in rub and truck, clearly illustrating that the two /1/s are not the same.
Participants show pursed lip postures, no protrusion, and narrow lip aperture at
the start of the /1/ in rub (Figure 3.14), as compared with their more protruded lip
postures and relatively wider lip aperture at the start of the /1/ in truck (Figure
3.15), suggesting engagement of different regions of the Orbicular Oris muscle (OOm
for rub postures, OOp for truck postures), and different articulatory strategies for
producing these two /1/s.

Overall, the results presented here align most closely with hypothesis (b) in
Figure 3.1: participants show early engagement of the LIPS articulatory tier, with
lip protrusion evident during the closure interval. However, this protrusion persists

through the noise interval and start of the /1/ gesture, which is not consistent with
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either hypothesis.

Figure 3.14: Start of /i1/ in rub for all participants, showing contracted OOm
with pursed lip postures, no protrusion, and narrow lip aperture, as
compared with the start of /1/ in truck (Figure 3.15).

Figure 3.15: Start of /i1/ in truck for all participants, showing contracted OOp
with protruded lip postures and relatively wider lip aperture, as com-
pared with the start of /1/ in rub (Figure 3.14).
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3.2.2 Tongue contours

Participants were producing lip postures that most closely resembled [tf] and [d3],
and (crucially) not [t], [d], or [1], as early as the mid-point of the closure interval.
If tongue posture data are consistent with lip posture data, we might expect to see
evidence of tongue tip/blade contours for /t/ and /d/ before /1/ that are similar to
those for /tf/ and /d3/ before vowels at the same time point. Regardless of posture
at the tongue tip/blade, we also anticipate evidence of early tongue root retraction
in /ti/ and /d1/ sequences.

As illustrated in Figure 3.16, both hypotheses (a) and (b) predict that partici-
pants will exhibit tongue root retraction (TRT tier) as early as the closure interval.
Where (a) and (b) differ is at the tongue tip/blade (TT/TBL tier). If hypothesis (a)
is correct, participants’ tongue contours for /t/ and /d/ before /1/ should be similar
to their /t/ and /d/ contours before vowels at the mid-point of the closure interval
because they are not producing distinct articulatory targets for /t/ and /d/ before
/1/. If hypothesis (b) is more closely aligned with the data, in which participants are
producing distinct articulatory targets for /t/ and /d/ before /1/ (that are different
from their articulatory targets for /t/ and /d/ before vowels), tongue contours in
/t1/ and /di/ sequences may resemble prevocalic /tf/ and /d3/ contours as early as
the mid-point of closure. By the mid-point of the noise interval following release,
hypotheses (a) and (b) predict more [1]-like tongue tip/blade postures (TT/TBL
tier). Given that [[] and (tip-down/bunched) [1] both involve tongue blade raising
with post-alveolar constriction, it is plausible that participants’ articulations of /ti/
and /d1/ may look articulatorily similar to /tf/ and /d3/ under either scenario.
One possible way to disambiguate [t] or [d3] from [1] is to look for concavity at the
tongue dorsum, an articulatory characteristic of English bunched [1]. While tongue
root retraction is also an articulatory characteristic of an English [1], it may not help

to distinguish [tf] or [d3] from [1] because (as hypothesized), tongue root retraction
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may co-occur with the stop/affricate as early as the closure interval under either

scenario, since neither articulation engages the tongue root tier.

Coproduction Hypotheses

N e

@ /7 ~

rounded protruded rounded
LIPS labial LIPS labial labial
TT/TBL closure relgase ;| narrow TT/TBL closure relgase | narrow
alveolar post-alveolar post-alv. post-alveolar
TRT narrow TRT narrow
pharyngeal pharyngeal

- / - /

[ ( ] [ tf 4 ]

Figure 3.16: Gestural score diagrams for [ti1] (left) and [t[1] (right) sequences. The
three articulatory tiers engaged in each score include the lips (LIPS),
the tongue tip/blade (TT/TBL), and the tongue root (TRT). (First
introduced in Figure 3.1, above, and presented again here for refer-
ence.)

3.2.2.1 Tongue contour analysis

The SSANOVAs presented here show statistical comparisons of tongue contours for
/t/ and /d/ before /1/ (TR, DR), and /t/ and /d/ (T, D) and /tf/ and /d3/ (CH,
J) before vowels, at two points in time: the mid-point of the closure interval, and
the mid-point of the noise interval following release. Non-overlapping confidence
intervals along each contour indicate statistically significant differences between the
curves. As described above, for the purposes of analysis, each tongue contour is
divided into three sections, roughly corresponding to the tongue tip/blade (upper
right third), tongue body/dorsum (middle third), and tongue root (lower left third)
(following Davidson, 2006). The focus of this articulatory investigation is on the
tongue tip/blade and the tongue root, as these are the regions where it is hypoth-
esized that /t/ and /d/ before /i1/ will pattern differently relative to /t/ and /d/
before vowels. The figures that follow show participants’ typical and atypical be-

haviour patterns across the two time points (closure and noise), in each of the four

o8



/ti/ and /d1/ in North American English

(front /i 1/ and back /a a/) vowel contexts, with comparisons between contours at

the tongue root and the tongue tip/blade.

3.2.2.2 Front vowel contexts

In front vowel contexts (e.g., /t1it diim/, /tup dup/), participants typically® showed
retracted tongue roots in /t1/ and /d1/ contours at both the mid-point of the closure
interval and the mid-point of the noise interval, when compared with /t/ and /d/ and
/tf/ and /d3/ contours, which were relatively more advanced (TR>T,CH, DR>D,J).
At the tongue tip/blade, participants exhibited no significant differences between
contours (TR=CH=T, DR=J=D) mid-closure in both front vowel contexts, but
while the same pattern was observed at the mid-point of the noise interval in /i/
vowel contexts, in /1/ vowel contexts, participants’ /t1/ and /tf/, and /di/ and /d3/
contours typically patterned together, displaying significantly higher curves at the
tongue tip/blade, relative to prevocalic /t/ and /d/ (TR,CH>T, DR,J>D).

Figure 3.17 shows S05 exhibiting typical voiceless (upper) and voiced (lower)
tongue contours in /1/ vowel contexts, at the mid-point of the closure interval (left),
and the mid-point of the noise interval (right). As illustrated, tongue roots (lower
left third of each SSANOVA) in voiceless /ti/ and voiced /di/ contours (TR, DR,
dashed green lines) are significantly farther back (from the point of origin, see Fig-
ure 3.6) at both time points, relative to prevocalic /t/ and /d/ (T, D, solid red
lines) and /tf/ and /d3/ (CH, J, dotted blue lines) contours (TR>T,CH, DR>D,J).
At the tongue tip/blade (upper right third of each SSANOVA), S05 showed no sig-
nificant differences between contours (TR=T=CH, DR=D=J) at the mid-point of
the closure interval (left), but at the mid-point of the noise interval (right), showed
/t1/ and /tf/ (upper), and /d1/ and /d3/ (lower) contours patterning together, with

higher tongue postures relative to /t/ and /d/ contours (TR,CH>T, DR,J>D).

8Summary tables with participant totals for all typical and atypical patterns at the tongue root
(Table 3.3) and tongue tip/blade (Table 3.4) are presented later in the discussion.
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Figure 3.17: S05: typical patterns in /1/ vowel contexts at the tongue root and
tongue tip/blade in voiceless (upper, T TR CH) and voiced (lower,
D DR J) contours, at the mid-point of the closure interval (left), and
the mid-point of the noise interval (right).

Several participants deviated from the group in /1/ vowel contexts at the tongue
tip/blade (S18, Figure 3.18, left), showing /t1/ and /tf/ (upper), and /di/ and /d3/
(lower) contours patterning together relative to /t/ and /d/ (TR,CH>T, DR,J>D)
at the mid-point of the closure interval (i.e., earlier than the rest of the group), but

exhibiting typical behaviour elsewhere.
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Figure 3.18: S18: example of participant deviating from the group in /1/ vowel
contexts at the mid-point of the closure interval (left) in voiceless
/t1/ (upper, TR) and voiced /di/ (lower, DR) contours at the tongue
tip/blade, but patterning with the group elsewhere.

In /i/ vowel contexts, participants showed similar tongue root patterns as in
/1/ vowel contexts, with retracted tongue roots in /ti/ and /di/ at both time
points, relative to the comparatively more advanced tongue roots in /t tf d dz/
(TR>T,CH, DR>D,J), but typically exhibited no significant differences between
contours (TR=T=CH, DR=D=1J) at the tongue tip/blade at either the mid-point

of the closure interval or the mid-point of the noise interval (S03, Figure 3.19).
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Figure 3.19: S03: typical /ti/ (upper, TR) and /di/ (lower, DR) patterns in /i/
vowel contexts at the tongue root and tongue tip/blade, at the mid-
point of the closure interval (left), and the mid-point of the noise
interval (right).

Several participants deviated from the typical group pattern in /i/ vowel contexts
at the tongue tip/blade, showing comparatively (though not always significantly)
lower tongue tip/blade contours in /t1/ and/or /di/ sequences relative to the other
contours (CH,T>TR, J,D>DR), particularly at the mid-point of the noise interval
(S30, Figure 3.20).
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Figure 3.20: S30: deviating from the group in /i/ vowel contexts, exhibiting lower
tongue tip/blade contours in /ti/ (upper, TR) or /di/ (lower, DR)
sequences relative to the other contours, but otherwise patterning

with the group.
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3.2.2.3 Back vowel contexts

In back vowel contexts (e.g., /tiak diag/, /tiat diap/), more variation was observed
at both time points. Participants typically exhibited one of three patterns at the
tongue root, showing retracted /ti/ and /di/ contours relative to /t tf/ and /d
dz/ (TR>T,CH, DR>D,J), retracted /ti/ and /t/, and /d1/ and /d/ contours rel-
ative to /tf/ and /d3/ (TR,T>CH, DR,D>J), or no significant differences between
contours (TR=T=CH, DR=D=J). At the tongue tip/blade, participants typically
showed /ti/ and /tf/, and /di/ and /d3/ contours patterning together, with sig-
nificantly higher postures relative to /t/ and /d/ (TR,CH>T, DR,J>D) at both
time points, though several participants showed no significant differences between
tongue tip/blade contours (TR=T=CH, DR=D=J) at the mid-point of the closure
interval, particularly in /A/ vowel contexts. One participant deviated from these
tongue tip/blade patterns mid-closure, exhibiting /ti/ and /t/, and /di/ and /d/
contours patterning together, with significantly lower tongue tip/blade postures than
/tf/ and /dz/ (CH>TR,T, J>DR,D). Additionally, at the mid-point of the noise
interval, several participants exhibited three distinct tongue contours at the tongue
tip/blade, with /t1/ and /di/ showing higher postures than /tf/ and /d3z/, and /tf/
and /dz/ showing higher postures than /t/ and /d/ (TR>CH>T, DR>J>D).

Figure 3.21 presents typical back vowel patterns in /a/ vowel contexts. Here,
S18 shows /ti/ and /t/, and /di/ and /d/ patterning together at the tongue root, at
both the mid-point of the closure interval (left), and the mid-point of the noise inter-
val (right), exhibiting more retracted postures relative to /tf/ and /d3/ (TR,T>CH,
DR,D>J). In contrast, at the tongue tip/blade, S18 shows /t1/ and /tf/, and /d1/
and /d3/ patterning together at the two time points, with significantly higher pos-
tures relative to /t/ and /d/ (TR,CH>T, DR,J>D).
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Figure 3.21: S18: typical tongue contour patterns in /a/ vowel contexts at the
tongue root and tongue tip/blade in voiceless (upper, T TR CH)
and voiced (lower, D DR J) contours, at the mid-point of the closure
interval (left), and the mid-point of the noise interval (right).

Figure 3.22 illustrates typical back vowel patterns in /a/ vowel contexts. At the
mid-point of the closure interval (left), S09 exhibits no significant differences between
contours at the tongue root or at the tongue tip/blade (TR=T=CH, DR=D=J). At
the mid-point of the noise interval (right), S09 shows a more retracted /ti/ tongue
root posture relative to /t/ and /tf/ (TR>T,CH), and more retracted /di/ and
/d/ tongue root postures relative to /dz/ (DR,D>J), while at the tongue tip/blade,

shows /ti/ and /tf/, and /d1/ and /d3/ patterning together, with significantly higher
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postures relative to /t/ and /d/ (TR,CH>T, DR,J>D).
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Figure 3.22: S09: typical tongue contour patterns in /A/ vowel contexts at the
tongue root and tongue tip/blade in voiceless (upper, T TR CH)
and voiced (lower, D DR J) contours, at the mid-point of the closure
interval (left), and the mid-point of the noise interval (right).

In Figure 3.23, S24 exhibits typical tongue root patterns at both time points in
/a/ vowel contexts, but deviates from the group at the tongue tip /blade mid-closure
(left), showing /t1/ and /t/, and /d1/ and /d/ patterning together, with relatively
lower tongue tip/blade postures when compared with /tf/ and /dz/ (CH>TR,T,
J>DR,D). At the mid-point of the noise interval (right), S24 shows three distinct

tongue contours at the tongue tip/blade, with /t1/ and /di/ exhibiting higher pos-
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tures relative to /tf/ and /d3z/, and /tf/ and /d3/ exhibiting higher postures relative
to /t/ and /d/ (TR>CH>T, DR>J>D). At the tongue tip/blade in /a/ vowel con-
texts (left), S23 also showed /ti/ and /tf/, and /d1/ and /d3/ patterning together,
with significantly higher postures relative to /t/ and /d/ (TR,CH>T, DR,J>D).
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Figure 3.23: S24: tongue contour patterns in /a/ vowel contexts at the tongue
root and tongue tip/blade in voiceless (upper, T TR CH) and voiced
(lower, D DR J) contours, at the mid-point of the closure interval
(left), and the mid-point of the noise interval (right).

Only one participant (S23) produced retroflex /1/ postures, and only in /a/ vowel
contexts. At the mid-point of the closure interval, S23 exhibited typical patterns

in both back vowel contexts, showing no significant differences at the tongue root
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(TR=CH=T, DR=D=J), and showing /t1/ and /tf/, and /di/ and /d3/ contours
patterning together at the tongue tip/blade, with significantly higher postures rela-
tive to /t/ and /d/ (TR,T>CH, DR,D>J). In contrast, as shown in Figure 3.24, S23
deviated from the group at the mid-point of the noise interval in /a/ vowel (left)
and /a/ vowel (right) contexts, exhibiting /t/ and /d/ postures that were relatively
farther back than /ti/ and /t/, and /di/ and /d/ (T>TR,CH, D>DR,J)°. In /a/

vowel contexts (right), however, S23 exhibited /ti/ and /di/ contours that were
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Figure 3.24: S23: tongue contour patterns in /a/ vowel (left) and /a/ vowel (right)
contexts at the mid-point of the noise interval (left and right), for
voiceless (upper, T TR CH) and voiced (lower, D DR J) contours.

9Except voiced contours in the /a/ vowel context, which exhibited a typical pattern: DR,D>J.
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consistent with what we might expect to see with a more retroflex (tip-up) /1/, and

distinct from the other contours (CH>TR>T, J>DR>D).

3.2.2.4 Summary of observed patterns

The tables below provide a summary of participants’ observed tongue root patterns
(Table 3.3) and observed tongue tip/blade patterns (Table 3.4) at both points in
time. Taken together, results show participants typically producing more retracted
/ti/ and /di/ tongue root postures in front vowel contexts, when compared with
their relatively more advanced /t/ and /tf/, and /d/ and /d3/ tongue root postures
(TR>CH,T, DR>D,J) at the mid-points of the closure and noise intervals. We
expect more advanced tongue root postures in prevocalic /t tf d d3/, in anticipation
of the tense high front vowel /i/ (produced with tongue root advancement), and
tongue root retraction in pre-/1/ contexts (produced with tongue root constriction
at the pharyngeal wall). The observed results are consistent with these expected
patterns. We do not anticipate tongue root advancement for the lax /1/ vowel, so
retracted /t1/ and /d1/ postures in this vowel context at the mid-point of the closure
interval point to early production of the /1/ gesture.

At the mid-point of the closure interval, participants exhibited no significant
differences between contours at the tongue tip/blade in front vowel contexts, and
while in /i/ vowel contexts this pattern persisted into the mid-point of the noise
interval, in /1/ vowel contexts, participants’ /t1/ and /di/ contours patterned with
/tf/ and /dz/, showing higher tongue postures relative to /t/ and /d/. As the
anterior portion of the tongue is less encumbered in this lax front vowel context
relative to /i/, an articulatory pattern at the tongue tip/blade has more freedom to

emerge.
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Closure Interval Noise Interval
Context | Tongue Root Patterns | Voiceless | Voiced | Voiceless | Voiced
/1/ 1. TR>T,CH; DR>D,J 9 9 12 12
2. TR=T=CH; DR=D=J 3 3 - -
3. TR, T>CH; DR,D>J — - — —
4. T>TR,CH; D,DR,J - - - -
/i/ 1. TR>T,CH; DR>D,J 10 10 11 11
2. TR=T=CH; DR=D=J 1 2 1 1
3. TR, T>CH; DR,D>J 1 - - -
4. T>TR,CH; D,DR,J - - - -
/a/ 1. TR>T,CH; DR>D,J 2 5 4 4
2. TR=T=CH; DR=D=J 5 5 1 4
3. TR, T>CH; DR,D>J 5 2 6 3
4. T>TR,CH; D,DR,J - - 1 1
Ja/ 1. TR>T,CH; DR>D,J 2 3 1 2
2. TR=T=CH; DR=D=J 4 6 4 4
3. TR, T>CH; DR,D>J 5 3 5 4
4. T>TR,CH; D,DR,J 1 - 2 2

Table 3.3: Summary of observed tongue root patterns by vowel context for
voiceless and voiced contours from the mid-points of the closure and
noise intervals, where > represents greater distance from the point of
origin, reflected in each SSANOVA as a tongue root contour with a
smaller value along the z-axis.

In back vowel contexts, participants showed more variation at the tongue root,
frequently showing no significant differences between contours. While several partic-
ipants exhibited retracted /ti/ and /di/ postures relative to the other two contours
at both time points in both back vowel contexts, participants’ /ti/ and /t/, and
/d1/ and /d/ contours frequently patterned together. We expect more retracted
tongue root postures in pre-/1/ contexts (due to anticipatory constriction at the
pharyngeal wall), but tongue root retraction is also expected in back vowel contexts
(particularly /a/). It seems plausible that /ti/ and /t/, and /di/ and /d/ contours
were patterning together early in back vowel contexts (relative to /tf/ and /d3/) for
different reasons: /i/ is an articulatorily complex sound to produce and there are

no articulatory consequences of producing it early, and /t/ and /d/ are shorter in
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duration than affricates (Byrd, 1993), so can begin co-production of the following
back vowel (produced with a retracted tongue root) earlier in time relative to /tf/
and /dz/. At the tongue tip/blade, participants typically showed /ti/ and /tf/, and
/d1/ and /d3z/ contours patterning together. These patterns were more visible in
back vowel contexts, where the anterior portion of the tongue is articulatorily less

encumbered than in front vowel contexts.

Closure Interval Noise Interval
Context | Tongue Tip/Blade Patterns | Voiceless | Voiced | Voiceless | Voiced

/1/ 1. TR,CH>T & DR,J>D 3 2 10 8
2. TR=T=CH & DR=D=J 9 10 2 4
3. CH,T>TR & DR,D>DR - - - _
4. CH>TR,T & DR>DR,D - - _ _
5. CH>TR>T & J>DR>D - - - _
6. TR>CH>T & DR>J>D - - - _

/i/ 1. TR,CH>T & DR,J>D — - - -
. TR=T=CH & DR=D=J 10 11
. CH,T>TR & DR,D>DR 2 1
. CH>TR,T & DR>DR,D - - - -
. CH>TR>T & J>DR>D - - - —
. TR>CH>T & DR>J>D - - - -

o Ut s W N

/a/ |1 TR,CH>T & DR,J>D 6
. TR=T=CH & DR=D=] 5

~N W
|
|

2

3. CH,T>TR & DR,D>DR - - _ -
4 CH>TR,T & J>DR,D 1
5
6

—_ =

. CH>TR>T & J>DR>D —

1 1
. TR>CH>T & DR>J>D - - 4 4
Ja/ 1. TR,CH>T & DR,J>D 9 8 9
. TR=T=CH & DR=D=J 2 1

N Co

2
3. CH,T>TR & DR,D>DR - - . _
4. CH>TR,T & DR>DR,D 1
5
6

—_ =

.CH>TR>T & J>DR>D —
. TR>CH>T & DR>J>D — - 4 2

Table 3.4: Summary of observed tongue tip/blade patterns by vowel context
for voiceless and voiced contours from the mid-points of the closure and
noise intervals, where > represents greater distance from the point of
origin, reflected in each SSANOVA as a tongue tip/blade contour with
a smaller negative value along the y-axis.
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3.2.2.5 Comparing across tongue curves

In the figures that follow (Figures 3.25 to 3.28), distances between the SSANOVA
fit curves for voiceless (T, TR, CH) contours presented above are compared for each
participant across various contexts and plotted relative to one another!'?. Distances
within specific regions along the curve are calculated using angles determined from
polar coordinate data (radians) for each curve. For example, each sub-figure in Fig-
ure 3.25 presents between-participant comparisons of tongue root differences at the
mid-point of the closure interval, in one of four vowel contexts: /1i a a/ (Figure
3.26 examines this same data at the mid-point of the noise interval following re-
lease of the closure). The y-axis for each sub-figure shows the difference between
each participant’s /t1/ and /tf/ tongue roots, determined based on the maximum
difference between these two curves in the tongue root interval (defined using polar
coordinates as the region between 0 and 7/4). The z-axis shows the difference be-
tween each participant’s /t1/ and /t/ tongue roots. Tongue root retraction of /ti/
(relative to the sounds shown on each axis) is represented as a positive value, while
a negative value indicates the tongue root of one of the other two contours is more
retracted, and a value of 0 indicates no difference between the two contours. In
contrast, each sub-figure in Figure 3.27 presents between-participant comparisons
of differences at the tongue tip/blade at the mid-point of the closure interval, in
one of four vowel contexts: /1ia a/ (Figure 3.28 examines this same data at the
mid-point of the noise interval following release of the closure). In these plots, the
y-axis for each sub-figure shows the maximum difference between each participant’s
/t1/ and /tf/ at the tongue tip/blade (defined as the region between /2 and 7 /4),
while the z-axis shows the maximum difference between each participant’s /ti/ and

/t/ at the tongue tip/blade. A positive value along each axis represents a higher

10As illustrated in the tongue contour (SSANOVA) results reported in the preceding sections,
participants exhibited similar tongue postures in /t1/ and /di/ sequences. While the scatterplots
that follow present comparisons of voiceless (CH, TR, T) tokens only, these overall patterns were
observed in comparisons of voiced (J, DR, D) tokens as well.
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tongue tip/blade position relative to the other contour being compared.

Compatible with both coproduction hypotheses in Figure 3.1 (a, b), participants
consistently exhibited early tongue root retraction in /ti/ and /di/ sequences at
the mid-points of the closure interval (Figure 3.25) and the noise interval following
release (Figure 3.26)!'. The gestural scores made no predictions about following
vowels, but vowel context was relevant in terms of how prevocalic consonants pat-
terned with /ti/ and /d1/ sequences. Participants exhibited the greatest /ti/ and
/d1/ tongue root retraction relative to the other two contours in front vowel con-
texts at both points in time. While there was no evidence of /ti/ and prevocalic
/tf/, or /di/ and prevocalic /d3/ exhibiting similar tongue root retraction in any
vowel context at either time point, /ti/ and prevocalic /t/, and /di/ and prevocalic
/d/ frequently patterned together in back vowel contexts (Figures 3.25 and 3.26,
bottom, z-axis values close to 0). Several participants showed more retracted pre-
vocalic /t/ and /d/ postures in back vowel'? contexts relative to /ti/ and /di/ at
the mid-point of the closure interval (S03, S05, S18, S29, S30) and the mid-point of
the noise interval (S05, 523, S30).

A note about Figures 3.25 through 3.28: axis scales are different across vowel contexts, in order
to adequately capture the distribution. Values are higher where differences between contours are
greater, resulting in broader axis ranges, as reflected in the plots.

12For one participant (S13), this pattern was observed in /i/ vowel contexts of voiceless tokens
at the mid-point of the closure interval as well (Figure 3.25, top right).
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Figure 3.25: At the mid-point of the closure interval, tongue root retraction of /ti/
(TR), across front vowel (top left: /1/, top right: /i/) and back vowel
(bottom left: /a/, bottom right: /a/) contexts, relative to prevocalic
/t/ (T) and /tf/ (CH). Positive values (> 0) indicate /ti/ tongue
root retraction relative to /tf/ (y-axis), and /t/ (z-axis).
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Figure 3.26: At the mid-point of the noise interval, tongue root retraction of /ti/
(TR) across front vowel (top left: /1/, top right: /i/) and back vowel
(bottom left: /a/, bottom right: /a/) contexts, relative to prevocalic
/t/ (T) and /tf/ (CH). Positive values (> 0) indicate /ti/ tongue
root retraction relative to /tf/ (y-axis), and /t/ (z-axis).

Consistent with hypothesis (b), at the tongue tip/blade at the mid-point of the
closure interval, participants’ articulations of /ti/ and /di/ typically patterned with
/tf/ and /d3z/ in back vowel contexts (Figure 3.27, bottom, values close to 0 on the
y-axis), showing more [tf]-like and [d3]-like postures that were significantly higher
than those observed with prevocalic /t/ and /d/. For some participants (e.g. S30 in
the /a/ vowel context), /ti/ and /di/ contours were lower at the tongue tip/blade
than /tf/ and /d3/ (Figure 3.27, bottom, negative values (< 0) on the y-axis).

In front vowel contexts, there were frequently no statistically significant differences
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between contours at the tongue tip /blade (Figure 3.27, top, values close to 0,0 along
the z and y axes), though some participants exhibited lower /t1/ and /d1/ tongue
tip/blade postures relative to the other two contours (S05, S13, 524, S29, S30), or
showed /t1/ and /di/ tip/blade postures that patterned with /tf/ and /d3/ (S03,
S05, S18, S19), as observed in back vowel contexts.

By the mid-point of the noise interval following release, participants consistently
exhibited [tf]-like and [d3]-like postures in /t1/ and /d1/ sequences that were signif-
icantly higher than prevocalic /t/ and /d/ contours at the tongue tip/blade across
/1 a a/ vowel contexts (Figure 3.28). Tongue contours in /i/ vowel contexts were the
exception, with participants showing no significant differences between contours, or
exhibiting /t1/ and /di/ contours that were significantly lower than prevocalic /t/
and /d/.

In both hypotheses (a) and (b), [1]-like tongue postures are predicted by the mid-
point of the noise interval, as the tongue is articulatorily less encumbered following
release, and free to produce the gesture for the /1/. Given that [[] and bunched [1]
both involve tongue blade raising with post-alveolar constriction, it was reasoned
that participants’ articulations of /ti/ and /di/ may look articulatorily similar to
[tf] and [d3] at the tongue tip/blade under either scenario. As described above, one
possible way to disambiguate a [tf] or [d3] from an [1] is to look for concavity at the
tongue dorsum (an articulatory characteristic of English bunched [1]). As illustrated
in Figure 3.29 (S18), while participants typically exhibited /t1/ and /tf/ and /di/
and /d3/ tongue tip/blade contours that patterned together at the mid-point of the
noise interval, almost all participants (S03, S05, S06, S09, S13, S18, S19, S24, S29,
S30) showed some concavity at the tongue dorsum in /ti/ and /di/ sequences as

well, suggesting early bunched [1] postures and consistent with the hypotheses'3.

13523’s /t1/ and /d1/ postures in back vowel contexts showed no concavity at the tongue dorsum,
but did exhibit retroflex /1/ postures, which is also consistent with the hypotheses.
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Figure 3.27: At the mid-point of the closure interval, tongue tip/blade height of
/ti/ (TR) across front vowel (top left: /1/, top right: /i/) and back
vowel (bottom left: /a/, bottom right: /a/) contexts, relative to pre-
vocalic /t/ (T) and /tf/ (CH). Positive values (> 0) indicate higher
/t1/ tongue tip/blade relative to /tf/ (y-axis), and /t/ (z-axis).
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Figure 3.28: At the mid-point of the noise interval, tongue tip/blade height of /ti1/
(TR) across front vowel (top left: /1/, top right: /i/) and back vowel
(bottom left: /a/, bottom right: /a/) contexts, relative to prevocalic
/t/ (T) and /tf/ (CH). Positive values (> 0) indicate higher /t1/
tongue tip/blade relative to /tf/ (y-axis), and /t/ (z-axis).
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Figure 3.29: S18 showing concavity at the tongue dorsum at the mid-point of the
noise interval in /t1/ contours across vowel contexts: /1/ (upper left),
/i/ (upper right), /a/ (lower left), /a/ (lower right).
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3.2.3 Duration

If participants in the Production Study are producing affricated variants of /t/
and /d/ before /1/, it is reasonable to expect that these variants may be similar
in duration to phonological affricates, /tf/ and /d3/. In addition, Ohala and Solé
(2010) argue that stops show an extended period of turbulence following release into
a segment with a high tongue position. The tense high front vowel /i/, as well as
/1/, are produced with high tongue postures and may result in what Ohala and Solé
(2010:47) refer to as “emergent affricates”, with an extended period of turbulence
that may be perceived as affrication. In other words, if the ‘affrication’ in /t1/ and
/d1/ sequences is due to aerodynamic factors, it seems plausible that /t/ and /d/
before [i] may exhibit similar duration to /t/ and /d/ before [1].

In the figures that follow, duration of the noise interval following the release of
closure corresponds to VOT for /t/ and /d/, and (roughly) to the interval of frication
for /tf/ and /d3/. Figure 3.30 (all participants) presents duration (in milliseconds)
of the noise interval by category for /t d t d3z/ before vowels (T, D, CH, JH), and
/t d/ before /1/ (TR, DR). Voiceless stops before vowels exhibited longer duration
following closure than voiced stops before vowels (T>D). Affricates before vowels
showed greater duration than stops before vowels (CH>T, JH>D). Stops before
/1/ showed greater duration than stops before vowels (TR>T, DR>D), and were
similar in duration to affricates (TR~CH, DR~JH). Broken down by vowel context
(Figure 3.31, all participants), noise intervals across categories were longest before
/i/, consistent with Ohala and Solé (2010), but the shortest noise interval for /t1/

and /di/ was still longer than the longest pre-[i] noise interval for /t/ and /d/.
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All Participants: Duration by Category
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Figure 3.30: All participants: duration (ms) of noise interval by category: /t/
before vowels (T), /t/ before /1/ (TR), /tf/ before vowels (CH),
/d/ before vowels (D), /d/ before /1/ (DR), and /d3/ before vowels
(JH). (Boxes represent interquartile range, solid horizontal lines in boxes
represent median, whiskers represent range of data points falling within
1.5 times the interquartile range; circles depict outliers.)
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All Participants: Duration by Category and Vowel
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Figure 3.31: All participants: duration (ms) of noise interval by category (T, TR,
CH, D, DR, JH) and vowel context (/i/ /1/, /a/, and /a/). (Boxes
represent interquartile range, solid horizontal lines in boxes represent me-
dian, whiskers represent range of data points falling within 1.5 times the
interquartile range; circles depict outliers.)

3.2.3.1 Statistical modeling

The Imer function in the Ime4 package (R Development Core Team, 2008) was used
to generate mixed-effects linear regression models with Duration as the dependent
variable. The models presented below!* include the same random intercepts for
SPEAKER and WORD. The significance threshold is defined as a t value of greater
than 2.0 or less than -2.0.

Model 1a and Model 1b look at Duration by CATEGORY, (duration ~ category +

141 considered using a random slopes structure for each word by speaker (1 + word|speaker),
but these models resulted in a significant increase in AIC over reported models.
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(1 | speaker) + (1 | word)), in both voiceless (1a) and voiced (1b) conditions. Model
la (Table 3.5) indicates a significant effect of Category /t/ vs. the reference level of
/t1/ (t value: -6.595), but no significant effect of Category /tf/ vs. the reference level
of /t1/ (¢ value: -0.378) in the voiceless condition, with /ti/ exhibiting significantly
longer duration of the noise interval when compared with /t/, but no significant
difference in duration when compared with /tf/. Similarly, Model 1b (Table 3.6)
shows a significant effect of Category /d/ vs. the reference level of /di1/ (¢ value:
-14.293), but no significant effect of Category /dz/ vs. the reference level of /di/ (¢
value: 1.517), with /d1/ exhibiting significantly longer duration of the noise interval
when compared with /d/, but no significant difference in duration when compared

with /d3/.

AIC: 6732.9 Estimate Std. Error t value

(Intercept) 119.029 6.483 18.361
Category /t/ -27.587 4.183 -6.595
Category /tf/ -1.582 4.180 -0.378

Table 3.5: Summary of Duration Model 1a (TR):
duration ~ category + (1 | subject) + (1 | word)

AIC: 64574 Estimate Std. Error t value

(Intercept) 64.440 4.457 14.458
Category /d/ -43.643 3.053 -14.293
Category /d3z/ 4.632 3.053 1.517

Table 3.6: Summary of Duration Model 1b (DR):
duration ~ category + (1 | subject) + (1 | word)

Model 2a and Model 2b look at Duration by CATEGORY and VOWEL, (duration
~ category + vowel + (1 | speaker) + (1 | word)), in both voiceless (2a) and voiced
(2b) conditions. Model 2a (Table 3.7) shows the same significant effect of Category

as in Model 1a, and also a significant effect of Vowel /1/ vs. the reference level of /i/
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(t value: -5.591), Vowel /a/ vs. the reference level of /i/ (¢ value: -4.321), and Vowel
/a/ vs. the reference level of /i/ (t value: -4.375), with voiceless tokens exhibiting
significantly longer noise interval duration across categories before /i/ than before
the other three (/1 o a/) vowels.

Similarly, Model 2b (Table 3.8) shows the same significant effect of Category as
Model 1b, and also a significant effect of Vowel /1/ vs. the reference level of /i/ (¢
value: -2.283), Vowel /a/ vs. the reference level of /i/ (¢ value: -2.836), and Vowel
/a/ vs. the reference level of /i/ (t value: -5.114), with voiced tokens exhibiting
significantly longer noise interval duration across categories before /i/ than before

the other three (/1 A a/) vowels.

AIC: 6717.1 Estimate Std. Error t value

(Intercept) 129.782 6.319 20.540
Category /t/ -27.618 2.614 -10.565
Category /tf/ -1.539 2.609 -0.590
Vowel /1/ 116.812 3.007  -5.501
Vowel /a/ 113.022 3.014 -4.321
Vowel /a/ -13.211 3.020 -4.375

Table 3.7: Summary of Duration Model 2a (TR):
duration ~ category + vowel + (1 | subject) + (1 | word)

AIC: 6445.8 Estimate Std. Error t value
(Intercept) 70.580 4.405 16.022
Category /d/ 43,649 20810  -20.984
Category /d3/ 4.643 2.080 2,232
Vowel /1/ -5.479 2.400 -2.283
Vowel /a/ -6.809 2.401 -2.836
Vowel /a/ 112.338 2.413 5.114

Table 3.8: Summary of Duration Model 2b (DR):
duration ~ category + vowel + (1 | subject) + (1 | word)

Although a small significant difference was observed at the group level between

DR and JH, the overall pattern (D<TR,DR~CH,JH) held, with /d1/ and /d3/ pat-
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terning together, relative to /d/. Overall noise interval duration patterns remained
stable at the level of the participant. As illustrated in Figure 3.32, S03’s affricates
before vowels showed greater duration than stops before vowels (CH,JH>T,D). S03’s
stops before /1/ showed greater duration than stops before vowels (TR,DR>T,D),
and were similar in duration to affricates (TR,DR~CH,JH) before vowels. In a one-
way ANOVA, the main effect of category was significant in S03’s voiceless [Fy g2 =
20.76, p < .001] and voiced |Fy g7 = 76.74, p < .001] contexts. Post hoc comparisons
using the Tukey HSD test showed significant duration differences between T and TR
(p < .001), and T and CH (p < .001), but no significant difference between TR and
CH (p = 0.99), and significant differences between D and DR (p < .001), and D
and JH (p < .001), but no significant difference between DR and JH (p = .97).

S03: Duration by Category

:ﬁﬁ+.‘ﬁ

T TR CH D DR JH

Duration of Noise Interval (ms)

Category

Figure 3.32: S03 exhibiting the typical (group) noise interval duration pattern
(T,D<TR,DR~CH,JH). (Boxes represent interquartile range, solid hor-
izontal lines in boxes represent median, whiskers represent range of data
points falling within 1.5 times the interquartile range; circles depict out-
liers.)
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S24 was the exception to the group level pattern, showing duration differences
across categories in voiceless [Fo 67 = 9.267, p < .001] and voiced [Fag9 = 176.7, p
< .001] contexts (Figure 3.33), with affricates before vowels exhibiting significantly
longer duration than stops before /1/ (CH,JH>TR,DR). This atypical duration
pattern is consistent with S24’s articulatory results at the mid-point of the noise
interval, which show three distinctly different tongue curves before /1/ relative to

tongue curves for prevocalic /t/ and /d/, and /tf/ and /d3/ (see, e.g., Figure 3.23).

S24: Duration by Category
160-

120-

Duration of Noise Interval (ms)
S

40 T °
T TR CH D DR JH
Category

Figure 3.33: S24 deviating from the typical (group) noise interval duration pat-
tern (T,D<TR,DR<CH,JH). (Boxes represent interquartile range, solid
horizontal lines in boxes represent median, whiskers represent range of
data points falling within 1.5 times the interquartile range; circles depict
outliers.)
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3.2.4 Comparing Tongue Contour and Duration Results

In Figure 3.34, tongue contour data (§ 3.2.2) are plotted against duration data
(§ 3.2.3). It was reasoned that participants who were producing /ti/ and /di/
that were acoustically more similar to [tf] and [d3] may also be exhibiting [tf]-
and [d3]-like tongue contours at the tip/blade. Following Baker et al. (2011), and
similar to the Affrication Ratio presented in Chapter 2, participants’ mean duration
scores were used to calculate a Duration Ratio in order to gauge how affricate-
like participants’ /ti/ productions were relative to their prevocalic /t/ and /tf/
productions. Duration Ratio was calculated by subtracting a participant’s mean
duration of the noise interval (following release) in /t1/ from the mean duration of
the noise interval in /tf/, and dividing that value by the difference between the mean
duration of the noise intervals in /tf/ and /t/. A ratio closer to 1 indicates that
the participant’s /t1/ duration is similar to their /tf/ duration (i.e., more [t[]-like)
whereas a ratio closer to 0 indicates a /ti/ duration closer to prevocalic /t/ (i.e., more
[t]-like). A ratio higher than 1 indicates that a participant’s /ti/ duration is greater
than their /tf/ duration. This approach allows for speaker-internal normalization,
such that /ti/ duration is placed in context within the participant’s acoustic space
relative to /t/ and /tf/.

A similar measure - a Tongue Tip/Blade Ratio - was calculated for tongue curve
differences at the tongue tip/blade. The absolute difference between participants’
/ti/ and /tf/ curves was divided by the absolute difference between participants’
/ti/ and /t/ curves at the mid-point of the noise interval in /a/ vowel contexts.
This vowel context was chosen because in front vowel contexts, there were often
no significant differences between tongue contours at the tongue tip/blade, while in
back vowel contexts, where the anterior portion of the tongue is articulatorily less
encumbered, patterns between contours were observed. A ratio closer to 1 indicates

that the distance between /ti/ and /tf/ is small, relative to the distance between
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/ti/ and /t/ (i.e., /ti/ is more [tf]-like than [t]-like), whereas a ratio closer to 0
indicates that the distance between /ti/ and /tf/ is similar to the distance between
/t1/ and /t/ (i.e., /t1/ is as [t[]-like as it is [t]-like)'.

As illustrated in Figure 3.34, in comparing across articulatory measures, different
behaviour patterns were observed. Six participants (S05, S09, S18, S23, S29, S30)
exhibited [tf]-like behaviour for both measures, with Duration Ratios close to 1
and small differences between /ti/ and /tf/ at the tongue tip/blade relative to /t1/
and /t/ (Tongue Tip/Blade Ratios closest to 0). One participant (S06) exhibited
similarly small differences between /t1/ and /tf/ at the tongue tip/blade, but showed
greater duration. The remaining five participants (S03, S10, S13, S19, S24) showed
more variation across both measures. The two participants who showed the shortest
(least /tf/-like) duration (S13, S24), also exhibited the least amount of similarity

between /ti/ and /tf/ at the tongue tip/blade.

Tongue Tip/Blade by Duration (noise interval)
S30

S05

S06
52329

S18

0.8-

S03 S10
0.6- S19

S$13

0.4-

Tongue Tip/Blade Ratio (TR-CH/TR-T)

S24
0.5 1.0 15

Duration Ratio (TR-T/CH-T)

Figure 3.34: All participants: Tongue Tip/Blade Ratio (TR-CH/TR-T) by Dura-
tion Ratio (TR-T/CH-T).

15There were no speakers who produced /ti/ contours closer to /t/ than /tf/ by the mid-point
of the noise interval, but had there been, ratio values would be < 0.
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3.3 Discussion

In the gestural score diagram depicted in Figure 3.35 (a), presented again below, it
was hypothesized that /ti/ and /d1/ sequences, if coproduced, would show early en-
gagement of the lips (LIPS) and tongue root (TRT) in anticipation of the /1/ as early
as at the start of the closure interval for the coronal stop. It was reasoned that noth-
ing prohibits early engagement of these articulators, because coronal stop gestures
only involve the tongue tip/blade (TT/TBL) articulatory tier. In the gestural score
diagram depicted in Figure 3.35 (b), it was hypothesized that if participants were
producing more [tf]-like /t/s before /1/, we would see lip protrusion, not rounding,
during the closure interval, along with more posterior ([tf]-like) tongue tip/blade
postures, and a retracted tongue root, because nothing prohibits early engagement
of this articulatory tier (TRT). Both coproduction hypotheses (a, b) predicted that
articulation of the /1/ would begin as early as the mid-point of the noise interval,
since the tongue becomes articulatorily less encumbered at the tongue tip/blade
(TT/TBL) following release of the closure.

Figure 3.35 presents the coproduction hypotheses (a and b), as well as a revised
gestural score diagram (c), based on the observed data reported in the sections
above. As illustrated in (c), and consistent with hypothesis (b), participants gener-
ally showed lip protrusion as early as the start of the closure interval in /ti/ and /d1/,
exhibiting similar lip postures to those observed in prevocalic /tf/ and /dz/. Impor-
tantly, rounded postures were not observed at this time point (as was hypothesized
in (a)), with all participants producing protruded lip shapes that were distinctly dif-
ferent from their more rounded word-initial /1/ postures. Lip protrusion persisted
through to the mid-point of the noise interval following release - a result that is not
consistent with either hypothesis, both of which predicted rounded (word-initial-[1]-
like) lip postures by this point in time. Overall, lip results are compatible with those

reported by Mielke, Smith, and Fox (2017b), who used linear discriminant analysis
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(LDA) of pixel intensities in ultrasound images to confirm that the lip shape of /[/

is different from the rounding of word-initial /1/.

@)

Coproduction Hypotheses

/

\

(b)

-~

~

rounded protruded rounded
LIPS labial LIPS labial labial
TT/TBL closure release i narrow TT/TBL closure reldase i narrow
alveolar post-alveolar post-alv. post-alveolar
TRT narrow TRT narrow
pharyngeal pharyngeal
\ / \ —/
[ tu ] [ tfu ]
Observed
protruded protruded
LIPS labial labial
TT/TBL closure rel@ase | narrow
post-alv. post-alveolar
TRT narrow
\ pharyngeal /
[ tfu ]

Figure 3.35: Top row (a, b): Coproduction hypotheses for [ti] (left) and [tf1]
(right) sequences, originally presented in Figure 3.1. Bottom row
(c): Revised gestural score diagram, based on observed data.'®

Also illustrated in (c) and consistent with hypothesis (b), participants frequently
showed /ti/ and /d1/ tongue tip/blade postures at the mid-point of the closure inter-
val that closely resembled prevocalic /tf/ and /d3/, and were significantly different
from prevocalic /t/ and /d/. This was particularly apparent in back vowel and
lax front vowel contexts, while in /i/ vowel contexts, where the anterior portion of

the tongue is more actively engaged, there were typically no significant differences

16For lack of a better way to represent a post-alveolar affricate (followed by [1]) that is [tf]-like,
Hypothesis (c) represents these coproduced gestures using the transcription [t/1].
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between contours, or /ti/ and /di/ showed lower tongue tip/blade postures relative
to the other two contours. Importantly, with the exception of S24, participants were
not exhibiting /ti/ and /d1/ postures that were articulatorily similar to prevocalic
/t/ and /d/ at the mid-point of closure, as predicted in hypothesis (a), except in
cases where there were no significant differences between any of the contours at the
tip /blade.

This pattern persisted through to the mid-point of the noise interval, with all
participants (including S24) consistently producing /t1/ and /di/ postures at the
tip/blade that were significantly different from /t/ and /d/ in /1 A a/ vowel contexts.
For most participants, /t1/ and /tf/ and /d1/ and /d3/ postures patterned together,
though a number of participants were exhibiting three distinct tongue contours by
the mid-point of the noise interval. Deviating from the overall pattern, in /i/ vowel
contexts, participants still showed little or no differences at the tongue tip/blade
mid-noise, or displayed lower /ti/ and /di/ postures, relative to the other contours.
This is consistent with the notion that the anterior portion of the tongue is actively
engaged during anticipatory coarticulation of a tense high front vowel like /i/, which
may result in higher tongue postures for all contours, or similar tongue heights for
prevocalic /t d tf d3/, relative to /t1/ and /di/, where [1] blocks the coarticulatory
effect of [i].

Hypotheses (a) and (b) predicted that participants would produce [r] tongue
shapes at the tip/blade during the interval following release. Olive, Greenwood, and

Coleman (1993:280) have argued:

For all three voiceless stops, the center of the /r/ occurs during the
aspiration region and before the onset of voicing. The production of /r/
during the aspiration is possible because after the closure is released, the

tongue is free to retroflex.

While the authors reference retroflex tongue shapes, post-coronal contexts like /ti/
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and /d1/ are more conducive to bunched /1/ postures (Mielke et al., 2010; Maglough-
lin, 2016), which participants produced almost exclusively (S23 was the exception,
frequently producing retroflex /1/s in these contexts). Hypotheses (a) and (b) are
based on the assumption that the tongue is also ‘free to bunch’ after the closure
is released. Given that participants were producing [tf]-like and [d3]-like /ti/ and
/d1/ contours at the mid-point of the closure interval, and given that /[/, /3/, and
bunched /1/ involve similar articulations (tongue blade raising with post-alveolar
constriction), the patterning together of /ti/ and /tf/ and /di/ and /dz/ at the
mid-point of the noise interval is consistent with the hypotheses, and reflected in
Figure 3.35 (c). Distinguishing between [t[], [d3], and [1] contours was facilitated in
instances where participants were exhibiting either concavity at the tongue dorsum
(e.g., Figure 3.29) — a pattern observed for most participants, and associated with
the production of a bunched /1/ — or a retroflex tongue posture, as was observed for
S23. For participants producing three distinct tongue contours at this time point
(e.g., Figure 3.23), distinct bunched /1/ postures were particularly apparent.

Also consistent with hypotheses (a) and (b), the gestural score in Figure 3.35 (c)
reflects that participants typically exhibited retracted tongue root postures in /ti/
and /d1/ sequences relative to the other two contours as early as at the mid-point
of the closure interval, as well as at the mid-point of the noise interval following
release. Tongue root retraction in /t1/ and /di/ relative to prevocalic /t d tf d3/
was most extreme in front vowel contexts, which is in keeping with the tongue root
advancement we expect to see during production of high front vowels as a result of
tongue body raising, and the tongue root retraction we anticipate during production
of [1] due to its pharyngeal constriction. In back vowel contexts (particularly /a/),
participants’ tongue roots in prevocalic /t/ and /d/ were frequently as retracted or
sometimes more retracted than /ti/ and /di/.

Although the noise interval following release was depicted in the hypothesized
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gestural score diagrams (a and b), there were no explicit predictions about duration.
Nevertheless, results from the duration data provided perhaps the most compelling
evidence that /t/s and /d/s before /1/ are behaving differently from /t/s and /d/s
before vowels. Duration of the noise interval in /t1/ and /di1/ sequences was consis-
tently significantly longer than in prevocalic /t/ and /d/, but similar in duration to
prevocalic /tf/ and /d3/. Affricates are expected to have a longer period of frication
noise than stops following release of the closure gesture (Byrd, 1993), but stops are
expected to show an extended period of turbulence following release into a segment
with a high tongue position (Ohala and Sol¢, 2010). Coronal stops before /i/ and
/1/ both meet the criteria for an aerodynamic-based explanation of increased dura-
tion. A closer look at coronal stops and affricates by vowel context reveals that while
participants do exhibit longer noise interval duration before /i/, as anticipated, the
duration differences before /1/ cannot be explained by aerodynamic factors alone.
Duration of the noise interval of /ti/ and /di1/ across vowel contexts is longer than
that of /t/ and /d/ before /i/, but comparable to the duration of /tf/ and /dz/

across vowel contexts.

3.3.1 Answering Question 2

The question posed at the beginning of this chapter asked:

Q2: Are English /t/ and /d/ in /t1/ and /d1/ clusters articulated like prevocalic

[t] and [d], like prevocalic [tf] and [d3], like neither, or like both?

Taken together, results show that /t/ and /d/ in /ti/ and /di/ clusters are not
being articulated like prevocalic [t] and [d]. Rather, they are being produced like
[tf] and [d3] at the lips (LIPS) and the tongue tip/blade (TT/TBL) as early as the
mid-point of the closure interval, but like [1] at the tongue root (TRT), and like [tf]

and [d3] at the lips (LIPS) at the mid-point of the noise interval, but like [t[] or [d3]
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and [1] at the tongue tip/blade (TT/TBL), and like [1] at the tongue root (TRT).
In other words, /ti/ and /di/ sequences are being coproduced, and the tongue is
engaged in two separate articulatory goals simultaneously: /1/ at the tongue root,
and post-alveolar affricate at the tongue tip/blade — a finding further supported by
duration results. The revised gestural score diagram depicted in Figure 3.35 (c)
represents these /ti/ and /di/ sequences as coproduced gestures that are at once
part post-alveolar affricate and part [1]. Rather than simply the coarticulation of
/ti/ and /di/, Production study participants are coproducing gestures that look
more like the aftermath of coarticulation — they have phonologized what was once

a coarticulatory effect.
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Chapter 4

Perception Study

The Perception Study was designed to explore how listeners categorize /t/s before
/1/. It was reasoned that if speakers are producing an affricated variant of /t/,
and listeners are perceiving that affrication, listeners may categorize the variant
as CH rather than T in a forced-choice spelling task. The Perception experiment
consisted of a series of non-words because affricates in complex onsets are prohibited
in English. As a result, English has no contrastive /ti/ - /tf1/ sequences, meaning
words produced as [tii] and [tf1i] are both likely to be categorized as tree by listeners,
while non-words [tiav] and [tfiav] may be categorized differently. The Perception

Study asked the question:

Q3: Do English speakers categorize affricated variants of /t/ found in /ti/ clusters
as T or CH?

4.1 Methodology

The experiment consisted of a forced-choice spelling task in which participants heard
an audio stimulus over headphones, and were then presented with two spelling
choices on the left and right sides of a computer screen. For example, a partici-

pant heard [tav], and was presented with: TOV (left side of screen), and CHOV
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(right side of screen). The participant pressed the left arrow key to select TOV,
or the right arrow key to select CHOV. The experiment was designed to capture
the participant’s categorizations of affricated variants of /t/ that had been spliced
from before /1/, as well as their categorizations of prevocalic /t/ and /tf/. For ex-
perimental (non-filler) stimuli, each forced-choice pair involved two spelling options
that differed only in terms of whether they were spelled with a T or a CH (e.g.
TUV vs. CHUV, TRIV vs. CHRIV, etc.). The audio stimulus presented with each
forced-choice spelling pair consisted of one of three initial sounds, concatenated with

either a vowel-initial sequence (e.g., IV), or an [1]-initial sequence (e.g., RIV):
e [tf] spliced from before a vowel (+ vowel-initial, or + [1]-initial sequence)
e [t] spliced from before a vowel (+ vowel-initial, or + [1]-initial sequence)

e [t] spliced from before /1/ (+ vowel-initial, or + [1]-initial sequence)

4.1.1 Experimental Design

The experiment was created using a graphical open-source experiment builder called
Open Sesame v3.0.7 (Mathot et al., 2012), running PsychoPy (Peirce, 2007) on the
back-end, and Python v2.7 (Van Rossum et al., 2007). A total of 92 audio stimuli
(72 experimental, 20 fillers) were played for each participant over headphones, in
four pseudorandomized trials (92 x 4 = 368). Forced-choice spelling pairs were
counterbalanced (i.e. each spelling choice appeared on the left side of the computer
screen in half of the trials, and on the right side in the other half). An additional
8 audio stimuli (8 fillers, in two pseudorandomized trials, 8 x 2 = 16) were played
for each participant during a Practice Phase, prior to beginning the Experimental

Phase.
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4.1.2 Stimuli

Non-words for constructing the stimuli were recorded in a sound-attenuated booth
in the Phonology Lab at North Carolina State University. The recordings were
produced naturally by one 24-year-old female speaker who was born and raised in
Manteo, North Carolina, went to high school in Wallingford, Connecticut (age 14
to 18), and was a student at North Carolina State University in Raleigh at the time
of recording. While I was not aware of any differences between her speech and the
speech of Raleigh native speakers of a similar age, measures were taken to establish
similarity between her affricated variants and those of the participants (as described
below), most of whom were born and raised in North Carolina. The speaker was
provided with a list of stimuli and filler words and asked to repeat each of the words
three times (Figure 4.1), using a clear and consistent voice, with no overlap between
utterances. She was given an opportunity to practice prior to recording, and was
provided with feedback on pace, volume, stress of multi-syllable non-words, and
vowel pronunciation during practice. The speaker was not given any details about
the overall experimental design or the reason for the study. Audio was collected
using a Shure BETA 53 condenser microphone worn by the speaker during recording,
positioned approximately 3cm from the corner of her mouth. Recording was through
a SoundDevices USBPre 2.0 preamplifier in Audacity. Figure 4.2 presents duration
information (in milliseconds) for the noise interval (from release of closure to onset
of voicing) of the speaker’s productions of /t/ and /tf/ before vowels (T, CH), and
/t/ before /1/ (TR), in both word-initial (top) and word-medial (bottom) positions.
Duration patterns were consistent with those typically exhibited by the participants
in the Production experiment (§ 3.2.3), showing significantly greater duration of the

noise interval in /t/ before /1/ and /tf/ before vowels relative to /t/ before vowels.
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1|TRIV (rhymes with GIVE) 28|VETRUZZEN
TRIV VETRUZZEN
TRIV VETRUZZEN
2|TIvV 29|VETUZZEN
TIV VETUZZEN
TIvV VETUZZEN
3[CHIV 30|VECHUZZEN
CHIV VECHUZZEN
CHIV VECHUZZEN
4|TRIB 31|METROFFEN
TRIB METROFFEN
TRIB METROFFEN
5(TIB 32|METOFFEN
TIB METOFFEN
TIB METOFFEN
6|CHIB 33|MECHOFFEN
CHIB MECHOFFEN
CHIB MECHOFFEN
7|TRUV (rhymes with LOVE) 34|VETROBBEN
TRUV VETROBBEN
TRUV VETROBBEN
8|TuV 35|VETOBBEN
TUV VETOBBEN
TUV VETOBBEN
9|CHUV 36|VECHOBBEN
CHUV VECHOBBEN
CHUV VECHOBBEN
10{TRUD (rhymes with MUD) 37|TLIF
TRUD TLIF
TRUD TLIF
11|{TUD 38|TIF
TIHIN TIE

Figure 4.1: Excerpt from the list of non-words given to the speaker during record-
ing of Perception stimuli for splicing. Each non-word was repeated
three times by the speaker, who was instructed to use a clear and
consistent voice.
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Perception Speaker Duration by Category - Word-Initial
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Figure 4.2: Perception Experiment Stimuli: Duration of the noise interval (ms),

from release of closure to onset of voicing, in speaker’s /t/ before vowels
(T), /t/ before /1/ (TR), and /tf/ before vowels (CH), in word-initial
(top) and word-medial position (bottom).
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4.1.2.1 Construction of Stimuli

Experimental stimuli consisted of non-words with /t/, and /t[/ in initial and medial
(onset of the second syllable) position. As illustrated in Figure 4.3, stimuli were con-
structed using spliced portions of the items recorded by the speaker that were then
concatenated to form stimuli. For example, recordings of TIV, TRIV, and CHIV
were spliced to obtain prevocalic [t] (Ty), the affricated variant of /t/! before /1/
(TRr), and prevocalic [tf] (CHy). Vowel-initial and [1]-initial sequences were spliced
from non-words (e.g., IV from TIV, RIV from TRIV, etc.), and each concatenated
with the three stimuli pairs in the set. In other words, IV spliced from TIV was
used to create TyIV, TrIV, and CHyIV, while RIV spliced from TRIV was used
to create TyRIV, TRRIV, and CHyRIV. A complete list of experimental stimuli is

presented in Table 4.1.

Productions Splices Concatenates Stimuli
T, T, |[+] IV |[= TJIvV
TIV <
\Y; T, |+ |RIV| = TRIV
T, . |+ IV | = TIv
TRIV<
RIV T. |+ | RV | = TRIV
CHIV —{ CH, CH |+ | IV | = CHJIV

CH, | + | RIV| = CHRIV

Figure 4.3: Construction of Perception experiment stimuli

Throughout this chapter, I will refer to the affricated variant of /t/ before /1/ in order to
distinguish it from prevocalic /t/, based on the assumption that it is not phonetically [t] (see
Chapter 3), but may be perceived as such.

100



/ti/ and /d1/ in North American English

Category
Vowel Context | TvV tokens TvR tokens
1] TyIV TyvRIV
TvIB TvRIB
METvIFFEN METvyRIFFEN
VETyIBBEN VETyRIBBEN
[a] TvUV TyvRUV
TyvUD TvRUD
METyUPPEN METyvRUPPEN
VETyUZZEN VETyvRUZZEN
[Cl] TVOV TvROV
TvOB TvROB
METyOFFEN METyvROFFEN
VETyOBBEN VETyROBBEN
Vowel Context | TRV tokens TrR tokens
(1] TRrIV TrRIV
TRrIB TrRIB
METRIFFEN METRRIFFEN
VETRIBBEN VETRRIBBEN
[A] TrUV TrRUV
TrUD TrRUD
METRrUPPEN METRrRUPPEN
VETRUZZEN VETRRUZZEN
[(1] TROV TRROV
TrOB TrROB
METROFFEN METRROFFEN
VETROBBEN VETRROBBEN
Vowel Context | CHyV tokens CHvyR tokens
(1] CHyIV CHyRIV
CHyIB CHyRIB
MECHvyIFFEN  MECHvyRIFFEN
VECHyIBBEN  VECHyRIBBEN
[A] CHyUV CHyRUV
CHyUD CHyRUD
MECHyUPPEN MECHyRUPPEN
VECHyUZZEN VECHyRUZZEN
[a] CHyOV CHyROV
CHyOB CHyROB
MECHyOFFEN MECHyROFFEN
VECHyOBBEN VECHyROBBEN

Table 4.1: Perception stimuli,

by vowel context and category: [t] spliced from
before vowels (TyV, TyR, upper); the affricated variant of /t/ spliced
from before /1/ (TrV, TrR, middle); [tf] spliced from before vowels
(CHyV, CHyR, lower).
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Stimuli were spliced and concatenated? in Praat (Boersma and Weenink, 2007).
Stops and affricates in word-initial position before vowels and /1/ were spliced from
the original .wav file at 70 milliseconds before the start of the burst to the onset
of voicing (Figure 4.4). Stops and affricates in word-medial position before vowels
and /1/ were spliced from the original file along with the preceding word-initial
voiced consonant-vowel (CV) sequences at 70 milliseconds before the word-initial
onset of voicing to the onset of voicing after the word-internal stop burst (Figure
4.5). Vowel-initial (e.g., IV) and [1]-initial (e.g., RIV) sequences were spliced from
the onset of voicing of the vowel or /1/ following the stop or affricate to the end of

the word plus 70 milliseconds. Splices were concatenated in Praat (as illustrated in

Figure 4.3).
File Edit = Query | View Select Interval Boundary | Tier | Spectrum Pitch Intensity Formant it Pulses Help
T 2aT
26.664483] 0.070000  |26.734483
0.119|
| : MW‘W’W\MN
0.1314
5000 Hz Y™
§ .
2368 Hz ke
» 0
0 Hz| - \..
splice
=i T12aT (6/198)
phone
2 sp T IH1 \ (2402)
\word
3| sp TIV (881)
0061618 | 0.070000 0440397
[ 26.590394 |26.602865 Visible part 0.572015 seconds 27.174880| 618.051197

| Total duration 645.213606 seconds

Figure 4.4: Example of a stop spliced from TIV, at -0.07 seconds from before the
burst to the end of the noise interval.

Filler stimuli consisted of monosyllabic non-words that differed only in terms
of word-initial voicing. Stimuli were constructed using the same methods as the

experimental stimuli. For example, the speaker recorded TLIV, TIV. The [t] was

2Thank you to Erik Thomas, North Carolina State University, for assistance with stimuli cre-
ation and band-pass filtering to remove non-speech noise from two filler tokens.
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File | Edit = Query | View | Select Interval | Boundary Tier Spectrum  Pitch | Intensity = Formant | Pulses Help

T719a_METr

140.530996|  0.070000 140.600996
0.134

Oy

-0.1851
5000 Hz

||

Isplice
w1 T7_19a METr (641198)

lphone

2 sp M | AHO T R IH1 F AHO |0
ord

3 s METRIFFEN i

0.026] 0070000 | 0.475638
[ 140.492147 [140.504619 Visible part 0.572015 seconds 141.076633 504.149444 |

‘ Total duration 645.213606 seconds

Figure 4.5: Example of a CV-+stop sequence spliced from METRIFFEN, at -0.07
seconds from before the word-initial onset of voicing to the end of the
noise interval for the stop.

spliced from before the vowel in TTV, and the [1]-initial sequence was spliced from the
onset of voicing of the [1] in TLIV. The two splices were concatenated to form Ty LIV.
Experimental and filler stimuli were constructed using the same procedures in order
to ensure consistency across stimuli, and so that participants were not provided with

any cues as to which stimuli were experimental, and which were fillers.

4.1.2.2 Experimental Trials

A total of 3888 audio trials were categorized by 27 participants in each Position
(initial and medial), including 648 audio trials in each Category: 6 x 648 = 3888.
(By participant: 3888 / 27 participants = 144 trials per participant, and 24 trials in
each Category). A total of 1296 audio trials were categorized by 27 participants in
each of three Vowel Contexts (/1 A a/), including a total of 216 audio trials in each
Category: 6 x 216 = 1296; 1296 x 3 = 3888. (By participant: 1296 / 27 participants

= 48 trials per participant in each Vowel Context, and 8 in each Category.)
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Vowel Context Filler Spelling Pairs

1] DLIV ~ TLIV
DLIF ~ TLIF
[4] GNUB ~ KNUB

GNUP ~ KNUP
VNUD ~ FNUD
VNUT ~ FNUT

(] BNOG ~ PNOG
BNOCK ~ PNOCK

[u] VOOB ~ FOOB
VOOP ~ FOOP

GLOOB ~ KLOOB
GLOOP ~ KLOOP

Table 4.2: Spliced filler stimuli spelling pairs with word-initial contrast, by vowel
context. Filler stimuli were designed to convey to the participant that
sequences of sounds prohibited in English phonotactics (e.g., onset
/bn/), were acceptable in this language.

4.1.3 Participants

Participants for the Perception experiment were 32 English speakers, recruited from
the North Carolina State University community. Five participants were excluded
from analysis: SO01 did not complete the language background questionnaire, S14
exhibited reading difficulties at various points during her visit, and S08, S12, and
S16 each reported an L1 other than English. The 27 participants included in the
analysis were 16 females and 11 males, ranging in age from 19 to 60, all born in
the United States (Table 4.3). A subset of these participants were included in the

Production Study analysis, presented in Chapter 3, above.

4.1.4 Procedures

For the Perception experiment, participants moved to an adjacent sound-attenuated
booth in the same lab after completing the Production experiment. The experiments
were conducted in this order to eliminate the possibility that stimuli heard during

the Perception experiment could influence production. Participants were seated in
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Participant | Sex Birth Year | Birth Place
S02 Male 1990 North Carolina
S03 Female 1996 North Carolina
S04 Female 1994 North Carolina
S05 Female 1995 North Carolina
S06 Female 1996 Wisconsin
S07 Female 1956 North Carolina

S09 Male 1995 Delaware

S10 Female 1995 North Carolina
S11 Female 1991 North Carolina
S13 Female 1997 North Carolina
S15 Male 1988 North Carolina
S17 Female 1993 New Jersey

S18 Male 1995 North Carolina

S19 Female 1996 North Carolina
S20 Female 1997 North Carolina

S21 Female 1970 New York

S22 Male 1996 North Carolina
S23 Male 1996 North Carolina
S24 Female 1985 North Carolina
S25 Male 1993 Georgia

S26 Male 1979 Tennessee

S27 Male 1994 Virginia

S28 Male 1994 North Carolina

S29 Female 1994 North Carolina
S30 Female 1991 North Carolina
S31 Male 1996 North Carolina
S32 Female 1964 North Carolina

Table 4.3: Perception Study participant details

a chair in front of a computer screen and given a pair of headphones for use during
the experiment, with the volume set to a comfortable listening level. Participants
were told that they would hear a series of new and unfamiliar words, presented
one at a time, and be asked to select one of two spellings on the screen that best
reflected the sounds that they heard, using the left and right arrow keys on the
keyboard. They were told that they would be presented with instructions prior to
beginning a Practice Phase, which would be followed by an Experimental Phase,

and that the entire process would take approximately 30 minutes. After ensuring
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participants were comfortable and had no questions, the experimenter exited the
booth and closed the door.

At the beginning of the experiment, participants were presented with on-screen
instructions that described how the scientists in our lab had invented some new, non-
English words (Figure 4.6). The first round of the experiment involved a Practice
Phase where participants were presented with forced-choice spelling pairs (2 x 8 =
16) of monosyllabic filler words that included phonotactically restricted consonant
sequences in word-initial position (e.g., FNUT vs. VNUT, Figure 4.7, top), each
contrasting in terms of voicing. The use of these filler non-word pairs was intended to
reinforce the idea that the new words were not English and could contain sequences
of sounds that are phonotactically illicit in English. Following each key press, crosses
in place of spelling choices were displayed for 500 milliseconds (Figure 4.7, bottom),
prior to the next audio stimulus being played and two new spelling choices being
displayed. Once finished, the participants were shown a message indicating that
they had completed the Practice Phase and could move on to the Experimental
Phase whenever they were ready. The message also reminded participants to select
the word on the left side of the screen using the left arrow key, and the word on
the right side of the screen using the right arrow key. The Experimental Phase
was comprised of experimental and filler stimuli that were not heard during the
Practice Phase. As illustrated in Figure 4.8, spelling pairs for experimental stimuli
consisted of choices that included T or CH, before a vowel (top) or an R (bottom),
in word-initial (top) or word-medial (bottom) position. Audio stimuli included [t]
or [tf] spliced from before vowels, or the affricated variant of /t/ spliced from before
/1/, concatenated with a vowel-initial (e.g., IV) or [1]-initial (e.g., RIV) sequence
(§ 4.1.2). Participants were able to move through the Perception experiment at their
own pace. Following completion of the experiment, participants filled out a short

online language background questionnaire (Appendix B).
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Figure 4.6: On-screen instructions at the beginning of the Perception experiment.
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Figure 4.7: The practice phase of the Perception experiment consisted of forced-
choice spelling pairs of non-word fillers containing sequences of sounds
that are phonotactically restricted in English (top). After each selec-
tion, crosses in place of spelling choices were displayed for 500 mil-
liseconds (bottom), prior to the next token being played and the next
spelling choices being displayed.
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Figure 4.8: Spelling pairs for experimental stimuli consisted of choices that in-
cluded T or CH, before a vowel (top) or an R (bottom), in word-initial
(top) or word-medial position (bottom).
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4.2 Perception Results

The results presented here consist of participants’ categorizations of audio stimuli
as either T or CH, based on their selections in forced-choice spelling pairs (e.g.
TROV vs. CHROV). As described above (§ 4.1.2), audio stimuli were spliced and
concatenated into six categories: [tf] spliced from before a vowel, concatenated
with a vowel-initial (CHyV) or [1]-initial (CHyR) sequence, [t] spliced from before a
vowel, concatenated with a vowel-initial (Ty/V) or [1]-initial (TyvR) sequence, and the
affricated variant of /t/ spliced from before /1/, concatenated with a vowel-initial
(TrV) or [1]-initial (TgR) sequence.

The experiment was designed to test whether affricated variants of /t/ would
be categorized as T or CH in a forced-choice spelling task. Categorizations of TgR
audio stimuli as T may not be straightforward to interpret because there are several

possible reasons why a participant might choose a TR spelling over a CHR spelling
(e.g. TROV over CHROV):

1. The affricated variant of /t/ sounds normal in the context that conditions the

affrication (i.e., before [1]) and may not be perceived as affricated;

2. /tf1/ is a phonotactically restricted sequence in English, which may result in

a categorization bias against an illicit cluster;

3. CHR sequences in English spellings already exist (Christmas, chrysalis, chrysan-

themum, etc.), but they are pronounced [ki].

An abundance of research has shown that listeners are able to perceptually compen-
sate for coarticulation (Mann and Repp, 1980; Whalen, 1981; Smits, 2001). Mann
and Repp (1980) observed that listeners were more likely to report hearing s along
an [s] to [[] continuum when the audio token preceded [u] than when it preceded

[a]. Lip-rounding lowers frequency, and [[] is lower in frequency than [s]. When
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participants heard tokens along the continuum, they attributed lower frequency val-
ues to lip-rounding on the vowel, rather than to the consonant. Similarly, Beddor
and Krakow (1999) showed that English listeners were able to attribute nasality
on a nasalized vowel to the following nasal consonant, perceiving these vowels as
relatively oral. In this sense, listeners may choose TR spellings over CHR because
they can attribute the aperiodic noisiness of the affricated variant of /t/ to coartic-
ulation with the following /1/. Further, Massaro and Cohen (1983) and Pitt (1998)
have shown that the legality of phonotactic sequences may have an influence on how
listeners categorize ambiguous phonemes. The authors found that listeners exhib-
ited a ‘labeling bias’ in the direction of the licit sequence, suggesting that top-down
influence may play a role in a participant choosing TR over CHR.

These factors, coupled with the fact that CHR spellings of actual English words
are pronounced [ki|, make the task of interpreting TR results more challenging.
In an effort to (indirectly) mitigate some of these issues, the forced-choice spelling
task included CHyR audio stimuli as well (as described above). It was reasoned
that if participants were willing to choose CHR spellings when they heard audio
stimuli with phonological [t[] spliced onto an [1]-initial sequence, this would provide
evidence that the English phonotactic bias was not a sufficient deterrent to prohibit
CHR selections. Additionally, although words like [kusolis| with CHR spellings do
exist in English, it was assumed that participants would be unlikely to interpret
the affricated variants they heard as [ki] (in the sense of Miller and Nicely, 1955),
particularly since other non-word sequences with CH spellings (e.g., CHOV), where

[tf] is straightforwardly represented by CH, were included in the experiment as well.
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4.2.1 Overview of Results

Figure 4.9 presents participants’ mean CH response rates in word-initial position
across each of the six categories. (A summary of results across positions and cate-
gories is also presented in Table 4.4.) As expected, participants were able to perform
the task, accurately categorizing prevocalic /t/s (TyV) as T, and prevocalic /tf/s
(CHyV) as CH, when presented in their natural phonetic environments (i.e., before
vowels). Participants categorized affricated variants of /t/ as T when presented in
the environment that conditions the affrication (TgR), but categorized these same
affricated variants of /t/ as CH when presented outside of their natural phonetic
environment (TrV). As a group, participants showed variable behaviour in their
classifications of phonological /tf/s, but only when heard outside of their natural
phonetic environment (before [1]), categorizing CHyR stimuli as T, or CH, or a

combination of both (as will be discussed below).

All Participants: CH Responses - Word-Initial
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Figure 4.9: All Participants: CH response rate in word-initial position. (Boxes rep-
resent interquartile range of values, solid horizontal lines represent median,
whiskers represent range of data points falling within 1.5 times interquartile
range. Circles depict outliers.)
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Category CH Response Rate
CHvR 0.45
CHvyR-medial 0.32
CHvyV 0.98
CHy V-medial 0.93
TrR 0.19
TrR-medial 0.21
TrV 0.77
TgrV-medial 0.68
TvR 0.05
Ty R-medial 0.04
TvV 0.01
Ty V-medial 0.01

Table 4.4: All participants: Mean CH response rate, by category

Figure 4.10 presents participants’ mean CH response rates in word-medial position.

Participants exhibited similar response rates across categories in both positions,

with the exception of CHyR, which participants were more likely to categorize as T

word-medially, exhibiting less variable behaviour than in word-initial position.

Figure 4.10:

All Participants: CH Responses - Word-Medial
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All participants: CH categorizations in word-medial position. (Boxes
represent interquartile range of values, solid horizontal lines represent me-

dian, whiskers represent range of data points falling within 1.5 times in-
terquartile range. Circles depict outliers.)
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A look at the results by Vowel Context (Figures 4.11 and 4.12) shows participant
responses do not seem to be affected by the following vowel. TrV was the exception,
where participants were less likely to categorize audio stimuli in /1/ vowel contexts
as CH, relative to stimuli in back vowels contexts: /a a/, in both word-initial and

word-medial positions.

All Participants: CH Responses - Word-Initial by Vowel Context
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Figure 4.11: All participants: CH categorizations in word-initial position, by vowel
context. (Boxes represent interquartile range of values, solid horizon-

tal lines represent median, whiskers represent range of data points falling
within 1.5 times interquartile range. Circles depict outliers.)
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All Participants: CH Responses - Word-Medial by Vowel Context
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Figure 4.12: All participants: CH categorizations in word-medial position, by
vowel context. (Boxes represent interquartile range of values, solid hor-

izontal lines represent median, whiskers represent range of data points
falling within 1.5 times interquartile range. Circles depict outliers.)
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4.2.2 Comparing Across Categories

The Perception results presented in the previous section show mean values for all par-
ticipants across categories and positions. The figures that follow present data points
at the level of the individual participant and compare patterns across categories. It
was expected that every participant would accurately categorize prevocalic [t] and
[t/]in CHyV and Tv'V, because these are distinct phonemes presented in the environ-
ments where they were produced. As illustrated in Figure 4.13, participants catego-
rized prevocalic [tf]s concatenated with vowel-initial sequences (CHyV) as CH (CH
response rates close to 1.0, y-axes) in both word-initial (left) and word-medial (right)
positions, and prevocalic [t]s concatenated with vowel-initial sequences (TyV) as T
(CH response rates close to 0.0, z-axes), in both positions. In other words, [t]s and
[t[]s spliced from before vowels (Ty, CHy) were heard faithfully before vowels (e.g.,

TyIV, CHylV) — confirmation that participants were able to perform the task.

CHvV and TvV Comparisons (Word-Initial) CHvV and TvV Comparisons (Word-Medial)
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Figure 4.13: Comparing participants’ CH response rates in CHvV (y-axis) and
TvV (z-axis) categories, in word-initial (left) and word-medial (right)
positions.

It was also anticipated that participants would categorize prevocalic [t]s that

were spliced onto non-matching [1]-initial sequences as T. As shown in Figure 4.14,
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participants’ categorizations of prevocalic [t] as T were consistent across TyR and
TyV categories (CH response rates close to 0.0, z- and y-axes), in both positions.
[t]s spliced from before vowels (Tvy) were heard faithfully, regardless of whether they

were concatenated with vowel-initial or [1]-initial sequences.

TvR and TvV Comparisons (Word-Initial) TvR and TvV Comparisons (Word-Medial)
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Figure 4.14: Comparing participants’ CH response rates in TvR (y-axis) and TvV
(z-axis) categories, in word-initial (left) and word-medial (right) po-
sitions.

Figure 4.15 compares participants’ CH response rates in CHyR and CHy'V cat-
egories. While prevocalic [tf]s concatenated with vowel-initial sequences (CHyV)
were consistently categorized as CH in both positions, prevocalic [tf]s concatenated
with [1]-initial sequences (CHyR) were categorized as T and CH in word-initial po-
sition (left), and more consistently as T in word-medial position (right), with some
inter- and intra-speaker variation in both positions (participants with high (close to
1.0), or low (close to 0.0) CH response rates, and participants with rates in between
(close to 0.5)). As illustrated clearly here and in contrast with Ty, participants’
categorization of CHy (i.e., phonological affricates) was strongly influenced by con-

text.
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CHvR and CHvV Comparisons (Word-Initial) CHVR and CHvV Comparisons (Word-Medial)
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Figure 4.15: Comparing participants’ CH response rates in CHvR (y-axis) and
CHvV (z-axis) categories, in word-initial (left) and word-medial
(right) positions.

Figure 4.16 compares participants’ CH response rates in TgRR and TRV cat-
egories. In both word-initial (left) and word-medial (right) positions, participants
generally categorized affricated variants of /t/ concatenated with [1]-initial sequences
(TrR) as T, but affricated variants of /t/ concatenated with vowel-initial sequences
(TrV) as CH. Results were more dispersed in TrV categories, with inter- and intra-
speaker variation observed across positions. Both figures (4.15 and 4.16) show that
only phonological affricates (CHy) were ever heard consistently as [tf] before [1],
whereas both phonological affricates (CHy) and affricated variants of /t/ (Tgr) were

heard as [tf] before vowels.
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TrR and TrV Comparisons (Word-Initial) TrR and TrV Comparisons (Word-Medial)
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Figure 4.16: Comparing participants’ CH response rates in TrR (y-axis) and TrV
(z-axis) categories, in word-initial (left) and word-medial (right) po-
sitions.

Finally, the following figures compare phonological affricates (CHy) with af-
fricated variants of /t/ (Tgr) before both vowel-initial (Figure 4.17) and [1]-initial
(Figure 4.18) sequences. As illustrated in Figure 4.17, before vowels, participants
typically categorized both CHy and Tg as CH, though several participants catego-
rizied Tg as T more frequently. In other words, before vowels, affricated variants
of /t/ concatenated with vowels were generally perceived more like phonological af-
fricates. In contrast, before [1] (Figure 4.18), participants categorized phonological
affricates (CHy) as T or CH, though with less variation (i.e., more T categoriza-
tions) in word-medial position, and affricated variants of /t/ (Tr) as T. Importantly,
although more perceptual variation overall was observed with phonological [tf] be-
fore [1], at least for some participants, affricated variants of /t/ and phonological
/tf/ were both perceived as T in pre-[1] environments. Taken together, these last
figures demonstrate the influence of context and position on the categorization of

these sounds.
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Figure 4.17: Comparing participants’ CH response rates in CHvV (y-axis) and
TrV (z-axis) categories, in word-initial (left) and word-medial (right)

positions.
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Figure 4.18: Comparing participants’ CH response rates in CHvR (y-axis) and
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4.3 Discussion

The primary goal of the Perception experiment was to test how participants would
categorize affricated variants of /t/. Stimuli included affricated variants of /t/
spliced from before [1], concatenated with either vowel-initial (mis-matching) or
[1]-initial (matching) sequences. As detailed above, stimuli in these categories were
treated differently by participants: affricated variants of /t/ were categorized as CH
in TRV stimuli (initial: 77%, medial: 68%), but as T in TrR stimuli (initial: 81%,
medial: 79%). These results suggest that, when heard outside of their natural pho-
netic environment, affricated variants of /t/ (in TRV stimuli) were affricated enough,
and perceptually distant enough from [t], to be categorized as CH. In contrast, these
same affricated variants of /t/, heard in their natural phonetic environment (in TgR
stimuli), were categorized as T. In other words, listeners perceptually compensated
for affrication in the environment that conditions it (e.g., Mann and Repp, 1980;
Whalen, 1981; Beddor and Krakow, 1999; Smits, 2001).

As highlighted above, interpreting participants’ categorizations of TrR is not
straightforward because there are several possible explanations for a participant
choosing TR over CHR. In an effort to mitigate some of these, the forced-choice
spelling task included CHyR audio stimuli as well. It was reasoned that if partic-
ipants were willing to choose CHR spellings when they heard audio stimuli with
phonological [tf] spliced onto an [1]-initial sequence, this would provide evidence
that the English phonotactic bias against affricates in complex clusters was not a
sufficient deterrent to prohibit CHR selections. Indeed, results showed that partic-
ipants were willing to categorize CHyR audio stimuli as CH at least some of the
time (initial: 45%, medial: 32%), suggesting that awareness of English phonotactics
did not eliminate CHR as a viable spelling option in this task, at least for some
participants.

As illustrated in Figure 4.15, participants exhibited more inter- and intra-speaker
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variation in their categorizations of CHy R stimuli (particularly in word-initial posi-
tion), relative to the other categories. Some speakers were systematic in their cat-
egorizations of CHyR stimuli as CH, while others systematically categorized these
stimuli as T, whereas others categorized at chance. This is consistent with the
idea that listeners show individual differences in perception and may differ in how
much weight they assign to coarticulatory information (Shultz et al., 2012; Beddor
et al., 2013). For some listeners, a [tf]-level amount of affrication was within their
perceptual boundaries for /t1/ (i.e., acceptable for TR spellings).

Results were relatively consistent when comparing across word-initial and word-
medial positions, with two notable exceptions. In CHyR and TrV categories, par-
ticipants were less likely to categorize stimuli as CH word-medially. S24 and S32, for
example, showed high CH response rates in CHyR categories (> 75%) in word-initial
position, but low CH response rates (< 25%) word-medially. Overall, this resulted
in more group-level (inter-speaker) consistency for CHyR in word-medial position,
with more participants categorizing tokens as T. For TRV, participant categoriza-
tions were more dispersed across the group word-medially, with more participants
categorizing tokens as T. Taken together, these results suggest that affrication may
be less salient in word-medial position, which may be relevant in isolating when
and how the phenomenon of /ti/ affrication began. In a study on s-retraction with
Raleigh corpus speakers, Wilbanks (2017) found that s-retraction in the speech of

young females was more advanced in medial position.
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Chapter 5

Comparing Results Across Studies

5.1 Comparing Production and Apparent Time

Results of the Production Study (Chapter 3) show participants producing affricate-
like variants of /t/ and /d/ before /1/, exhibiting coproduced gestures as early as
the mid-point of the closure interval, with [tf]- and [d3]-like lip and tongue tip/blade
postures, [1]-like (retracted) tongue roots, and [tf]- and [d3]-like duration following
release. These results provide a glimpse into how younger speakers in the Apparent
Time Study (Chapter 2) may have been producing /ti/ and /di/ sequences that re-
sulted in higher A-Scores and A-Ratios. Results also suggest that older and younger
speakers have different phonological targets that lead to acoustically different results.
Although there were no older (Generation 1) participants in the Production Study,
older speakers in the Apparent Time Study were producing /t/s and /d/s before /1/
with higher log likelihood scores as [t]s and [d]s than [t[]s and [d3]s. Based on these
findings, we might expect articulatory behaviour in older speakers that aligns with
hypothesis (a) (Figure 3.35), with /t/ and /d/ before /1/ more closely resembling
prevocalic /t/ and /d/, both in terms of similarity between contours at the tongue

tip/blade during closure, and duration of the noise interval following release. One
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participant (S24) deviated from the typical group patterns at the mid-point of the
closure interval, producing [t]-like tongue tip/blade postures in /t1/, and duration
values of the noise interval following release that were mid-way between those of [t]
and [tf]. Though it is difficult to draw conclusions based on data from one partic-
ipant, these articulatory behaviours suggest different phonological targets for S24
when compared with the rest of the group, and provide a sense of how older speakers

in the Apparent Time Study may have been articulating /ti/ and /di/ sequences.

5.2 Comparing Perception and Production

Participants in the Production Study (Chapter 3) were a subset of the participants in
the Perception Study (Chapter 4), which allowed for the comparison of production
and perception results at the level of the participant. Two production measures,
originally introduced in Chapter 3, were used for these comparisons. The first was
Duration Ratio, which (as described in § 3.2.4) involved subtracting a participant’s
mean duration of the noise interval (following release) in /ti/ from the mean duration
of the noise interval in /tf/, and dividing that value by the difference between the
mean duration of the noise intervals in /tf/ and /t/. A ratio closer to 1 indicates
that the participant’s /ti/ duration is similar to their /tf/ duration (i.e., more [t[]-
like) whereas a ratio closer to 0 indicates a /ti/ duration closer to prevocalic /t/
(i.e., more [t]-like). The second production measure was Tongue Tip/Blade Ratio,
which involved comparing tongue curve differences at the tongue tip/blade. The
absolute difference between each participant’s /t1/ and /tf/ curves was divided by
the absolute difference between their /t1/ and /t/ curves at the mid-point of the
noise interval in /a/ vowel contexts. This vowel context was chosen because in front
vowel contexts, there were often no significant differences between tongue contours

at the tongue tip/blade, while in back vowel contexts, where the anterior portion of
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the tongue is articulatorily less encumbered, patterns between contours were visible.
A ratio closer to 1 indicates that the distance between /t1/ and /tf/ is small, relative
to the distance between /t1/ and /t/ (i.e., /t1/ is more [tf]-like than [t]-like), whereas
a ratio closer to 0 indicates that the distance between /ti/ and /tf/ is similar to the
distance between /ti/ and /t/ (i.e., /t1/ is as [t[]-like as it is [t]-like)!.

Similar perception measures were created in order to compare production and
perception data. As discussed in Chapter 4, participants in the Perception Study
showed low CH response rates in TV and TyR categories (as expected), and also
in TrR categories, and high CH response rates in CHy'V categories (as expected),
and also in TrV categories. Results were mixed in CHyR categories, with some
participants exhibiting some willingness to categorize phonological affricates spliced
onto [1]-initial sequences as CH, others showing a stronger tendency towards T
categorizations, and still others showing mixed responses. For comparing production
and perception data, perception measures were created by subtracting a participant’s
CH response rate for affricated variants of /t/ (Tr) from their CH response rate for
/tf/ (CHy), in both vowel-initial (CHyV-TrV) and [1]-initial (CHyR-TgrR) contexts.
These measures provided a way to gauge whether participants were categorizing
affricated variants of /t/ in the same way as they were categorizing /tf/. A value of 0
indicates no categorization difference between the two (i.e., equivalent CH response
rates for both), whereas a value of 1 indicates the two sounds were categorized

differently (i.e., CH response rates in opposite directions).

5.2.1 CHvyV-TrV by Duration Ratio

As illustrated in Figure 5.1, which plots CHyV-TrV Differences by Duration Ratio,
six participants (S03, S05, S09, S23, S29, S30) categorized TRV tokens like CHyV

tokens (Difference values close to 0), and exhibited /tf/-like duration (Duration Ra-

! As stated in Chapter 3, there were no speakers who produced /ti/ contours closer to /t/ than
/tf/ by the mid-point of the noise interval, but had there been, ratio values would be < 0.
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tios close 1.0). Four participants (S06, S10, S13, S19) also categorized TRV tokens
like CHyV tokens, but showed more inter-speaker variation in duration, with S06,
S10, and S19 exhibiting duration values greater than [tf]. The remaining two partic-
ipants (S18 and S24) were exceptions to the group-level pattern - both categorized
CHyV as CH more than they categorized TrV as CH (Difference values > 0.5),
however S18 exhibited [tf]-like duration (ratio close to 1.0), while S24 showed more
[t]-like duration (ratio < 0.5). Nevertheless, the fact that, as a group, participants
generally categorized TRV tokens like CHyV tokens is, perhaps, not surprising —
TrV tokens consist of affricated variants of /t/ spliced from before /1/ and concate-
nated with vowel-initial sequences, resulting in an environment mis-match. Taken
out of their natural environment, the prolonged aperiodic noise following release in
TrV tokens may be more salient for all listeners, regardless of production. Given
the consistency with which S18 and S24 categorized TRV tokens as T (and not CH),
these participants appeared to have been attuning to something different in the ape-
riodic noise, that was (for them) more [t]-like. It is notable that S24 showed the
least [tf]-like (most [t]-like) duration, and also showed less categorization similarity

between /t[/ and affricated variants of /t/ in this context.
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Figure 5.1: CH response rate difference for CHyV-TgrV, by Duration Ratio

5.2.2 CHvyV-TgrV by Tongue Tip/Blade

A similar pattern can be observed in Figure 5.2, which plots these same CHyV-TrV
Differences by Tongue Tip/Blade Ratio. Ten participants categorized TrV tokens
like CHyV tokens (difference values close to 0), but six of these participants (S05,
S06, S09, S23, 529, S30) showed small differences between /t1/ and /t[/ at the tongue
tip/blade relative to /ti/ and /t/ (Tongue Tip/Blade Ratios closest to 1), while four
participants (S03, S10, S13, S19) showed comparatively larger differences between
/t1/ and /tf/ at the tongue tip/blade. As above, S18 and S24 were exceptions: both
categorized CHyV and TrV differently (Difference values > 0.5), in contrast with
the rest of the group, but (consistent with his duration pattern in this context), S18
exhibited very little articulatory distance between /ti/ and /tf/ (Tongue Tip/Blade
Ratio close to 1), whereas S24 showed the greatest articulatory distance between

these two contours, relative to the group.
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Figure 5.2: CH response rate difference for CHyV-TrV, by Tongue Tip/Blade
Ratio

5.2.3 CHvR-TgrR by Duration Ratio

In Figure 5.3, which plots CHyR-TrR Differences by Duration Ratio, six partic-
ipants (S05, S09, S18, S19, S23, S30) categorized TgrR tokens like CHyR tokens
(Difference values close to 0), and exhibited /tf/-like duration (Duration Ratios <
1.5). One participant (S06, from Delaware) also categorized TrR tokens like CHyR
tokens, but showed longer duration than [tf] (Duration Ratio > 1.5). In contrast,
one participant (S24) categorized TgrR and CHyR tokens differently (generally cat-
egorizing TrR tokens as T, and CHyR tokens as CH), and also exhibited the most
[t]-like duration. The remaining four participants (S03, S10, S13, S29) categorized
TrR and CHyR tokens differently, but showed more inter-speaker variation in du-
ration, though despite this variation, Duration Ratios were still more [tf]-like than

[t]-like (with values > 0.5).
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Figure 5.3: CH response rate difference for CHyR-TgrR, by Duration Ratio

5.2.4 CHvyR-TgrR by Tongue Tip/Blade Ratio

In Figure 5.4, which plots CHyR-TgR Differences by Tongue Tip/Blade Ratio, six
participants (S05, S06, S09, S18, S23, S30) categorized TrR tokens like CHyR to-
kens (Difference values close to 0), and exhibited very little articulatory distance
between /t1/ and /tf/ relative to /ti/ and /t/ at the tongue tip/blade (Ratio values
close to 1). One participant (S19) also categorized TgR and CHyR tokens similarly,
but exhibited greater articulatory distance between /ti/ and /tf/, while another par-
ticipant (S29) showed less categorization similarity between TgrR and CHyR tokens,
but exhibited minimal articulatory distance between /ti/ and /tf/. Three partici-
pants (S03, S10, S13) showed less categorization similarity between TrR and CHyR
tokens, and also exhibited comparatively greater articulatory distance between /t1/
and /tf/. The remaining participant (S24) showed the greatest differences between
/t1/ and /tf/ relative to /ti/ and /t/ at the tongue tip/blade, and also showed the

least amount of categorization similarity between CHyR and TgR.
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Figure 5.4: CH response rate difference for CHyR-TgrR, by Tongue Tip/Blade
Ratio

5.2.5 Discussion

The production-perception comparisons presented in Figures 5.1 through 5.4 illus-
trate a number of different patterns. As a group, participants typically categorized
TrV tokens like CHyV tokens, regardless of production. This was not completely
unexpected — when the environment that conditions the affrication is removed (as
it is with TRV tokens), listeners have no way to perceptually compensate for the
affrication, which may make it more salient.

As a group, participants also categorized TgR and CHyR tokens similarly, but
exhibited more inter-speaker variation in this context. Some participants showed
very little difference in their responses to TRR and CHyR tokens (generally catego-
rizing both tokens as T) and typically demonstrated more [t[]-like production, while
others categorized TgRR and CHyR tokens differently, and often showed correspond-
ingly less articulatory similarity between /ti/ and /tf/.

Taken together, comparisons of perception and production data demonstrate
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that while participants generally categorized [tf] (CHy) and affricated variants of /t/
(Tg) similarly, a relationship between perception and production was only apparent
when variants were concatenated with [1]-initial sequences, where the trigger for /t1/
affrication was also present. In other words, taken out of their natural environment,
affricated variants of /t/ were categorized as [tf], but placed within the context
that conditions the affrication, there was an apparent correlation between how these
variants were categorized and how /t1/ sequences were produced. As illustrated
in Table 5.1, (with some exceptions, e.g., S29) participants producing more [tf]-
like /t1/ categorized affricated variants of /t/ and /tf/ more similarly (Subgroup
1), while participants producing less [t[]-like /t1/ categorized these sounds as more
different from one another (Subgroup 2)2. These results suggest that differences in
a participant’s perceptual boundaries for /ti/ may shape and be shaped by their
production (e.g., Liberman and Mattingly, 1985; Hay et al., 2006; also, Galantucci
et al., 2006 for a review of the motor theory of speech perception). This idea
is consistent with electromyography research conducted by Bell-Berti et al. (1979),
who found that speakers employed one of two articulatory strategies in distinguishing
between /i1/ and /e €/ vowel pairs (exploiting either height or tenseness differences),
and that these same speakers, as listeners, grouped along the same lines during a
perception task with /i 1/ vowels.

The inter-speaker comparisons presented here point to differences in perceptual
boundaries for each subgroup: Subgroup 1 participants were willing to accept [tf]
as a possible candidate for /t/ in a pre-[1] environment, whereas Subgroup 2 par-
ticipants were not nearly as willing. Further, for the Subgroup 2 participants, who
categorized TgRR and CHyR tokens differently (Table 5.1), there was also inter-

speaker variation in terms of how these tokens were categorized by participants as

2These participant subgroupings were also apparent in Figure 3.34, which compared both pro-
duction measures (Tongue Tip/Blade Ratio by Duration Ratio) in a single plot. S29 was the
exception (as can be observed in Figure 3.34), patterning with Subgroup 1 participants for both
production measures, but deviating (slightly) from Subgroup 1 in perception.
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different.

Production Perception
Participant | Duration: [tf]-like | Tongue: [t/]-like | CHyR-TgR: similar
S05 v v v
— S06 v v
5| s00 v v v
= S18 v v v
2 S19 v v
0 523 v v v
S30 v v v
a S03 v
= siw0
= S13
% S24
0 529 v v

Table 5.1: Production-perception comparisons. A participant’s Duration Ratio
is categorized as [tf]-like if it falls between 1.0 and 1.5 and Tongue
Tip/Blade Ratio is categorized as [tf]-like if it falls between 0 and 0.2.
A participant’s perception of TRR and CHyR tokens is categorized as
similar, if their Difference value falls at or below 0.25.

S24, for example, categorized TrR tokens as T 100% of the time and CHyR tokens
as CH 75% of the time. S29 categorized TrR tokens as T 75% of the time, but CHyR
tokens as CH only 55% of the time (and as T 45% of the time), suggesting greater
overlap in 529’s perceptual boundaries for affricated variants of /t/ and /tf/ (as
compared with $24)3. In fact, S24 was one of the only participants to consistently
categorize CHyR tokens as CH (S10 was the other), and she was also one of the
only participants to categorize TRV tokens as T (S18 was the other). These inter-
speaker differences demonstrate that S24 was able to distinguish between Ty and

CHy tokens (in both contexts), while other participants were not. In her language

3See Figure 4.18 for participants’ raw CH response rates in this context.
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background questionnaire (Appendix B.2), S24 reported “a slight lisp sometimes”
(§ 3.1.1) and, although no lisp was detectable in her recorded speech, this may have
informed how she approached the production task. S24’s speech was not notice-
ably different from the other participants — she spoke at a rapid pace, without any
obvious hyperarticulation, but if (as a result of her background) she possessed (for
example) more awareness of articulatory movements during production, this may
have influenced her approach to the production and perception tasks. Nevertheless,
across measures, when compared with the other participants, S24 showed the least
amount of articulatory similarity between /ti/ and /tf/, and the least amount of
categorization similarity between /ti/ and /tf/ as well, reinforcing the notion of a
production-perception link, but suggesting a different overall phonological orienta-

tion from the rest of the group.
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Chapter 6

(zeneral Discussion

This dissertation was designed to investigate a reported sound pattern in North
American English: the affrication of /t/ and /d/ before /1/. The goal of the re-
search was to explore whether coronal stops that are coarticulated with /1/ in /t1/
and /di/ sequences simply sound like affricates, or whether speakers are produc-
ing distinct articulatory targets and have phonologized a coarticulatory effect. The
exploration was conducted over three separate studies, aimed at answering three

specific questions:

Q1: Apparent Time Study — Is the phenomenon of /ti/ and /di/ affrication in

English a sound change in progress?

Q2: Production Study — Are English /t/ and /d/ in /ti/ and /di/ clusters ar-
ticulated like prevocalic [t] and [d], like prevocalic [tf] and [d3], like neither,

or like both?

Q3: Perception Study — Do English speakers categorize affricated variants of /t/

found in /ti1/ clusters as T or CH?

In the Apparent Time Study (Chapter 2), younger (Generation 3) speakers born

after the middle of the 20th century, produced /ti/ and /di/ sequences that were
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more like [t[] and [d3], while older (Generation 1) speakers born early in the 20th
century, produced /ti/ and /di/ sequences that were more like [t] and [d]. Females
were leading the change, which was underway near the middle of the 20th century.
Further, the change in progress appears to be phonetically gradual, and not the
abrupt introduction of a novel variant as a result of dialect contact.

Production Study results (Chapter 3) were in keeping with these findings: partic-
ipants (who were in the same age range as Generation 3 speakers from the apparent
time study) coproduced /ti/ and /di/ sequences that were at once part post-alveolar
affricate and part [1]. Articulatory data showed participants exhibiting affricate-like
lip protrusion at the start of the closure interval in /ti/ and /di/ sequences, and
not the lip rounding we would expect to see if the early lip engagement were due
to coarticulation with [1]. In other words, participants in the Production study had
phonologized what was once a coarticulatory effect (the aftermath of coarticulation).
Affricate-like lip protrusion was also observed at the mid-point of the noise interval
and at the start of the /1/ gesture in /ti/ and /d1/ sequences. Participants showed
retracted tongue roots at the mid-point of the closure interval, which points to early
articulation of the /1/ gesture. This is in keeping with the notion that early artic-
ulation of a complex gesture like /1/ is possible on an articulatory tier where there
is no articulatory competition (i.e., neither /t/ nor /tf/ engage the tongue root).
At the tongue tip/blade, /t1/ and /di1/ postures were affricate-like and significantly
different from prevocalic /t/ and /d/ at the mid-point of the closure interval, and at
the mid-point of the noise interval where participants also exhibited ([1]-like) con-
cavity at the tongue dorsum. [tf]-like and [d3]-like tongue tip/blade postures were
consistent with the [tf]-like and [d3]-like lip postures observed at these same time
points — participants were producing affricated variants of /t/ and /d/ before /1/
that more closely resembled post-alveolar affricates. Duration of the noise interval in

/t/ and /d/ before /1/ was also similar to prevocalic /tf/ and /d3/, and significantly
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different from prevocalic /t/ and /d/.

In the Perception Study (Chapter 4), results suggest that affricated variants of
/t/, when heard outside of their natural phonetic environment (i.e., concatenated
with vowels) were affricated enough, and perceptually distant enough from [t], to
be categorized as CH. In contrast, these same affricated variants of /t/, heard in
their natural phonetic environment were categorized as T. In other words, listeners
perceptually compensated for affrication in the environment that conditions it (e.g.,
Mann and Repp, 1980; Whalen, 1981; Beddor and Krakow, 1999; Smits, 2001). Par-
ticipants also exhibited a willingness to accept phonological affricates concatenated
with [1] as candidates for TR spellings.

While comparing results from across studies (§ 5.2), a pattern emerged between
participants’ production and perception of /ti/ sequences, prompting the division
of participants into two subgroups (Table 5.1). Subgroup 1 participants perceived
affricated variants of /t/ spliced from before /1/ and phonological affricates similarly
in pre-[1] environments, and produced /t1/ sequences as post-alveolar affricates, ex-
hibiting little acoustic and articulatory distance from phonological /tf/. Subgroup 2
participants perceived affricated variants of /t/ spliced from before /1/ and phono-
logical affricates less similarly in pre-[1] environments, and showed more variation in
production, producing post-alveolar affricates, but exhibiting greater acoustic and
articulatory differences from phonological /tf/. These results suggest that differ-
ences in a participant’s perceptual boundaries for /ti/ may be shape or be shaped
by their production (e.g., Liberman and Mattingly, 1985; Bell-Berti et al., 1979;
Galantucci et al., 2006). Despite these differences (and with one exception), par-
ticipants in both subgroups produced /ti/ sequences that were more [tf]-like than
[t]-like, with production targets that were distinct from /t/, suggesting both sub-
groups have phonologized a coarticulatory effect, though in different ways. For

Subgroup 1 participants, there may be no phonological difference between affricated
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variants of /t/ and /d/ before /1/ and phonological affricates, whereas for Subgroup
2 participants (except S24), there may be new target entries, distinct from both

phonological affricates and coronal stops. We might imagine two sets of rules:

Subgroup 1 Rule: t/d — tf/d3 / _ 1

Subgroup 2 Rule: t/d — post-alveolar affricate (distinct from tf/d3) / _ 1

For Subgroup 1 participants, we could characterize this as a phonological merger,
though not in the traditional sense, since no words are being merged and no con-
trasts are being neutralized. Instead, the merger involves sequences that did not
already occur: /tfi/ and /dz1/. There is no expectation that [tf] and [d3] before
[1] will exhibit behaviour that is phonetically identical to [tf] and [d3] in other con-
texts - allophones are not phonetically identical. In this sense, the fact that we see
articulatory differences between affricated variants of /t/ and /d/ before /1/ and
prevocalic [tf] and [d3], as well as differences in how these types of sounds are cate-
gorized when spliced out of their natural phonetic environments is not inconsistent
with a characterization of phonological merger.

In their study on American English s-retraction, Baker et al. (2011:360) found
that while only 8 of their 19 participants were classified as “retractors” (producing
e.g., [[trit] rather than [strit]), all participants (including “non-retractors”) exhib-
ited “a substantial coarticulatory bias toward s-retraction”. Represented as a ratio,
retractors were producing [s] with a centroid frequency that was 75.5% of the way
to canonical [[], but non-retractors were producing [s] with a centroid frequency
that was 65% of the way toward the retracted [s] of the retractors (or 47% of the
way to [[]). Using a similar approach based on Tongue Tip/Blade Ratio, which (as
discussed in § 3.2.4 and § 5.2) calculates articulatory distance between /t1/ and /tf/

relative to /ti/ and /t/ at the tongue tip/blade, participants in Subgroup 2 (with
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the exception of S24!) exhibited tongue postures that were 59.5% of the way from
[t] to [tf], as compared with Subgroup 1, whose tongue postures were 86.5% of the
way to [tf]. Expressed as a ratio (59.5%/86.5%=68.9%), participants in Subgroup 2
were producing /ti/ sequences that were 69% of the way towards those of Subgroup
1 (in terms of similarity to [tf] at the tongue tip/blade). Although S24 patterned
with Subgroup 2, her production and perception behaviours were far less [tf]-like
than the rest of her subgroup. Calculated separately, S24 exhibited tongue postures
that were 29.9% of the way to [tf] at the tongue tip/blade, or 34.5% of the way
toward the [tf]-like /t1/ sequences of participants in Subgroup 1, which is consistent
with the notion that S24, has maintained /t/ as a phonological target (and has not
phonologized a coarticulatory effect).

Many approaches to sound change have in common the notion that change is
due to speaker- and/or listener-based errors (e.g., Paul, 1880; Ohala, 1981, 1983,;
Pierrehumbert, 2002). Baker et al. (2011) have argued that accumulation-of-error
theories are problematic because they over-predict sound change and do not provide
an adequate account for when sound change fails to occur. This is the crux of the
actuation problem, as framed by Weinreich et al. (1968). In keeping with Janda
and Joseph (2003), who argue that the initiation of a sound change is a brief and
phonetically sudden event (a ‘burst’), Baker et al. (2011:351) propose that “the
potential for sound change arises when inter-speaker variability is so great that
some speakers actually produce a sound that can be perceived as a distinct target”.
Further, the authors argue that the actuation of a sound change is rare because it
depends on “the chance alignment of extreme coarticulation with extreme influence”.
In other words, exaggeration of a (phonetically-motivated) coarticulatory effect can

be perceived by a listener as a novel target. If this new target is adopted by the

'In many respects, S24 could form her own subgroup, but was included with Subgroup 2 because,
despite more extreme behaviours (greater articulatory distance from [tf], more /t/-like duration,
etc.), her overall production and perception patterns were consistent with the rest of her subgroup.
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listener-turned-speaker, phonologization has occurred. If this speaker is influential
within his/her speech community, a sound change can begin to spread (see also
Janda, 1999; Janda and Joseph, 2003).

What factors might have motivated a change in target for English /t1/ and /d1/
sequences? Ohala and Solé (2010:47) refer to “emergent affricates” that result from
the extended period of turbulence as a stop is released into a segment with a high
tongue position. In their framing, increased frication noise occurs during the early
portion of a segment with narrow constriction, but can be interpreted by a listener
as belonging to the preceding stop (stop + prolonged frication noise = affricate),
rather than to the following, narrowly constricted segment. While participants’
longer noise interval duration before /1/ (relative to prevocalic /t/) could not be
accounted for by aerodynamic factors alone (§ 3.3), at an earlier stage of change
(or in the speech of older speakers), prolonged frication noise may have led some
listeners to perceive phonetic [t]s coarticulated with [1] as affricated.

Perception Study results showed that participants were willing to categorize
phonological /tf/ concatenated with [1] as CHR at least some of the time (ini-
tial: 45%, medial: 32%), suggesting that awareness of English phonotactics did not
eliminate CHR as a viable spelling option in the task, at least for some participants.

Children are also able to perceive affrication on variants of /t/ in contexts before
[1], but in contrast with the adults in this dissertation research, systematically rep-
resent words like tree with <chr> and dragon with <jr> before they have learned
the standardized English spellings (Read and Treiman, 2012). If children interpret
these sounds as phonological affricates during the period of language acquisition,
it is plausible that, for some children, this phonological representation may influ-
ence production and persist into adulthood. Depending on social influence, these
now adult production strategies could provide the seeds for change. In addition to

the evidence of children’s perceptual awareness of /ti/ and /di/ affrication, there
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is anecdotal evidence to suggest that (at least some) adults are also aware of the
affrication in /t1/ and /di/ sequences and use English spelling to reflect what they
hear. For example, a Google search for “chru dat” (a variation of “true that”) re-
sulted in 46,700 results in 0.36 seconds, and while some hits were for a person named
C.H. Rudat, most of the top hits appeared to be marking an awareness of English
sounds. Further, there is evidence of this awareness at a juicery in Maryland called
“JRINK”, a clothing shop on Twitter called “the jrive” that has been “jriven to
succeed since ‘96”7, and in the spelling of NBA point guard Jrue Holiday’s name.
You can find YouTube videos entitled e.g., “I'm a big monster chruck fan” and
“Chrash Chruck”, Urban Dictionary entries for e.g., “chru”, “chruck” and “jrunk”,
and seemingly endless discussions on wordreference.com and reddit.com about the
pronunciation of these and other /ti/ and /di/ words.

As observed in the Perception Study, some participants categorized audio tokens
of phonological /tf/ and affricated variants of /t/ concatenated with [1] as TR. In
other words, for some listeners, a [t[]-level amount of affrication was within their
perceptual boundaries for /ti/. Affricates in complex onsets are phonotactically
restricted in English, such that [t] and [t] are not contrastive before /1/. This means
there is no semantic consequence of producing an affricated variant in this context:
[tii] and [tf1]] may both be parsed as tree (whereas [ti] and [t[i] are meaningfully
different). Listener-tolerated inter-speaker variation during production of /ti/ and
/d1/ may provide the ideal conditions for change. If some speakers produce more
affricated variants that are tolerated by some listeners and, as Baker et al. (2011)
have proposed, perceived by others as a distinct target, the potential for change
(through adoption of a new target) exists.

Another factor that may have motivated a change in target is what Fowler and
Saltzman (1993:182) refer to as “blending strength”. As described by Farnetani and

Recasens (2010), "gestures with a high degree of blending strength resist interfer-
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ence from other gestures and at the same time themselves induce strong coarticu-
latory effects”. As discussed in Chapter 1, although Fowler and Saltzman (1993)
do not explicitly reference English /1/, their blending strength ranking appears to
assign greater influence to consonants “requiring extreme constrictions and/or plac-
ing strong constraints on articulator movements”. Similarly, Recasens et al.’s (1997)
DAC model posits that lingual coarticulation is determined by the demands placed
on the tongue during production — vowels and consonants requiring the greatest de-
gree of lingual precision receive the highest values, where a high DAC value means
greater coarticulatory resistance and greater coarticulatory influence over adjacent
segments. In a study comparing the blending strength of English liquids, Walker,
Proctor, Smith, and Enzinger (2016) argued that /1/ is “defined by a tongue body
gesture with stronger blending parameters than that of the lateral, which results
in its exerting a more global influence on tongue shaping and constriction loca-
tion than /1/”. The authors found that, despite variability in /1/ production, the
various tongue postures for /1/ acted to “constrain global tongue shaping more con-
sistently across different positions in the syllable” when compared with /1/. In the
Production Study, [1]’s influence was apparent: tongue root retraction for the /1/
was evident as early as the mid-point of the closure interval for /t/ and /d/, and
concavity at the tongue dorsum (a characteristic of a bunched English /1/) as early
as the mid-point of the noise interval following release. Further, participants tongue
tip/blade postures were less like coronal stops and more like /tf/ and /d3/, which
are articulatorily more similar to a bunched /1/ (Gick, 1999)2.

Lofqvist (1990:316) describes how the blending of gestures may be advantageous
for reasons of “computational simplicity”. This idea has been echoed in work by
Guenther (1994), who proposed that speakers actively optimize gestural overlap for

reasons of articulatory efficiency, similar to Lindblom’s (1983) “economy of effort”.

2Gick (1999) refers to articulatory similarity between bunched [1] and [[].
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In /t1/ and /di/ sequences, early retraction of the tongue root in anticipation of
the upcoming /1/ gesture is consistent with this idea of efficiency. Rosenbaum and
Jorgensen (1992) refer to what they call end-state-comfort — a concept that extends
beyond linguistics, and focuses on gestures more broadly. The general idea is that
people think about how to initiate a movement with the end of the movement
in mind. In the context of /ti/ and /di/, [tf] and [d3] are articulatorily more
similar to [1] (Gick, 1999) than [t] is to [1]. Further, [1] is thought to have more
blending strength than [t] or [d], exerting more influence over adjacent segments.
Initiating an oral constriction for /t/ or /d/ may achieve more end-state-comfort
if the constriction is produced farther back than the alveolar ridge, at a place of
articulation that is nearer to, or consistent with, the constriction location for the
upcoming and comparatively complex post-alveolar approximant.

Although, to the best of my knowledge, there has been no experimental work
investigating the affrication of English /t1/ and /di/, there is a large body of work
investigating the production of English /1/ (e.g., Delattre and Freeman, 1968; Lin-
dau, 1985; Westbury et al., 1998; Guenther et al., 1999; Campbell et al., 2010; Baker
et al., 2011; Magloughlin, 2016). Campbell et al. (2010) have explored the articu-
latory timing of the gestures for /i/, an articulatorily complex speech sound with
three points of constriction: at the lips, at the palate (tongue blade), and at the
pharyngeal wall (tongue root). As reported by Campbell et al. (2010:66, Table 4),
previous research on gestural timing of /1/ in initial position has been inconsistent,
with some studies reporting simultaneous production of all three gestures (Sproat
and Fujimura, 1993; Browman and Goldstein, 1995; Gick et al., 2006), and others
reporting the lips and tongue blade patterning together (Gick and Campbell, 2003),
or the lips preceding the tongue blade preceding the tongue root (Campbell et al.,
2010). Production Study participants producing /ti/ and /di/ sequences showed

evidence of tongue root engagement as early as the mid-point of the closure inter-
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val for /t/ and /d/, and preceding tongue blade (and tongue dorsum) engagement,
with little or no /1/-like lip engagement, presumably due to conflict with the pre-
ceding gesture for control of the lips articulator. These findings, though not directly
comparable to previous studies looking at initial and final /1/, add to the body of

research on articulator timing for this complex gesture.

6.1 Conclusion

In this dissertation, I have argued that the affrication of /t/ and /d/ before /1/
in North American English is an active sound change in progress that has been
phonologized. The investigation was conducted in Raleigh, North Carolina over
three separate studies. Apparent Time Study results showed a sound change under-
way for English speakers by the middle of the 20th century, with females leading the
change. Speakers born early in the 20th century produced /ti/ and /d1/ sequences
that were more like [t] and [d], while speakers born after the middle of the 20th
century produced /ti/ and /di/ sequences that were more like [tf] and [d3]. Cru-
cially, the change in progress showed a gradual phonetic change, and not the abrupt
introduction of new variants imported into the community through dialect contact.
Consistent with these findings, Production Study results showed participants were
not just coarticulating [t1] and [di1] sequences, but rather, had phonologized a coar-
ticulatory effect, producing targets that were [t[]-like and [d3]-like (and distinct
from prevocalic [t] and [d]), coproduced with [1]: the aftermath of coarticulation.
Perception Study results showed participants categorized affricated variants of /t/
as T in pre-[1] contexts, exhibiting perceptual compensation in the environment that
conditions the affrication, but categorized these same affricated variants of /t/ as
CH before vowels, when taken outside of their natural phonetic environment. Par-

ticipants also categorized affricated variants of /t/ and phonological /tf/ similarly,
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with many exhibiting a willingness to accept phonological affricates as candidates
for TR spellings. Taken together, these findings indicate that the phenomenon of

/t1/ and /di1/ affrication has been phonologized.
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Appendix A

Experimental Stimuli

A.1 Production Stimuli and Filler

Table A.1: Production Stimuli

) U] Ay Jjd] jds)
i tree tea cheap dream deem jeans
treat teach cheek Dreep deep jeep
1 trick  tick chick  drip dip Jim
trip  tip chip  drift dibs  jib
A truck tuck chuck drug duck  jug
trust tub chum drum dumb jump
a trot talk chalk drop dock  job
Tron top chop draw  dog jock
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Table A.2: Production Filler

administration
astronomy
Australia
babe
back

bad

bade
bag

bail

bam

ban

bane
bang

bar sip
bar zip
bars
bathrobe
bathroom
bead
bean
beb

bed

beer sip
beer zip
beers
bell

Ben

bid

bin

bod
bode
bon

bone

bony

bore sip

bore zip
bores

both

bud

bun

call a puppy
call the puppy
destruction
distract
distributed
endless trust
eucalyptus tree
fabulous Tron
fizz

fizz reed

fizz road

fizz rock
furious trot
heap

heft

hip

home

hoop

hope
illustrated
ingenious trick
kiss

kiss reed

kiss road

kiss rock
leap

left

lip

loop
morse
oath
only
parse
peel
peep
pierce
pill

pip

pole
pool
poop
pull
reed

ref
registration
rip

road
rock

rub

rude
saw a puppy
saw the puppy
seep
sheep
ship
shop

shout

shut

sip

sob

sound
south
steep

stick

stop
strawberry
streaky
street
strictly
strip
strong
struck
struggle
stuck

sub
sumptuous treat
these
thirty
thorough
though
three
threw
throw
vegas trip
windowless truck

Zip
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A.2 Perception Non-Word Stimuli and Filler

Table A.3: Perception Stimuli

Category
Vowel Context || TvV tokens TvR tokens
[1] TyIV TyvRIV
TyvIB TyvRIB
METvIFFEN METvRIFFEN
VETyIBBEN VETvRIBBEN
[4] TyvUV TvRUV
TyvUD TvRUD
METyUPPEN METyvRUPPEN
VETyUZZEN VETyvRUZZEN
[a] TvOV TvROV
TvOB TvROB
METvOFFEN METyvROFFEN
VETyOBBEN VETyvROBBEN
Vowel Context || TRV tokens TrR tokens
[1] TrIV TrRIV
TrIB TrRIB
METRIFFEN METRRIFFEN
VETRIBBEN VETRRIBBEN
[4] TrUV TrRUV
TrUD TrRUD
METRrUPPEN METRrRUPPEN
VETRUZZEN VETRrRUZZEN
[(1} TROV TRROV
TrOB TrROB
METRrOFFEN METRROFFEN
VETRrOBBEN VETRrROBBEN
Vowel Context || CHyV tokens CHvyR tokens
[1] CHyIV CHyRIV
CHvyIB CHvyRIB
MECHyIFFEN MECHvyRIFFEN
VECHyIBBEN  VECHyRIBBEN
[a] CHyUV CHyRUV
CHyUD CHyvRUD
MECHyUPPEN MECHyRUPPEN
VECHyUZZEN VECHyRUZZEN
CHyvOB CHvROB
MECHyOFFEN MECHyROFFEN
VECHyOBBEN VECHyROBBEN
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Table A.4: Perception Filler

Vowel Context Filler Spelling Pairs

1] DLIV ~ TLIV
DLIF ~ TLIF

(] GNUB ~ KNUB
GNUP ~ KNUP
VNUD ~ FNUD
VNUT ~ FNUT

(] BNOG ~ PNOG
BNOCK ~ PNOCK

[u] VOOB ~ FOOB
VOOP ~ FOOP

GLOOB ~ KLOOB
GLOOP ~ KLOOP
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B.1 University of Ottawa Consent Form
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uOttawa

Université d'Ottawa
Faculté des arts

Linguistique
University of Ottawa
Faculty of Arts

Linguistics

T 613-562-5286
B 6135625141

70 Laurier E.
Ottawa ON KIN6NS Canada

wwwuOttawa ca

INFORMED CONSENT FORM for RESEARCH
Sounds of Speech — Doctoral Research Project

Doctoral Researcher: Lyra Magloughlin
PhD Candidate, University of Ottawa

Doctoral Supervisor: Dr. Jeff Mielke
Adjunct Professor, University of Ottawa
Associate Professor, North Carolina State University

What are some general things you should know about research studies?

You are being asked to take part in a research study. Your participation in this study is
voluntary. You have the right to be a part of this study, to choose not to participate or to stop
participating at any time without penalty. The purpose of research studies is to gain a better
understanding of a certain topic or issue. You are not guaranteed any personal benefits from
being in a study. Research studies also may pose risks to those that participate. In this consent
form you will find specific details about the research in which you are being asked to
participate. If you do not understand something in this form it is your right to ask the
researcher for clarification or more information. A copy of this consent form will be provided
to you. If at any time you have questions about your participation, do not hesitate to contact
the researcher(s) named above.

What is the purpose of this study?

This research aims to investigate how people produce speech, and how sound is used in
language, using audio recording and different techniques for measuring the movements of
speech organs such as the tongue and lips.

What will happen if you take part in the study?

If you agree to participate in this study, you will be asked to spend up to 0 60 / 0 75 minutes
in the laboratory (located at ) and do
some or all of the following activities (all the ones that are checked):

o Read aloud from a word list, and/or a list of sentences, and/or repeat after
speech you hear on headphones or speakers, while being audio recorded using
a head-worn or stand-mounted microphone.

o Listen to a series of unfamiliar words over headphones, and make selections on a
computer based on what you hear.

o Be video recorded while speaking.

o Have your tongue movements recorded by an ultrasound machine while you speak.
The ultrasound probe covered with gel will be placed under your chin and held in
place using a specially-designed headset or a stand. You may be asked to wear
glasses, goggles, a headband, or a hair clip with a small piece of wood or accel-
erometers attached, and/or to lean against a head-rest, instead of wearing a headset.
You may be asked to visually align two objects to help maintain a consistent head
position. You may be asked to drink water and hold a tongue depressor between
your teeth (not at the same time) as part of this process, in order to allow the
ultrasound machine to create an image of the top of your mouth and your bite plane.

o Fill out a questionnaire about your language background and related
information.
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Risks

You may feel physically uncomfortable due to sitting in the same position for a long time or due to wearing equipment
that you do not wear in everyday life. Great care will be taken to assure that the equipment is positioned so as to
maximize your comfort before proceeding with the experiment. You can alert the experimenter if you feel any discomfort.

Any time you touch an object that has been touched by another person, there is a risk of being exposed to viruses or
bacteria. Laboratory instruments that come into contact with people (transducer, head-rest, etc.) are sanitized between
uses.

There are no known side effects associated with this type of ultrasound examination, and it causes no physical discomforts.
It is possible that you may feel some slight discomfort from remaining seated for a long period of time. Ultrasound
involves no radiation exposure. Although there is no proof of risks of diagnostic ultrasound in pregnant women, pregnant
women may wish to exclude themselves from this study to avoid the discomfort of being seated for an extended period.

You are free to stop your participation if you become uncomfortable in any way.

Benefits
There is no direct benefit to you for participating in this research. You may benefit indirectly by helping increase
knowledge of language, which may have clinical benefits related to speech, or other benefits to society.

Confidentiality / Data Conservation

The information in the study records will be kept confidential to the full extent allowed by law. Data will be stored
securely on a password-protected secure server, in locked filing cabinets, and behind locked doors at the NCSU
Phonology Lab, as well as on a password-protected secure server associated with the Sound Patterns Laboratory at the
University of Ottawa. No reference will be made in oral or written reports which could link you to the study. You will
NOT be asked to write your name on any study materials so that no one can match your identity to the answers that you
provide. If you are video recorded, your identity will be concealed by not showing your eyes or by covering them with
eyewear. Data will be retained indefinitely. If you decide to withdraw from the study at any time following data
collection, all data collected from you will be destroyed.

Compensation
For participating in this study you will receive 0 $12.50 (60 minutes) / 0 $15 (75 minutes). If you withdraw from the

study prior to its completion, you will receive the same compensation. NOTE: If you are an NCSU employee, you will be
asked to provide your employment information, for tax purposes.

What if you have questions about your rights as a research participant?

If you feel you have not been treated according to the descriptions in this form, or your rights as a participant in research
have been violated during the course of this project,the Protocol Officer for Ethics in Research, University of Ottawa,
Tabaret Hall, 550 Cumberland Street, Room 154, by phone: (613) 562-5387, or by email: ethics@uOttawa.ca.

Consent To Participate

“I have read and understand the above information. I have received a copy of this form. I agree to participate in this
study with the understanding that I may choose not to participate or to stop participating at any time without penalty or
loss of benefits to which I am otherwise entitled.”

Subject's signature Date

Investigator's signature Date
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B.2 Language Background Questionnaire

|Basic information

|Code (assigned by researcher):

|Year of birth:

|Sex:

|What is your level of education? | completed primary school &

|Major or field of interest:

’ female E

'Where have you lived, and how old were you at the time? (use as many rows as you need)

|City |State/Province ’Country |Ages {
|p1ace #1: | ’ ’ I [
b2 | | | -
|p1ace #3: I | [
|p1ace #4: | | [
|place #5: I ’ ’ I [
|Others (describe): |
Tell us about your parents or caretakers

K EHam il . Places lived : .

(e.g., mother, [Birthplace during childhood Occupation Level of education

foster parent)
|caretaker #1: | | ‘ ’ completed primary school &)
|careta.ker #2: I I ’ I completed primary school [
|Others (describe): |
'What languages do you know? (use as many rows as you need)

’Language ’Age started IReading ’Writing |Speakjng ’Comprehension

’Language #1 ’ ’ | notatall [ ’ notatall [ | notatall [ ’ notatall [
’Language #2 ’ ’ | notatall [ ’ notatall [ | notatall [ ’ notatall [
’Language #3 ’ ’ notatall g | notatall [ | notatall [ | notatall [
’Language #4 ’ ’ notatall & | notatall [ | notatall [ | notatall [
‘Language #5 ’ ‘ notatall g | notatall [ | notatall [ | notatall [
‘Notes: ’
’What is your dominant hand? | right B

’Please describe any speech or hearing disorders you have: |

Submit
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