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ABSTRACT

Theoretical interest in the relation between speech production and perception has led to
research on whether individual speaker-listeners’ production patterns are linked to the
information they attend to in perception. However, for prosodic structure, the production-
perception relation has received little attention. This dissertation investigates the hypothesis
that individual participants vary in their production and perception of prosodic boundaries,
and that the properties they use to signal prosodic contrasts are closely related to the
properties used to perceive those contrasts.

In an acoustic study, 32 native speakers read eight sentence pairs in which the type of
prosodic boundary (word and Intonational Phrase boundary) differed. Phrase-final and initial
temporal modulation, pause duration, and pitch reset at the boundaries were analyzed. Results
showed that, as a group, speakers lengthened two phrase-final syllables, shortened the post-
boundary syllable, and produced a pause and pitch reset when producing an IP boundary.
However, individual speakers differed in both the phonetic features they used and the degree
to which they used them to distinguish IP from word boundaries. Speakers differed in the
onset and scope of phrase-final lengthening and presence of shortening (resulting in six
different patterns), pause duration, and the degree of pitch reset at the IP boundary, including
in ways that demonstrated a trading relation between these properties for some individuals
and an enhancement relation for others. The results suggest that individuals differ in how they
encode prosodic structure and offer insights into the complex mechanism of temporal
modulation at IP boundaries.

In an eye-tracking study that tested the perceptual use of these acoustic properties by
19 of these same participants, the productions of a model talker were manipulated to
systematically vary the presence and degree of IP boundary cues. Twelve unique
combinations of cues, based on the main patterns in the production study, were created from
four phrase-final lengthening patterns, two pause durations (presence/absence of a pause),
and three pitch reset values. Patterns of fixation on the target boundary image over time
showed that, as a group, listeners attended to the information conveyed by pause duration and

final lengthening as that information became available, with pause being the most salient cue

Xiv



for IP boundary perception.

A clear pattern did not emerge for pitch reset. Adding to the body of research on weighting of
the acoustic properties for IP boundary, these results characterize the time-course of the
perceptual use of different combinations of IP boundary-related properties.

To examine the production-perception relation, a series of perceptual models in
which each participant’s average production values were entered as predictor variables tested
whether the production patterns are reflected in the same individuals’ perception. The results
did not provide statistically significant evidence of a production-perception relation, although
a trend in the pause duration models across three different conditions was suggestive of a
pattern in which individuals with longer pause durations were faster to fixate on the IP
boundary target than those with shorter pause durations. The lack of evidence of a close
production-perception relation for individual speaker-listeners is inconsistent with the main
hypothesis but is in line with the results of several previous studies that have investigated this
relation for segmental properties. Further investigation is needed to determine whether,
despite the absence of a strong production-perception relation, specific individuals might

nonetheless show the link predicted by some theoretical approaches.
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CHAPTER 1

Introduction

Phonetic theories must explain successful communication: how do listeners understand the
speech produced by a speaker? Understanding the mechanisms underlying successful
communication requires taking into consideration the high variability in the speech signal.
Researchers have documented many factors that contribute to variable production, such as
regional dialect, anatomical differences between speakers, socio-indexical information about
the interlocutor, and segmental context (Johnson et al., 1993; Ohala, 1993; Bent & Holt,
2017). In recent years, there has been growing interest in whether and how the systematic
variability that arises from individual differences in production may be linked to individual
differences in perception. A paradigmatic shift in theoretical approaches to speech perception
in recent decades is the change in perspective towards variation in the input — including
variation due to individual speakers, which is viewed not as noise, but as information that
may guide speech perception (Goldinger, 1996; Norris et al., 2003; Cutler et al., 2010).

This dissertation investigates whether and how individual differences in the
production of prosodic boundaries are related to differences in the perception of prosodic
boundaries. Although previous research has reported evidence of substantial individual
variation for multiple aspects of prosody (Swerts et al., 1994; Fougeron & Keating, 1997;
Byrd et al., 2006; Cole et al., 2010a), systematic investigation of individual differences has
mostly focused on the production and/or perception of prominence (Cole et al., 2010b,
Cangemi et al., 2015, Grice et al., 2017, Roessig & Miicke, 2019, Roessig et al., 2019), with
Roy et al. (2017) being the exception with their study of individual differences in prosodic
boundaries. Most studies on perception of prosodic boundaries have investigated how
different cues to IP boundaries are weighted, and the non-uniform findings (Lehiste et al.,
1976; Scott, 1982; Beach, 1991; Mo & Cole, 2010; Zhang, 2012) serve as further motivation
for this study.

The current study investigates the production of acoustic properties of Intonational

Phrase (IP) boundaries in American English and its relation to the perception of these cues by



the same individuals using eye-tracking. The goal of the study is to delineate inter-speaker
differences in the combination and degree of the acoustic properties used to distinguish IP
boundaries from word boundaries and to test whether individuals’ patterns observed in
production are mirrored in their perceptual cue-weighting strategies. By examining whether
individuals manifest speaker-specific strategies to signal prosodic boundaries that in turn
reflect these individuals’ own perception of prosodic structure, the study aims to extend our
understanding of the mechanisms of speech production and perception.

This chapter discusses the background and theoretical underpinnings for the study.
The first section of the chapter (1.1) discusses research on the prosodic hierarchy of
American English. The next section (1.2) reviews the findings of previous studies that have
investigated the production and perception of IP boundaries. The following section (1.3)
elaborates on the studies that investigated speaker/listener-specific ways of producing and
perceiving segmental properties as well as prosodic structure. Finally, the last section (1.4)
presents the research questions and hypotheses of the current study and introduces the design

of the study.

1.1.  Prosodic hierarchy of American English
Prosody can be defined in various ways (Ladd, 2008). The definition adopted here is that it is
the linguistic structure above the word level that signals prominence and phrasing by varying
phonetic properties of the utterance. Prosody marks the information structure and rhythmic
structure of the utterance by giving emphasis to particular words that carry important
meaning, and it signals how the utterance is organized by grouping words into bigger chunks
(Oller, 1973; Beckman & Pierrehumbert, 1986; Nespor & Vogel, 1986; Shattuck-Hufnagel &
Turk, 1996; cf. Chodroff & Cole, 2018). While prosodic structure is largely determined by
syntactic structure, it is now generally agreed that the prosodic structure and the syntactic
structure of the utterance are not always isomorphic (Shattuck-Hufnagel & Turk, 1996; Cole,
2015). A variety of different models of prosodic structure have been suggested (see overview
in Shattuck-Hufnagel & Turk, 1996; Wagner & Watson, 2010), and they vary in the number
and type of proposed phrases above the word level. While the largest and smallest
constituents are less equivocally classified, there is more disagreement in the middle of the
hierarchies.

The current study is conducted within the framework of the Autosegmental-Metrical
theory of intonational phonology (Pierrehumbert, 1980; Beckman & Pierrechumbert, 1986;
Ladd, 2008). Developed within the tradition of generative phonology, the Autosegmental



Metrical (AM) model is a phonological theory of intonational structure. It states that tones are
autosegments that are independent of speech segments such as consonants and vowels. Tones
are theorized as units of contrast, similar to segment-level distinctive features; they are
discrete elements of intonation that can be illustrated as Low (L) and High (H), which can
stand alone or concatenate to describe various metrical configurations. One of the goals of the
model is to provide a uniform account for describing melodic and rhythmic components of
spoken language that exist at the lexical level as well as the phrasal level. Within this model,
intermediate phrase (ip) and Intonational Phrase (IP) are two prosodic categories above the
level of the word in the prosodic hierarchy. This study investigated the production and
perception of the IP boundary.

The IP is the highest phrasal boundary category in the AM model (Beckman et al.,
2005). Studies across a variety of languages have shown that the most salient phonetic
properties of IP boundaries are: boundary-related lengthening (typically phrase-final
lengthening), a silent pause, and a pitch reset (Lehiste et al., 1976; Scott, 1982; Edwards et al.,
1991; Wightman et al., 1992; Berkovits, 1993; Ferreira, 1993; de Pijper & Sanderman, 1994;
Swerts et al., 1994; Venditti et al., 1996; Fougeron & Keating, 1997; Swerts, 1997; Byrd &
Saltzman, 1998; Cho & Keating, 2001; Zvonik & Cummins, 2002; 2003; Byrd et al., 2006;
Krivokapi¢, 2007). For example, the two sentences below differ in the type of boundary
(shown hereafter as a pound sign) between the words ‘her’ and ‘Melinda’. The words in (1)
are separated by an IP boundary while the words in (2) are separated by a word boundary.
The difference in the type of boundary results in different meanings of the two utterances,
such that ‘Melinda’ in (2) is referring to ‘her’ whereas ‘Melinda’ in (1) does not necessarily

identify ‘her’ but rather begins a new phrase.

(1) Dad called her. # Melinda and Paul said hello.
IP boundary

(2) Dad called her # Melinda. And Paul said hello.
Word boundary

To illustrate the three primary cues for an IP boundary compared to a word boundary using
this example, the word ‘her’ would be produced with longer duration before the IP boundary
in (1) than before the word boundary in (2). A silent pause is likely to occur after ‘her’ in (1)
but not in (2). Lastly, the difference in pitch levels between the words ‘her’ and ‘Melinda’

should be greater in (1) than in (2).



1.2.  Production and perception of prosodic boundaries

1.2.1. Three primary phonetic properties of IP boundaries in American English

Early studies showed that there is a clear distinction between phrase-final versus phrase-
internal segment durations, such that speakers produce final lengthening to mark a strong
prosodic boundary and listeners may use it to detect that boundary (Oller, 1973; Lehiste,
1973; Lehiste et al., 1976; Klatt, 1975; Scott, 1982). For example, Oller (1973) and Lehiste
(1973) showed that phrase-final segments and syllables in nonsense target words (e.g.,
/bababab/) in a carrier sentence were significantly longer than non-final segments and
syllables. Klatt (1975) found phrase-final lengthening in phrase-final vowels and syllables in
read speech.

Using a speech corpus of four speakers of American English reading 35 pairs of
syntactically ambiguous (but prosodically disambiguated) sentences, Wightman et al. (1992)
examined the durational characteristics of prosodic boundaries. They found a significant
correlation between the normalized duration of the rhyme (vowel nucleus and any coda
consonant) of the phrase-final syllable and the perceived size of the boundary expressed as
break indices of 0 to 6, such that a longer thyme duration signaled a larger boundary. They
also showed that the duration of the vowel nucleus of the last pre-boundary syllable may
perceptually distinguish at least four levels of prosodic boundaries, though they pointed out
that more boundaries could potentially be distinguished if other phonetic properties were
considered.

A large body of studies have investigated boundary-related lengthening in acoustic
(Berkovits, 1993, 1994; Cambier-Langeveld, 1997; Shattuck-Hufnagel & Turk, 1998; Turk,
1999; Turk & Shattuck-Hufnagel, 2007) and articulatory (Edwards et al., 1991; Fougeron &
Keating, 1997; Byrd & Saltzman, 1998; Byrd, 2000; Byrd et al. 2006; Krivokapi¢, 2007)
domains. These studies examined acoustic and articulatory events at IP boundaries to
determine the extent of boundary-adjacent lengthening. A general finding across studies is
that the rhyme of the phrase-final syllable manifests phrase-final lengthening consistently and
robustly. Wightman et al. (1992) showed that the lengthening is limited to the rhyme that
immediately precedes the prosodic boundary. The segments between the foot-initial vowel
and the final vowel as well as the foot-initial vowel of the lexically stressed syllable in words
with an unstressed word-final syllable did not correlate with perceived boundary strength.
However, in that study, segments between the foot-initial vowel and the final vowel before

the boundary were not each tested separately. Rather, they were tested for correlation as a



single interval, which might have obscured any spreading of the boundary-related
lengthening in any of the intervening segments.

Shattuck-Hufnagel & Turk (1998) investigated the domain of phrase-final
lengthening in tri-syllabic words with lexical stress on either the first or second syllable and
found that the syllables with lexical stress manifest significant lengthening, in addition to the
phrase-final syllables. Turk & Shattuck-Hufnagel (2007) expanded the comparison to words
with different numbers of syllables, stress patterns, and phonological composition of the
phrase-final syllable. They found that, when the syllable with primary lexical stress was
located earlier than the phrase-final syllable, the intervening syllable showed less or no final
lengthening compared to the phrase-final syllable and the stressed syllable.

As for a rightward, post-boundary effect, there are relatively few studies, and these
studies report mixed findings — and individual variation — regarding presence of the effect
(Oller, 1973; Wightman et al., 1992; Fougeron & Keating, 1997; Byrd et al., 2006; Cho &
Keating, 2009 for English; Hsu & Jun, 1998 for Taiwanese; Katsika, 2016 for Greek). For
instance, while Wightman et al. (1992) did not find phrase-initial lengthening, Hsu & Jun
(1998) found lengthening of phrase-initial consonants, and Cho & Keating (2009) found
lengthening of the phrase-initial consonant and the following vowels. Byrd et al. (2006) and
Katsika (2016) also showed lengthening of the phrase-initial consonant.

Within the framework of Articulatory Phonology (Browman & Goldstein, 1992,
1995; Goldstein, Byrd & Saltzman, 2006), prosodic boundaries are modeled as gestures
(Byrd & Saltzman, 2003). The prosodic gesture (m-gesture) locally slows the time flow of
gestural activation thereby slowing constriction gestures that are co-active with it and, as a
consequence, gestures become longer (and also slower and less overlapped) (Byrd &
Saltzman, 2003). Under this model, all constriction gestures within the activation of the n-
gesture are affected, there is one continuous domain of boundary-adjacent lengthening, which
manifests its effects on all articulatory gestures (and by extension segments) that are co-active
with the n-gesture, and the scope of lengthening is determined by the temporal extent of the
n-gesture. Evidence for a local and continuous domain of lengthening has been found in a
number of studies (e.g., Berkovits, 1994 for Hebrew; Cambier-Langeveld, 1997 for Dutch;
Byrd et al., 2006 for English; Katsika, 2016 for Greek). There is also evidence that the scope
of phrase-final lengthening interacts with prominence (Byrd & Riggs, 2008; Katsika et al.,
2014). In American English, Byrd & Riggs (2008) found that one out of three speakers
produced lengthening of a stressed syllable preceding the phrase-final syllable. In Greek,

Katsika (2016) found an interaction between the location of lexical stress and the onset of



phrase-final lengthening. Phrase-final lengthening began later in phrase-final words with final
stress than in phrase-final words where stress occurs earlier, indicating that stress shifts the
onset of the boundary towards the stressed syllable (for a detailed account of the interaction
of boundaries and prominence see Katsika et al., 2014). Their results provide additional
support for the m-gesture model by showing continuous boundary-related lengthening that
was more robust closer to the boundary.

Turning to pitch, Ladd (1988) tested the hypothesis that a stronger boundary would
be associated with a larger declination reset following the boundary. He used phrases in
which the same words are joined by two different conjunctions —i.e., “A and B but C” and “A
but B and C”, assuming that the words joined by “but” straddle a stronger boundary than the
words joined by “and”. He analyzed the pitch top lines (i.e., the pitch peak associated with
the three accented syllables; A, B, and C in the example above) of the clauses, along with the
pitch end points (i.e., the fO values at the end of clauses A, B, and C), as well as the durations
of the phrase-final segments and the following pause (in order to independently confirm that
the sizes of the boundary differed). There was a general downward trend over the course of
an utterance in terms of the pitch top lines, such that the f0 peak at the end of B was lower
than at the end of A, and f0 peak at the end of C was lower than at the end of B. A consistent
pattern of pitch reset emerged when the post-boundary peaks (at the beginning of B and C)
were compared across experimental conditions (the two different conjunctions). In all
participants’ production of the sentences, the peak was higher — i.e., the reset was larger — at
the boundary of the conjunction ‘but’ than at the boundary of the conjunction ‘and’. The
lowering of fO associated with the end of IPs has been documented in other studies of
production (van den Berg et al., 1992; de Pijper & Sanderman, 1994; Swerts, 1997; Lin &
Fon, 2011; Truckenbrodt & Féry, 2015).

Regarding pauses, Ferreira (1993) showed that the duration of a silent pause reflects
the prosodic structure of the utterance rather than the syntactic structure. Findings also show
that pause duration is positively correlated with the strength of the prosodic boundary (Horne
et al., 1995; Krivokapi¢, 2007). Other studies have noted the co-occurrence of silent pauses
and IP boundaries (Swerts, 1997; Petrone et al., 2017) and individual speaker variation in the

pause duration (Fant et al., 2003).

1.2.2. Perception of the three primary phonetic properties of IP boundaries
Perception studies have shown that these properties of prosodic boundaries guide speech

processing. Streeter’s (1978) findings for acoustic correlates of major phrase boundaries led



her to argue that duration and pitch are primary cues for perceiving major phrase boundaries.
In a perception experiment in which English-speaking participants distinguished syntactically
ambiguous sentences with or without phrase-final lengthening and/or a pause at a prosodic
boundary, Scott (1982) found that listeners use these temporal characteristics to parse
syntactically ambiguous sentences. Price et al. (1991) also used syntactically ambiguous
sentences to investigate the role of phonetic properties of prosodic boundaries, such as
phrase-final lengthening, pause, and boundary tones in disambiguating syntactic ambiguity.
Their results showed that listeners reliably disambiguated the target sentences using these
prosodic cues.

Using a series of rating experiments, Swerts et al. (1994) examined pitch register
(low and high), pitch range, and pitch contour to show that these tonal cues signal prosodic
boundaries for listeners. Swerts & Geluyskens (1994) also reported that listeners use the tonal
markers and pauses to signal prosodic boundaries in the absence of semantic cues. A number
of other studies have investigated silent pauses in relation to prosodic structure (de Pijper &
Sanderman, 1994; Sanderman & Collier, 1995 for Dutch; Swerts, 1997; Cho & Hirst, 2006
for Korean; Roy et al., 2017 for English).

Some more recent studies have used techniques that investigate moment-by-moment
processing of prosodic information. Studies examining neural correlates of prosodic marking,
for example, found that the Closure Positive Shift (CPS) in event-related potentials (ERPs) is
associated with prosodic boundaries (Steinhauer et al., 1998; Steinhauer et al., 1999;
Steinhauer & Friederici, 2001; Steinhauer, 2003; Mannel & Friederici, 2009; Roll & Horne,
2011; Ménnel et al., 2013; Holzgrefe et al., 2013). Ménnel & Friederici (2016) showed that
CPS was evoked only when some boundary-related cues were present in the auditory stimuli.
Holzgrefe-Lang et al. (2016) used a prosodic judgement task in combination with ERP
methodology in German to investigate perception of different combinations of two acoustic
cues to IP boundary: pitch change at the end of prosodic phrase and final lengthening. They
found that boundary perception in the form of CPS was elicited when both cues were present
but not when only one of them was present.

Results from eye-tracking studies have shown that listeners rapidly integrate prosodic
information for boundary-marking (Lee et al., 2008) and prominence-marking (Weber et al.,
2006; Ito & Speer, 2008; Kurumada et al., 2014). For example, Snedeker & Trueswell (2003)
examined the time course of listeners’ use of prosodic cues in processing ambiguous
utterances. Their results suggest that prosodic cues prior to the ambiguous portion of the

utterance are available to listeners and influence their initial interpretation of the utterance.



Very few studies have used on-line methods to tease apart the effect of multiple cues
for prosodic boundaries that become available at different points in time, and there is no
study as of yet that has investigated individual listeners’ different sensitivity to those multiple

cues and that sensitivity’s relation with the same individuals’ production.

1.2.3. Relative perceptual importance of the primary cues to IP boundaries

While it is known that many sources of information are available to listeners to detect the
presence of major phrase boundaries, including amplitude (Streeter, 1978) and irregular pitch
periods (Cole & Shattuck-Hufnagel, 2011), researchers have predominantly focused on
attention to three acoustic cues to major prosodic boundaries: final lengthening, pitch reset,
and pause duration. However, studies have yielded inconsistent results in terms of the relative
weighting of these properties.

The results of multiple studies suggest that phrase-final lengthening is more heavily
weighted than pause or pitch reset by English-speaking listeners (Lehiste et al., 1976; Scott,
1982). Streeter (1978) found not only that duration is more important than pitch, but also that
the combination of these cues had a greater perceptual effect than the duration cue alone.
Other results, though, suggest a greater role of pause (Zhang, 2012) or pitch (Seidl, 2007;
Bogels & Torreira, 2015) in the processing of prosodic boundary. Beach (1991) argued that
there is a trading relationship between duration and pitch cues in perception of structurally
ambiguous utterances, and Ferreira’s (1993) results showed an inverse relationship between
pause duration and pre-boundary word duration in production, which may be relevant to the
way that individuals with different relation between final lengthening and pause duration use
these temporal cues to perceive IP boundaries.

There are also mixed results on the weighting of these cues by speakers of languages
other than English. For Mandarin, Shen (1992) found that Mandarin-speaking listeners relied
more heavily on pauses than on phrase-final lengthening to identify a major prosodic
boundary. Similarly, Yang et al. (2014) investigated the relative perceptual weighting of the
primary acoustic cues to prosodic boundaries of Mandarin and concluded that listeners found
pause to be a more robust cue for IP boundary than phrase-final lengthening or pitch reset.
Other studies on Mandarin, though, identified the pitch cue (Zhang, 2012) or the pause (Lin
& Fon, 2011; Yang et al., 2014) to be more heavily weighted than the other cues by listeners.
For German, Wellman et al. (2012) reported that pause was not a reliable marker for IP
boundaries for infant listeners learning German. However, Petrone et al (2017) argued that,

while all three cues were reliably used by German adult listeners to perceive a prosodic



boundary, final lengthening and f0 were perceived in a gradient manner, whereas pause
perception was more categorical and therefore a reliable marker for IP boundaries. Petrone et
al. (2017) also cited Peters’ (2005) results in which the role of pause was found to be more

important than the other cues.

1.3. Individual differences in the production-perception relation

A foundational issue in speech perception research has been to determine how the listener
extracts a linguistic message from the input signal despite the complex mappings between the
linguistic units and their acoustic realizations. Although contemporary theoretical approaches
to speech perception differ in fundamental aspects, some of these approaches including
gesturalist theories (Liberman & Mattingly, 1985; Fowler, 1986) and exemplar theories (e.g.,
Goldinger, 1997; Pierrehumbert, 2002), share a common understanding that successful
communication requires parity between the forms of speaking and the forms of listening.
What needs to be explained, then, is the nature of this parity. One way to examine this
question is to investigate the relation between speaking and listening at the individual level,
by examining individual speaker-listener’s strategies for the production and perception of
multiple acoustic cues for a targeted linguistic property.

Previous studies investigating the relation between production and perception for
individual speaker-listeners have focused on segmental properties including /u/-fronting
(Kataoka, 2011), vowel-to-vowel coarticulation (Grosvald & Corina, 2012), co-varying cues
for stop voicing (Shultz et al., 2012; Schertz et al., 2015; Coetzee et al., 2018) and
anticipatory vowel nasalization (Beddor et al., 2018), and their findings are not uniform. For
example, of the six studies just cited, only two reported a systematic relation between
individuals’ production and perception patterns. Beddor et al. (2018) showed that American
English listeners’ perceptual use of coarticulatory vowel nasalization was reflected in the
same individuals’ timing of production of nasal coarticulation. Coetzee et al. (2018) showed a
weak but significant correlation between perceiving and producing co-varying VOT and {0
information for individual Afrikaans speaker-listeners.

The current work examines how individual speakers employ multiple cues for
prosodic boundaries, and whether those cue weights are reflected in their own perceptual
biases regarding useful information for prosodic boundaries. Although investigation of this
relation is motivated, as suggested above, by theoretical approaches to speech perception, it is
also motivated by an interest in the phonetic sources of sound change. In particular, studies of

the initiation of perceptually motivated sound changes are grounded in the fundamental



assumption that listeners’ perceptual strategies are reflected in their own productions (Ohala,
1981; Harrington et al., 2008; Beddor, 2009). For example, for perceptually motivated
changes involving coarticulatory variation, Ohala (1981) suggested that listeners may
imperfectly identify the source of coarticulation and interpret the coarticulatory property as
inherent to the phonetic signal, which arguably leads listeners-turned-speakers to reproduce
the misheard signal in their subsequent productions — a “mini” sound change. An alternative
to a misperception account recognizes the potential role of individual differences in how
listeners assign relative weights to co-varying cues. In this case, the different cue-weights
may be reflected in listeners-turned-speakers’ productions, which again has the potential to
contribute to a shift in the phonetic norm for a speech community (Beddor, 2009; Beddor et
al., 2018; Kuang & Cui, 2018). By examining individual strategies for producing and
perceiving prosodic boundaries, this dissertation tests the important assumption that listeners

manifest their own perceptual biases in their production.

1.3.1. Individual variation observed in production and perception of prosodic boundaries
Numerous studies have investigated how individuals differ in various aspects of realizing
segmental distinctions (Dilley & Shattuck-Hufnagel, 1995; Escudero et al., 2009; Kong &
Edwards, 2011; 2016; Kong et al., 2012; Shultz et al., 2012; Idemaru et al., 2012; Schertz et
al., 2015; 2016; 2019; Kim et al., 2018; Beddor et al., 2018). However, individual differences
in encoding and decoding prosodic structure, and boundaries in particular, have received less
attention. (The focus here is on prosodic boundaries; for work on individual variation in
production and perception of prominence, see e.g., Cole et al., 2010b; Niebuhr et al., 2011;
Miicke & Grice, 2014; Roessig & Miicke, 2019, Roessig et al., 2019.)

Previous studies have noted substantial variation across speakers in the production of
prosodic boundaries. For instance, Fougeron & Keating (1997) examined linguopalatal
contact during /n/ in different prosodic positions in a sentence using electropalatography
(EPG). Participants were asked to repeat sentences in which syllables were replaced with a
reiteration of the syllable ‘no’ ([no]). The sentences were arithmetic statements, and therefore
different symbols between numbers induced different phrasing of the segmentally identical
sentences. Measurements included acoustic duration and linguopalatal contact of each C and
V of the three syllables in a numeral (e.g., eighty-nine spoken as [nonono]) placed in
Utterance-initial, Utterance-medial, IP-initial, IP-medial, IP-final, PP-initial, PP-medial, PP-
final, Word-initial, Word-medial, and Word-final locations.

Overall, Fougeron & Keating found that speakers distinguish prosodic boundaries in
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articulation and in the resulting acoustic signal. For example, they found greater linguopalatal
contact for syllable-initial [n]s at larger prosodic phrases than for those at smaller prosodic
phrases and less contact for the vowel phrase-finally at larger phrases than at smaller
boundaries (both indicating more extreme articulation). However, the three speakers varied in
how they distinguished the prosodic units by the degree of linguopalatal contact. Speaker 1
produced significantly less contact for the vowel IP-finally than PP-finally, and less contact
PP-finally than Word-finally. In contrast, Speaker 2 and Speaker 3 did not differ in degree of
contact for the IP-final vowel and PP-final vowel. Participants’ productions also differed in
the acoustic durations of the final vowel in each domain: Speaker 3 distinguished IP-final and
PP-final vowel durations by lengthening IP-final vowel duration, whereas Speakers 1 and 2
did not show lengthening differences between IP-final and PP-final vowels. A cross-linguistic
follow-up study (Keating et al., 2003) reported similar individual speaker variation in three
other languages (French, Korean, and Taiwanese Mandarin).

Byrd et al. (2006) used electromagnetic articulography (EMA) to analyze both
temporal and spatial dimensions of boundary-adjacent articulatory movements and examined
the temporal scope of prosodic boundary effects. Both articulatory and acoustic data revealed
variation across four speakers. For example, for three speakers, pause durations ranged
between 200 and 970ms, while for the fourth speaker, most durations were shorter than
200ms. Interestingly, for this speaker, pre-boundary lengthening extended further leftwards
than for the other speakers.

Cole et al. (2010a), using the spontaneous conversational speech from the Buckeye
corpus, observed inter-speaker variability and (indirect evidence of) inter-listener variability
in their study of prosody perception in American English. They developed a new method for
prosodic annotation, Rapid Prosody Transcription (RPT), in which untrained listeners
transcribe prosodic aspects of speech in real time. In order to assess inter-speaker and inter-
transcriber variability, Cole et al. calculated probabilistic Boundary scores (B-scores) for each
word, which was the proportion of transcribers from the total group who marked a prosodic
boundary following each word in an utterance. Therefore, B-scores are between 0 and 1, with
0 meaning that no transcriber perceived a boundary following that word, and 1 meaning that
all transcribers perceived a boundary. The results showed variability in both the production
and annotation data. For example, speakers varied in the mean interval between boundaries
and between prominent words, as judged by listeners, such that some speakers produced
prosodic boundaries and prominent words at comparable intervals, while for some other

speakers the mean interval between boundaries was longer than the mean interval between
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prominent words, or vice versa. The distribution of B-scores was taken as an indirect measure
of speaker variability in boundary production. Listeners were another source of variability in
the B-scores: for instance, the grand average of the mean interval between boundary marking
across all listeners was 8.2 words, but the mean interval per listener was as short as 4.91
words and as long as 15.5 words.

Roy et al. (2017) observed individual differences in perception in their study of
untrained American English listeners’ annotations for boundary and prominence marking of
an excerpt from the Buckeye corpus. They also conducted an acoustic analysis of the auditory
stimuli to evaluate the influence of the presence or absence of prosodic cues for boundary or
prominence on inter-rater agreement. The results revealed substantial individual differences
across the annotators as well as uniformity among them; the biggest distinction was between
those annotators who relied solely on durational cues and those who used one or more cues in
addition to the durational cues for boundary marking.

Overall, these studies suggest that individual variation in signaling and perceiving
prosodic contrasts is pervasive. However, while empirical findings suggest high variability
across individuals in their production (and, to a lesser extent, perception) of various prosodic
features, it is the object of investigation in very few studies.

There is only one study that examines how individual speakers’ production of
prominence is related to (a separate group of) individual listeners’ perception of prominence.
Cangemi et al. (2015) investigated individual production and perception of intonational
contrasts. They hypothesized that some speakers’ productions of contrast may be more
intelligible to some listeners than others. In their production experiment, native speakers of
German were asked to read aloud answers to questions in which the target word appears in a
variety of prosodic conditions, thereby eliciting four different focus structures. Both acoustic
and articulatory data were collected during the experiment. A separate group of listeners
participated in the perception experiment. They listened to utterances from the production
study and were asked to match the sentence heard to one of the four questions corresponding
to the focus structure conditions, in that way indicating which focus condition they perceived.

In Cangemi et al. (2015), the results of the analysis of the productions of five
speakers showed that individual speakers differed in both the number of cues used to mark a
particular focus category and in the partitioning of a given cue (i.e., whether the cue is
employed to mark two or more focus categories). In the perception task, 20 participants
listened to the test sentences produced by the five speakers and matched each utterance to the

appropriate question. The results of the analysis of the perception data showed a general trend
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in which listeners were more accurate in identifying the productions of speakers who were
better encoders of focus (measured as the number of cues used to distinguish the three
categories). They also found that there were individual differences among the listeners as
well: some listeners were in general better than others at identifying focus. Their results
overall provide some initial insight into the complex relationship between cue-weighting
processes in production and perception of prosodic prominence and reinforce the importance
of accounting for the role of individuals in both production and perception.

Overall, very little research has examined individual differences in the perceptual
weighting of prosodic cues to major prosodic boundaries. No study has investigated
individual differences in the moment-by-moment processing of prosodic boundaries.
Moreover, the precise relationship between production and perception of the cues to prosodic
boundaries remains unclear, due to the small number of studies that have been conducted to
date. It is thus important to investigate the relationship between production and perception of
prosodic boundaries, and the role of individual variation in producing and perceiving the
boundary cues. The current study undertakes this investigation and assesses whether a tight
connection between the production and perception of the prosodic boundaries may be

observed for individual language users.

14. The current study
The previous sections highlight the recent interest in individual differences in speech
production and perception, including interest in possibly linking individual production
patterns with individual perception patterns. This interest is due in part to the changing
perspective towards individual (and other) variation: as information rather than as noise.
However, for the prosodic boundaries, relatively little is known about whether and how the
individual variation observed in production may be related to those same individuals’
perceptual weighting of that information. The current work is based on the understanding that
individual speakers differ systematically from each other in how they convey prosodic
structure and focuses on how these individual speaker differences are manifested in signaling
prosodic boundaries of American English. Thus, the main goal of the study is to investigate
whether individuals’ patterns for producing information about prosodic boundaries are
reflected in their perceptual use of those sources of information.

An acoustic production experiment and an eye-tracking perception experiment were
conducted to investigate (1) how speakers of American English produce the different primary

cues marking the phrasal boundary (IP boundaries), and (2) whether these individual patterns
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are mirrored in these same individuals’ attention to these cues for phrasal organization.

The remainder of the dissertation is organized as follows: Chapter 2 presents the
methods, results, and discussion of the production experiment. Chapter 3 presents the
methods (except the construction of the utterances which is discussed in the method section
in Chapter 2), results, and discussion of the perception experiment. Chapter 4 provides the
general discussion of the findings from the two experiments in relation to the hypotheses of
the study, with theoretical and practical implications. The conclusion of the study is presented

in Chapter 5.
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CHAPTER 2

Individual Differences in the Production of Prosodic Boundaries

The experiment reported in this chapter investigates the acoustic correlates of Intonational
Phrase (IP) and word boundaries produced by speakers of American English. The main goal
of the experiment is to delineate the nature and extent of individual speaker differences in the
realization of these boundaries. Based on previous research, it is predicted that speakers will
reliably produce acoustic distinctions between IP and word boundaries, but that there will be

substantial inter-speaker differences in these acoustic realizations.

2.1. Methods

2.1.1. Stimuli

Thirty-two pairs of sentences, each pair contrasting word vs. IP boundary, were constructed
to test how individual speakers vary in their production of three acoustic characteristics of IP
boundaries — boundary-related lengthening, pause duration, and pitch reset. Table 2.1

summarizes the conditions and target words.

Prosodic boundary First target word (TG1) Second target word (TG2)
Melinda
maMIma
Belinda
IP
Navarro
naNIna
Delilah
Melinda
maMIma
Belinda
Word
Navarro
naNIna
Delilah

Table 2.1. Summary of the experimental conditions. Each boundary (2) x TG1 (2) x TG2 (2)
condition occurred in four context sentence types, for a total of 32 sentence pairs.

The target sentences varied in the type of prosodic boundary between the two words in each
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target word sequence (IP boundary vs. word boundary), which resulted in different meanings
of the utterances. Two different first target words (TG1; presented as ‘maMIma’ and ‘naNIna’)
were neologisms that were introduced to participants as personal names. Neologisms were
used in order to maximize control over all aspects of the production of TG1. Two different
consonants were used in TG1 in order to diversify the segmental context (i.e., different places
of articulation). To provide more thematic and articulatory diversity in the experimental
sentences, two different second target words (TG2) were paired with each TGl (e.g.,
‘maMIma Melinda’ and ‘maMIma Belinda’). The onset consonant of a TG2 always matched
the consonant of the corresponding TG1 in place of articulation (bilabial-bilabial or alveolar-
alveolar). All four TG2 had the same iambic lexical stress pattern. As a result, eight uniquely
different target word sequences were created (2 boundary types x 2 TG1 x 2 TG2). The target
sequences were placed within carrier utterances and shown to participants in a randomized
order within each repetition. The stimuli for this study were a subset of the stimuli collected
as part of a larger study, and no filler items recorded. They were repeated 9 times by 32
participants, and therefore a total of 2,304 utterances were recorded (8 target sequences x 9
repetitions x 32 participants). Examples of the stimuli are presented in Table 2.2. The first
pair of sentences (marked with C) provides the context, while the second pair of sentences
(marked with T) includes a target word sequence. The pound sign denotes the boundary
(word or IP) and was not shown to participants, whereas the boldface denoting words with a
contrastive focus and the lower-upper casing in TG1s were shown to participants.

To test the effects of prosodic boundary, the same target word sequence straddles two
different prosodic boundaries: IP boundary vs. word boundary. One word in each sentence in
the target sentence pair received contrastive focus, correcting the corresponding words in
each of the context sentence pair. Because the focused words are located one syllable away

from TG1 and TG2, the target word sequence is not pitch-accented.
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(1) TG1 = ‘naNIna’ # = IP boundary

C: The agent called naNIna. # Navarro and Parker bought the painting.

T: No, the painter called naNIna. # Navarro and Damon bought the painting.

(2) TG1 = ‘naNIna’ # = word boundary

C: The agent called naNIna # Navarro. And Parker bought the painting.

T: No, the painter called naNIna # Navarro. And Damon bought the painting.

3) TG1 = ‘maMIma’ # = IP boundary

C: The paramedic called maMIma. # Melinda and Peter said no one got hurt.

T: No, the police called maMIma. # Melinda and Danny said no one got hurt.

4) TG1 = ‘maMIma’ # = word boundary

C: The paramedic called maMIma # Melinda. And Peter said no one got hurt.

T: No, the police called maMIma # Melinda. And Peter said no one got hurt.

(5) TG1 = ‘naNIna’ # = IP boundary

C: The rancher called naNIna. # Delilah and Paige asked about the apples.

T: No, the farmer called naNIna. # Delilah and David asked about the apples.

(6) TG1 = ‘naNIna’ # = word boundary

C: The rancher called naNIna # Delilah. And Paige asked about the apples.

T: No, the farmer called naNIna # Delilah. And David asked about the apples.

(7 TG1 = ‘maMIma’ # = IP boundary

C: The king called maMIma. # Belinda and Paul thought that was rude.

T: No, the queen called maMIma. # Belinda and Daisy thought that was rude.

®) TG1 = ‘maMIma’ # = word boundary

C: The king called maMIma # Belinda. And Paul thought that was rude.

T: No, the queen called maMIma # Belinda. And Daisy thought that was rude.

Table 2.2. Examples of the stimuli when TGl is either ‘naNIna’ or ‘maMIma’.

2.1.2. Participants
Thirty-two participants (20 female) were recruited from the University of Michigan campus

in Ann Arbor, Michigan. All were native speakers of American English and spent most of
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their lives in Michigan (i.e., spent less than one year outside of Michigan). None reported
hearing, visual, or speech impairment. They received monetary compensation for their

participation in an approximately 50-minute task.

2.1.3. Procedures

Prior to the experiment, participants were given instructions for the reading task and sample
stimuli containing the context and target sentence pairs containing ‘maMIma # Melinda’ as
the target word sequence. They were asked to pay attention to the difference in the meaning
of the sentences depending on the different grouping of the two words, and to the boldfaced
words being emphasized due to the corrective focus. Participants also listened, over
headphones (AKG K240 MKII), to a short (about 50 seconds long) audio file in which the
personal names used in the target sentences were introduced by three different female voices
in a carrier phrase: “Hi, my name is Melinda” (with the underlined word replaced with
different names). The audio file was simultaneously played with the slideshow of the
personal names. Upon request from a participant, the audio file and slideshow were played
one more time. The purpose of the introduction was to elicit the same pronunciations of the
names from all participants.

After the name introduction and prior to the main experiment, there was a short
practice session in which four dialogues from the stimuli were read by participants. The
purpose of the practice session was to familiarize participants with the structure of the target
sentences. In both practice and main experimental sessions, each dialogue consisting of one
context sentence pair and the corresponding target sentence pair was presented on a 15-inch
computer monitor in large-sized (20 point) font. The context and target sentence pairs were
always shown on separate lines. The stimuli were never read aloud to participants by the
experimenter. Participants were asked to silently read the context sentence, and then say the
target sentence aloud, speaking into a professional microphone. After they finished speaking,
the experimenter proceeded to the next dialogue using a remote clicker.

Participants took a 5-minute break in the middle of the experiment. They could take
additional 5-minute breaks whenever they needed it, though typically they did not do so.
After the experiment, all participants completed an exit survey that contained a series of

questions about their linguistic background (see Appendix B).

2.1.4. Acoustic analysis

Three types of acoustic measures were taken for the targeted region of each sentence
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production to assess how speakers differentiate word and IP boundaries using these measures.

An example of the measurements is shown in Figure 2.1.

(1) Syllable duration: The durations of the three syllables of TG1, S1, S2, and S3
(e.g., ‘maMIma’ in Figure 2.1), were measured using Praat software (Boersma et al.,
2020) to evaluate the extent of phrase-final lengthening in the pre-boundary direction.
The duration of the first syllable of TG2, S4 (e.g., first syllable of ‘Melinda’, in

Figure 2.1), was measured to examine whether it is subject to a boundary effect.

(2) Pause duration: Pause duration was measured as the silent interval between TG1
and TG2 in the IP boundary condition. No utterance in the word boundary condition
had a pause between TG1 and TG2 and therefore pause duration in these utterances
was not measured. Any creaky portion of the word-final vowel of TGl was not

included in pause duration but was included in the vowel duration.

(3) Pitch reset: Pitch reset across the boundary between the two target words was
measured as the difference between f0 maximum taken from the final syllable of
TG1 and f0 maximum taken from the first syllable of TG2. The f0 measurements (in
Hz) were first automatically taken using a Praat script, and then manually checked by
the experimenter token-by-token to ensure that the measures best represented the f0
maxima during the pre-boundary and post-boundary syllables. Any token in which a
correct f0 maximum in either pre-boundary or post-boundary syllable could not be
found was excluded from the subsequent statistical analysis for this measure (358

tokens in total).
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Figure 2.1. Example of the three acoustic measures (syllable durations, pause duration, and
f0 maximum difference) from the target word sequence “maMIma # Melinda” produced in
the IP boundary condition by participant 9.

During the analysis, all 2,304 utterances produced by the participants were checked for
disfluency and placing incorrect boundary by mistake. As a result, 116 utterances (66
‘maMIma’ and 50 ‘naNIna’ utterances) were excluded from the subsequent statistical analysis.
The average number of utterances per participant included in the analysis is 68.38 out of 72

productions per participant.

2.1.5. Statistical analysis

A Linear Mixed-Effects model tested each acoustic measure for the effect of boundary type
across speakers, except for pauses since pauses were only measured in the IP boundary
condition. The base model included SPEAKER as a random effect, and BOUNDARY as a
fixed effect. The base model (Model 1) was then compared to Model 2 using an F test. Model
2 included TG1 TYPE as another fixed effect. (There was no prediction for the effect of TG1
TYPE because the purpose of the different types of TG1 was to introduce variation in the test
sentences, given the lack of filler items in the stimuli.) Model 3 included an interaction term
between the two fixed effects, and it was then compared to Model 2. The following table

summarizes the LM model used for each acoustic measure, in the form of R codes.
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Acoustic measure LM model structure

Syllable 1 (S1) S1 ~ BOUNDARY + (1| SPEAKER)

Syllable 2 (S2) S2 ~ BOUNDARY * TG1_TYPE + (1| SPEAKER)
Syllable 3 (S3) S3 ~ BOUNDARY + TG1_TYPE + (1| SPEAKER)
Syllable 4 (S4) S4 ~ BOUNDARY + TG1_TYPE + (1| SPEAKER)

FO maximum difference (Hz) | f0_max_diff ~ BOUNDARY + (1| SPEAKER)

Table 2.3. The model structure for each acoustic measure.

When an interaction between the two fixed effects was significant (p< .05), simple regression
models on subsets of the data were used to unpack the interaction effect. For example, when
the interaction between BOUNDARY and TGl TYPE is significant, the effect of
BOUNDARY was separately tested using a subset of data with ‘maMIma’ as the TG1 and
using the remaining data with ‘naNIna’ as the TG1. Similarly, the effect of TG1 TYPE was
tested using data split by the type of BOUNDARY.

Simple regression models tested whether each acoustic measure, except for pause,
was used by individual speakers to distinguish IP boundaries from word boundaries. The base
model included BOUNDARY as the only fixed effect, such that the R code was written as
“(acoustic measure as dependent variable) ~ BOUNDARY™.

The multiple comparisons conducted in the individual analysis may raise concern
due to the increased risk of Type I errors (i.e., rejecting true null hypotheses). However, it
needs to be pointed out that the widely used adjustment methods such as the Bonferroni
adjustment may pose a concern for the increased risk of Type II errors (i.e., failure to reject
false null hypotheses) (e.g., Feise, 2002). Therefore, it was decided to not apply the

adjustments, with the understanding that this might increase the risk of Type I error.

2.2. Hypotheses and predictions

The hypotheses for the boundary-related effects are as follows: Across speakers, all three
measures will be systematically modulated depending on the type of the prosodic boundary.
Specifically, the duration of the word-final syllable (S3) of TG1 will be longer in the IP
boundary condition than in the word boundary condition. There will be pauses (robust
interval of silence) between TG1 and TG2 in the IP boundary condition. Lastly, the f0
difference will be greater across IP boundaries than word boundaries.

Given that previous studies of boundary-related effects found inconsistent results for
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the durations of the syllables preceding and following S3, it is difficult to make predictions
about the scope of phrase-final lengthening. Possible outcomes for the duration of the first
syllable (S1) of TG1 are lack of boundary effect or shortening (Krivokapi¢, 2007; Katsika,
2016). The duration of the second syllable (S2) of TG1 may lengthen or may not undergo
temporal modulation (Shattuck-Hufnagel & Turk, 1998, Turk & Shattuck-Hufnagel, 2000;
Byrd & Riggs, 2008; Katsika 2016). The duration of the post-boundary syllable (S4) may
show lengthening (Fougeron & Keating, 1997; Byrd et al. 2006; Katsika, 2016), shortening
(Krivokapi¢, 2007), or no effect of boundary type (Wightman et al., 1992).

For individual speakers, the hypothesis for the boundary-related effects is that
individuals will produce the examined properties to different degrees and in different

combinations when distinguishing IP boundaries from word boundaries.

2.3.  Results of the production experiment
This section presents the results of the statistical analyses of the boundary-related acoustic

effects across the 32 participants (2.3.1.) and individually (2.3.2).

2.3.1. Across all participants

The output of all Linear Mixed-Effects model analyses can be found in Appendix C.1. The
analyses showed that, across 32 participants, S1 duration did not significantly differ
depending on the type of boundary (p=.194; Figure 2.2a), while the durations of S2, S3, S4
showed a significant effect of BOUNDARY. S2 and S3 were lengthened in the IP boundary
condition compared to the word boundary condition (p<.001 for both; Figure 2.2b and 2.2¢),
whereas S4 was significantly shorter in the IP boundary condition (p<.001; Figure 2.2d).
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Figure 2.2. Syllable durations of TG1 (S1, S2, S3) and TG2 (S4) by boundary type. (***: p
<.001; n.s.: p>.05)

TG1 TYPE was not included in the model as a fixed effect for S1 because it did not
significantly improve the model fit (based on the Chi-square Goodness of Fit test (p = .09). It
was, though, included in the models for the other syllable duration measures. Those results

showed that the effect of TG1 TYPE was significant for S2, S3 and S4 durations. For S2 and
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S3, the syllable durations were longer when the pre-boundary target word was ‘maMIma’

compared to ‘naNIna’ (p<.001 for both; Figure 2.3a and 2.3b), whereas S4 duration was

shorter when the pre-boundary word was ‘maMIma’ than when it was ‘naNIna’ (p<.001;

Figure 2.3c).
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Figure 2.3. Syllable durations of TG1 (S2, S3) and TG2 (S4) by TG1 type. (***: p <.001)
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Including the interaction between BOUNDARY and TG1 TYPE significantly improved the
model fit for S2 (p <.001) and S4 (p=.02), but not for S1 (p=.26) and S3 (p=.97). Unpacking
the interaction for S2 duration, the boundary effect was present in both ‘maMIma’ and
‘naNIna’ target words (both p<0.001; Figure 2.4a), with S2 duration being significantly
longer in the IP boundary than in the word boundary condition. However, the TGl TYPE
effect was present only in the word boundary condition (p<0.001; Figure 2.4b right panel) but
not in the IP boundary condition (p=.9; Figure 2.4b left panel), such that, at the word

boundary, S2 duration was significantly longer when TG1 was ‘maMIma’ than when it was

‘naNIna’.
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Figure 2.4. Effect of (a) boundary type on S2 duration and (b) effect of TG1 type on S2
duration. (***: p <.001; n.s.: p >.05)

For S4, the effect of BOUNDARY was significant for both ‘maMIma’ and ‘naNIna’ (p <.001;
Figure 2.5a), while the effect of TG1 TYPE was significant only when the boundary was an
[P boundary (p < .001; Figure 2.5b left panel), such that S4 was shorter when TG1 was
‘maMIma’ than when it was ‘naNIna’ but there was no significant difference between S4

duration across the word boundary (p = .08; Figure 2.5b right panel).
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Figure 2.5. Effect of (a) boundary type on S4 duration and (b) effect of TGI type on S4
duration. (***: p <.001; n.s.: p > .05)

Turning now to the effect of boundary on pitch reset, the analysis of the LM model for Af0

showed that, across speakers, there was larger pitch reset across the IP boundary than across

the word boundary (p<.001; Figure 2.6).
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Figure 2.6. Three f0 maximum difference measures by boundary type. (***: p <.001)

2.3.2. Individual speakers

The output of the Linear Regressions performed for each participant revealed substantial
differences among individual speakers. Both BOUNDARY and TG1 TYPE were included in
all linear models tested for each acoustic measure for all participants. The output of all model

analyses can be found in Appendix C.2.

2.3.2.1. Syllable durations
The modeled results of the boundary effect on the four syllable durations for 32 individual
speakers are shown in Figure 2.7 through 2.10. Twenty-six out of 32 participants did not
distinguish IP and Word boundaries on the basis of S1 duration (i.e., the duration of the first
syllable of the trisyllabic pre-boundary target word TG1). Four participants had shorter S1
duration before IP than word boundary, while two participants had lengthened S1 before IP
than word boundary. The two participants who lengthened S1 also had longer S2 and S3
before IP than before word boundary. One out of the four participants who shortened S1 had
longer S2 and S3 before IP than word boundary, whereas the remaining three participants
only lengthened S3, but not S2, before IP boundary.

Two participants produced shorter S2 before IP than word boundary, while 18
participants produced longer S2 before IP than word boundary. The remaining 12 participants
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did not significantly differentiate S2 duration depending on the type of prosodic boundary.
All participants lengthened S3 before IP relative to word boundary.

As for S4 duration (i.e., the duration of the first syllable of the post-boundary target
word TG2), 23 participants had a shorter S4 after the IP boundary than the word boundary.
For the remaining nine participants, there was no effect of prosodic boundary on S4 duration.

The results of the boundary effect on syllable duration for individual speakers are

summarized in Figure 2.17 in the discussion section (2.4.1).
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Effect of boundary on S2
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Effect of boundary on S3
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Effect of boundary on S4
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The results for the effect of TG1 TYPE on four syllable durations are given in Appendix D,

and the results for the effect of TG1 TYPE on f0 maximum difference are given in Appendix
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E. TG1 TYPE was included in the Linear Mixed-Effects models as a fixed effect based on the
model comparison. Since there was no reason to expect any differences based on TGI1 (i.e.,
whether speakers produce ‘naNIna’ or ‘maMIma’ differently), no hypothesis about the effect
was established before the analysis. Seven participants produced significantly shorter S1
duration when the pre-boundary target word was ‘naNIna’ than when it was ‘maMIma’.
Conversely, eight participants produced longer S1 when the target word was ‘naNIna’. The
remaining 17 participants showed no effect of TG1 type on S1 duration. The pattern for S2
duration was as variable as S1 duration: 10 participants shortened S2 duration when the target
word was ‘naNIna’, while six participants lengthened S2. The remaining six participants did
not distinguish S2 duration depending on the target word. As for S3 duration, 25 participants
produced significantly shorter S3 when the target word was ‘naNIna’ than when it was
‘maMIma’. Seven participants did not show significant effect of TGl TYPE. For S4,
productions of 11 participants showed a lengthening effect when the target word was
‘naNIna’, whereas those of only one participant showed a shortening effect in the same

condition.

2.3.2.2.  Pitch reset
Pitch reset was measured by subtracting the f0 maximum in the last syllable of the pre-
boundary target word (S3) from f0 maximum of the first post-boundary syllable (S4). A
robust positive value of Af0 is expected across IP boundaries, suggesting reset, whereas no
change in f0 is expected across word boundaries. For each speaker, the effect of boundary
type was tested in a Simple Linear Regression with BOUNDARY as the independent variable.
The results for each speaker are shown in Figure 2.11. Table 2.4 summarizes the
individual participants’ differences between the average f0 maximum difference in word
boundary and the f0 maximum difference in IP boundary. A large positive value indicates that
the participant consistently produced a pitch reset across IP boundary: for example, for P02,
35.4 Hz in difference of reset indicates a subtraction of -3.9Hz (the average difference
between f0 maxima in S3 and S4 across word boundary) from 31.6Hz (the average difference
between f0 maxima in S3 and S4 across IP boundary). The output of the statistical model can
be found in Appendix C (section 2.2). As expected, a majority of participants (20 out of 32)
produced significantly greater Af0 across the IP boundary than across the word boundary.
Eleven participants did not show a significant difference in Af0 depending on the boundary
type. One speaker (P32) produced a small positive reset (average 2.31Hz) at the word
boundary and a small negative reset (average -9.29Hz) at the IP boundary, and the difference
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between these differences was significant. To sum up, 11 out of 32 participants did not
distinguish IP boundaries from word boundaries using positive pitch reset, while 21

participants did.

Participant Difference of reset (Hz) LR Results
P01 11.3 p=.058 (t.r.)
P02 354 p<.001***
P03 8.9 p=.18 (n.s.)
P04 17.6 p<.001***
P05 -10.9 p=.18 (n.s.)
P06 16.1 p=.09 (n.s.)
P07 17.3 p<.001***
P08 17.7 p=.31
P09 39.1 p<.001***
P10 -0.4 p=.96 (n.s.)
P11 1.1 p=.59 (n.s.)
P12 70.1 p<.001***
P13 49.4 p<.001***
P14 17.4 p<.05*
P15 -16.5 p=.43 (n.s.)
P16 80.8 p<.001***
P17 84.3 p<.001***
P18 58.8 p<.001***
P19 8.6 p=.38 (n.s.)
P20 26.9 p<.05*
P21 114.8 p<.001***
P22 15.4 p<.01**
P23 44.9 p<.001***
P24 37.5 p<.001***
P25 13.4 p<.001***
P26 18.2 p=.31(n.s.)
P27 41 p<.05*
P28 92.4 p<.001***
P29 -28.1 p=.36 (n.s.)
P30 36.9 p<.05*
P31 -4 p=.62 (n.s.)
P32 -11.6 p<.001***

Table 2.4. Differences of the individual differences between f0 maxima in S3 and S4 in the IP
and word boundary (AfO IP# - Af0 word#) with the results of the Simple Linear Regression
models (LR results).
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Figure 2.11. Effect of boundary type on fO maximum difference for 32 individual participants.
(**F*: p <.001; **: p <.01; *: p <.05; tr: p <.06)

The pitch reset values of five participants showed a significant effect of TG1 TYPE on Af0.
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Four out of these five participants produced significantly greater Af0 when TG1 was
‘maMIma’ than when it was ‘naNIna’. One participant (P15) showed the opposite pattern,

producing significantly greater Af0 when TG1 was ‘naNIna’.

2.3.2.3.  Pause duration

Pause duration was measured as the silent interval from the offset of the final syllable of the
pre-boundary target word (TG1) to the onset of the first syllable of the post-boundary target
word (TG2). All stimuli in the IP boundary condition were measured. Across the 32
individual participants, the average pause duration ranged from as short as 139ms to as long
as 643ms, indicating substantial variation across individual speakers. Figure 2.12. shows

average pause duration by participant.

Pause duration by individual participants
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Figure 2.12. Average pause duration (ms) measured across IP boundary by participant.

2.3.3. Relationships between measurements

To investigate if there are systematic relationships between the different temporal properties
and the temporal and tonal properties associated with the IP boundary, Correlation Tests were
conducted in R. The correlations between S3 duration and pitch reset, S3 duration and pause
duration, and pause duration and pitch reset were tested. The analysis was done for each TGI1.
Scatter plots with the regression line and the correlation coefficients for each of the three

comparisons are shown in Figure 2.13.

36



target = mamima = nanina

* 2004
R=0039,p=02 n.s.
900
@
2 100 1
[ i8]
o o
s =
2 600 E
i8] 3
= E
.
3001 e
-100
01~ : . : : .
100 150 200 250 300 350
Final syllable duration
target —+ mamima —* nanina
200 .
R=012,p=0.00071 **%
S 100+
[ih)
o
=
=
g
E 0O
&
£
e
L
1001 g,
e @
*e
L ]
0 300 600 900

Pause duration

Figure 2.13. Scatter plots for each combination of the three acoustic properties of IP
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When all productions of the stimuli in the IP boundary condition were pooled across

participants, there is a significant positive correlation between pause duration and f0

maximum difference (p < .001; bottom panel in

correlation coefficients were not significant. However, when the same correlation tests were
conducted individually, different patterns emerged.
Figures 2.14 through 2.16. The two correlations involving the f0 measure were not calculated

for the two participants (P27 and P30) who did not have enough datapoints for the f0 measure

in the IP boundary condition.
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For S3 duration and pause duration (Figure 2.14), five out of 32 participants (P6, P10,
P24, P29, P32) showed a significant negative correlation, meaning that the longer their pause
durations were, the shorter their S3 durations. On the other hand, one participant (P1) showed
a significant positive correlation, such that the longer their pause durations, the longer their
S3 durations. For S3 duration and f0 max difference (Figure 2.15), four out of 30 participants
(P13, P19, P21, P25) showed a significant negative correlation, and one participant (P14)
trended in this direction (p = .051). The longer their S3 durations, the smaller their f0 max
differences. The negative correlations are suggestive of these acoustic properties being in a
trading relation with one another for a subset of participants.

For {0 max difference and pause duration (Figure 2.16), five out of 30 participants
(P1, P4, P7, P13, P31) showed a significant positive correlation and one participant (P23)
showed a trend of a positive correlation (p = .057). That is, the longer their pause durations,
the greater their f0 maximum differences were across the IP boundary, thus showing an
enhancing relation between the properties. For these speakers at least, stronger boundaries are
marked by both temporal and tonal properties, with stronger boundaries resulting in larger

pauses and larger pitch resets.
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2.4.  Discussion
In this large-scale production study, durations of four syllables in the target word sequence,
pause duration, and the f0 difference across prosodic boundary were tested to examine the
effect of the IP boundary. Pause duration consistently occurred across the IP boundary for the
32 participants. Linear Mixed-effect models showed that, for data aggregated across
participants, the durations of syllables adjacent to the prosodic boundary were subject to pre-
boundary lengthening and post-boundary shortening, and the f0 difference was larger across
the IP boundary than the word boundary. However, separate Regression analyses for
individual participants revealed that there are multiple different patterns of temporal and tonal
modification near prosodic boundaries.

This section discusses the acoustic results for the three properties of IP boundaries

for individual speakers, and the implications of those results for theories of prosodic structure.

2.4.1. Boundary-related lengthening and shortening

Across 32 participants, pre-boundary lengthening was observed in the last two syllables (S2
and S3) of the trisyllabic TGl (‘maMIma’ or ‘naNIna’), and post-boundary shortening was
observed in S4 of TG2. In addition, the current study finds six different patterns of boundary
effects in the durations of the three syllables of TG1, shown in Figure 2.17. In Group 1, 15
out of 32 participants showed lengthening of the last two syllables (S2 and S3), consistent
with the overall group pattern for these syllables. In Group 2, nine participants showed
lengthening only of the last syllable (S3). In Group 3, three participants also showed
lengthening confined to S3, but they also showed shortening of the first syllable (S1), without
showing an effect of boundary on the stressed syllable (S2). The two participants in Group 4
lengthened all three syllables, whereas the two participants in Group 5 showed lengthening of
S3 and shortening of S2. In Group 6, the one participant lengthened S2 and S3 but shortened
S1.

The wvariation across speakers corroborates previous studies that reported individual
differences for phrase-final lengthening (Fougeron & Keating, 1997; Byrd & Saltzman, 1998;
Byrd et al., 2006; Mo & Cole, 2010), and adds to the body of research by demarcating the

temporal modulation of the speaker-specific boundary effects.

42



— Speaker I

Group 1

S1

S2

S3

S12

S13

S14

S16

S18

S19

S21

S22

S27

S29

S30

S31

Group 2

S4

S5

S6é

S7

S9

S10

S15

S28

S32

Group 3

S8

S11

S17

Group 4

S24

S25

Group 5

S20

S23

Group 6

S26

700 600 500 400 300 200 100 0O 100 200 (ms)

Figure 2.17. Average durations of syllables of TG1 (left of the vertical line representing zero)
and of first syllable of post-boundary word TG2 (right of the vertical line) produced in IP
boundary condition by 32 participants. Pink, green, yellow: syllables with a lengthening,
shortening, and no effect due to boundary, respectively.

The findings of robust boundary-related lengthening of the word-final syllable and leftward
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spread to the previous syllable(s) support previous studies that report lengthening of
segment(s) preceding the phrase-final syllable (e.g., Berkovits, 1994, for Israeli Hebrew;
Cambier-Langeveld, 2000, for Dutch; Fougeron & Keating, 1997; Shattuck-Hufnagel & Turk,
1998; Turk, 1999; Turk & Shattuck-Hufnagel, 2007 for English; Katsika, 2016 for Greek).
The observed lengthening effect on the penultimate syllable which bears lexical stress in the
trisyllabic target words (‘maMIma’ and ‘naNIna’) is consistent with previous studies showing
a continuous and local scope of lengthening (Berkovits, 1994; Cambier-Langeveld, 1997;
Byrd et al., 2006; Katsika, 2016) .

Individual variation is observed in the onset and the scope of boundary-related
lengthening. In terms of the onset of the boundary effect in the pre-boundary target word
(TG1), participants in Groups 1 and 6 produce earlier onset of lengthening beginning at S2 in
TG1 than participants in Groups 2, 3, and 5, who lengthen only S3. The two participants in
Group 4 produce an even earlier onset of lengthening, at S1.

The scope of the boundary effect also extends rightwards, affecting the duration of
the first syllable of the post-boundary target word (S4).

Across all speakers, S4 duration was significantly shorter after the IP boundary than
the word boundary. However, not all participants produced this shortening pattern. Six
participants in each of Groups 1 and 2 produced post-IP boundary shortening. The two
participants in Group 4 did not adjust S4 duration depending on the boundary type, while all
participants in Groups 3, 5, 6 produced shorter S4 duration after the IP boundary than after
the word boundary. Thus, a total of 18 participants produced S4 shortening, while the
remaining 14 participants did not show an effect of boundary on S4 duration.

The boundary effects observed in the pre-boundary target word (TG1) are consistent
with the predictions of the m-gesture model (Byrd & Saltzman 2003). First, a continuous
lengthening in TGI is found across the board, in line with predictions of the n-gesture model,
where all consonant and vowel gestures that are active at the same time as the n-gesture are
subject to the effect of the n-gesture and its effect of local slowing. In addition, this study
found individual differences in the variable onset of lengthening (starting at S1, S2, or S3)
and scope of phrase-final lengthening (one, two, or three syllables). With the exception of the
two participants in Group 4, the patterns of pre-boundary lengthening observed in the 30

! The only exception to the continuous effect that I am aware of is a finding reported in Turk & Shattuck-

Hufnagel (2007). They found a continuous effect for the same type of words (e.g., ‘pacific’, ‘manassas’) as
analyzed in the present study, but did not find it for other trisyllabic words used in that study such as words with
the main stress on the antepenultimate syllable (e.g., ‘Madison’, ‘Cheddarfield).
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participants is consistent with the account proposed in Katsika et al. (2014). Katsika et al.
(2014) argued that the m-gesture and the gesture that models lexical stress (u-gesture) are
weakly coupled to each other phrase-finally. As a consequence of the interaction of the two
gestures, the m-gesture shifts to the left towards the stressed syllable, resulting in the earlier
onset of phrase-final lengthening in words with non-final lexical stress. This account suggests
that boundary effects can spread towards the stressed syllable. The differences between
speakers observed in the current study might be attributed to variation in the coupling of the
n-gesture with other gestures (for example, the variable strength of the coupling between n-
gesture and the p-gesture resulting in the variable degree in which the m-gesture shifts
towards the stressed syllable), and/or the variable scope of the n-gesture itself. It should be
noted that a more fine-grained analysis of the data, such as an analysis of the segment
durations depending on the boundary, as well as computational modeling of the data are
required to evaluate to what extent the individual differences observed in the results are due
to systematic variation between speakers.

Turning to the shortening effects, post-boundary shortening was found for S4 (across
speakers and for 18 speakers in the individual analyses). The pre-boundary target word
showed shortening of S1 or S2 durations for a subset of participants as well. The four
participants in groups 3 and 6 shortened S1 duration in the IP boundary condition, and the
two participants in group 5 shortened S2 duration in the IP boundary condition. Not many
previous studies have identified boundary-related shortening (though see Byrd et al., 2006;
Krivokapi¢, 2007; Katsika et al., 2014). Similar to the present study, Katsika et al. (2014, see
also Katsika, 2016) found both pre- and post-boundary shortening effects and interpreted
them to be a consequence of the interaction between lexical stress and boundary-related
lengthening (rather than a separate effect of the boundary). In Katsika’s model, the interaction
between the p-gesture in the pre-boundary word and the n-gesture results in not only shifting
of the m-gesture (as explained above) but also shifting of the p-gesture towards the boundary.
That is, the n-gesture shifts towards the lexical stress in the pre-boundary word, which leads
to post-boundary shortening, and the lengthening effect of the lexical stress shifts towards the
boundary, which leads to shortening at the onset of stress-induced lengthening. This account
can capture most of the patterns observed in the present study, with the differences between
individual participants being possibly due to the result of the variable scope and/or coupling

strength of the n-gesture and the p-gesture.
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2.4.2. Pitch reset

A positive pitch reset in the IP boundary condition indicates that there was a significant
increase in the f0 in the post-boundary syllable compared to the f0 in the pre-boundary
syllable. That a majority of participants (20 out of 32 participants) used f0 to mark the IP
boundary suggests that tonal patterns associated with the right edge of IP (the pitch reset
measure in this study indirectly captures the end of the L boundary tone associated with the
stressed deaccented syllable of TG1) are used in conjunction with the temporal properties
(Ladd, 1988; de Pijper & Sanderman, 1994). However, 11 participants produced an f0
difference across word boundaries that was not significantly different from the f0 difference
produced across IP boundaries. The results suggest that these participants did not employ
pitch reset to distinguish IP boundaries from word boundaries. There was one participant who
produced a small positive reset at word boundaries but a negative difference at IP boundaries,
which is an unexpected pattern.

Those speakers who used f0 to signal IP boundaries produced f0 differences across IP
boundaries to varying degrees. For example, some participants — e.g., participants 4, 6, 14, 24,
25, 30, 31, 32 — produced an average f0 difference across IP boundaries smaller than 50Hz,
while other participants — e.g., participants 1, 2, 20, 21, 22, 28 — produced average {0
difference across IP boundaries that exceeded 100Hz. Individual variation in the use and
degree of f0 in marking IP boundaries is in line with a few previous studies that showed
substantial individual variation in the fO contours associated with a major phrase boundary
(Swerts, 1997; Zhang, 2012; Petrone et al., 2017). In Petrone et al. (2017), the majority of
speakers produced a H edge tone to signal the end of IP in German, but the 12 individuals
differed in the type of f0 contours, such as rise, plateau, fall or others. Petrone et al. (2017)
concluded that f0 is the most variable property of IP boundaries due to the robust individual
variation. In Zhang (2012), the 10 English speakers showed substantial variation in the mean
f0 slope, with two speakers showing only a very small fO rise across the IP boundary,
suggesting that they did not employ the pitch cue to signal the IP boundary. The results of the
current study also indicate pitch reset to be the most inconsistent property in that not all
participants produced a positive pitch reset across IP boundaries, whereas all participants

produced final lengthening of the word-final syllable and pauses at IP boundaries.
2.4.3. Pause duration
Inter-speaker variation in pause duration has been relatively well documented in previous

studies (Swerts and Geluykens, 1994; Fant et al., 2003; Krivokapi¢, 2007). The results of the
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current study are consistent with these studies, showing substantial variation in the duration
of silent interval produced at the IP boundaries.

It has been argued that, as with other properties of IP boundaries, the high variability
in pause duration may be correlated with the strength of the prosodic boundary (Swerts, 1997,
Krivokapi¢, 2007, Horne et al., 2015). Boundary strength is unlikely to be a major cause of
the large variability found in the current study given that the stimuli did not differ across
participants and participants were given the same instructions, though fine aspects of
interpretation might have differed between speakers. Therefore, the variation in pause
durations presented here may be predominantly the result of individual differences in
boundary production. Petrone et al. (2017) noted that durations of silent pauses for IP
boundaries were perceived in a categorical manner, despite the variability in production. It is
worth investigating further how listeners deal with the inter-speaker variability in the
production of IP boundaries and whether and how perception of pause duration differs from
perception of other properties of the IP boundary, which are questions that are addressed in

the next chapter of this dissertation.

2.4.4. Weighting of the acoustic properties of IP boundary

Figure 2.18 summarizes the results for the three types of IP boundary markers by giving each
speakers’ averaged produced syllable durations (left), pause duration (middle), and pitch reset
values (right). As discussed, not all speakers use all three acoustic properties to distinguish IP
from word boundaries, and speakers differ in the degree to which they use the acoustic
properties. Thus, 11 participants did not significantly differ in pitch reset across IP vs. word
boundaries, and one participant produced a difference but in a direction opposite the expected
one. Among those 20 participants who did use pitch reset, some produced a larger f0
difference across IP boundaries than others. For the other two examined properties,
participants used them to varying degrees.

The results do not indicate a predominant pattern among the 32 participants in how
the various acoustic properties relate to each other. That is, it is not generally the case that
speakers who use a specific property to a larger (or lesser) degree use one or more of the
other properties to a larger (or lesser) degree as well.

Nonetheless, despite the absence of these general patterns, some participants
manifested trading relationships for some of the markers, as shown by the results of the
Correlation Tests for S3 duration and pause duration (five participants) and for S3 duration

and f0 difference (five participants who did not overlap with those first five participants).
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This means that the more these participants produced one property of IP boundary, the
weaker their production of the other property. The trading relation between S3 duration and
pause duration is in line with previous studies (Ferreira, 1993; Byrd et al., 2006).

On the other hand, for some participants, the results for pause duration showed an
enhancement relationship relative to other properties. Six participants showed this
relationship for pause and pitch reset: the longer their pause durations, the greater the fO
difference across IP boundaries. One participant showed this relationship between pause
duration and S3 duration, such that the longer their pause durations were, the shorter the S3
duration.

Overall, though, it was not the case that either a trading or enhancement relationship
was observed across all participants, meaning that there was no single overarching way that
participants use one marker of IP boundary in relation to how they use another. The precise

relationship between the various IP boundary markers needs to be further investigated.
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Figure 2.18. Results of analyses of acoustic properties associated with IP boundaries for 32
participants. Left: the average durations of each syllable of TG1 and of the first syllable of
TG2 in IP condition. Middle: average pause durations. Right: average f0 difference in word
(black) and IP (orange) boundary conditions. Participants marked with the blue box did not
use pitch reset to distinguish IP and word boundaries.

2.5. Conclusion

The results of the production study that analyzed 32 participants’ production of IP
and word boundaries showed that all three acoustic properties are reliably used to distinguish
IP from word boundaries. Individual-speaker analyses revealed that there is substantial
variation in both the combination of the IP boundary markers and the degree to which they
are employed. Although the study found continuous effects of IP boundaries on boundary-
related lengthening, the variation in the onset and scope of the lengthening among
participants and the differences in how they use pitch reset suggests that individuals differ in
how they encode prosodic structure.

Chapter 3 presents the perception experiment that investigated whether the individual

variation observed in the production study is mirrored in the same participants’ perception.



CHAPTER 3

Perception of Prosodic Boundaries

In this chapter, American English-speaking listeners’ real-time use of the acoustic properties
that differentiate IP and word boundaries is investigated using a visual world paradigm.
Particular attention is paid to the perceptual weighting of the multiple acoustic correlates
identified in Chapter 2. Section 3.1 introduces the details of the methodology used in the
experiment including the creation of the auditory and visual stimuli, participants, procedures,
and statistical design. Section 3.2 presents the hypotheses and predictions of the perception
experiment. Section 3.3 reports the results of the statistical analyses conducted based on the
group data. Finally, Section 3.4 discusses the results in regard to the three major cues for IP

boundary.

3.1.  Methods

3.1.1. Auditory stimuli

The experimental sentences from the production experiment were used in the perception
experiment. Auditory stimuli were created by manipulating the acoustic properties of the
target word sequence (TG1 # TG2, where # denotes either IP or word boundary) in the target
sentences as produced by the model speaker.

The model speaker was a female native speaker of American English from the
Midwest. The procedures for recording the model speaker were the same as those used for the
production experiment described in Chapter 2. The model speaker was seated in front of a
microphone and a laptop computer inside a sound-attenuated booth and given the same
written instructions as the participants in the production experiment. The recording consisted
of four repetitions of the eight pairs of target sentences. The model speaker was given the
same stimuli and instructions as the participants for the production experiment, and therefore
silently read the context sentences before saying the target sentences out loud.

Table 3.1 gives the model sentences that served as the basis of the acoustic

manipulations. They differ from the actual recording in that the first word of each target
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sentence (‘no’) was removed to reduce the time per each trial.

TG1 TG2 Boundary Auditory stimuli

1P the police called maMIma. # Melinda and Danny said no one got hurt.

Melinda
Word the police called maMIma # Melinda. And Danny said no one got hurt.

maMIma

1P the queen called maMIma. # Belinda and Daisy thought that was rude.

Belinda
Word the queen called maMIma # Belinda. And Daisy thought that was rude.
1P the painter called naNIna. # Navarro and Damon bought the painting.

Navarro
Word the painter called naNIna # Navarro. And Damon bought the painting.

naNIna

1P the farmer called naNIna. # Delilah and David asked about the apples.

Delilah

Word the farmer called naNIna # Delilah. And David asked about the apples.

Table 3.1. Target sentences used in the perception experiment.

The auditory stimuli were created by manipulating syllable durations, pause duration, and f0.
Prior to these manipulations, the following measures were taken for all sentences produced
by the model speaker: the durations of all three syllables of TG1 and the first syllable of TG2,
the silent interval (pause) between TG1 and TG2 in the IP boundary condition, and the {0
minimum and maximum in the last syllable of TG1 (S3) and the first syllable of TG2 (S4).
The averages of these values were calculated and used to determine the values of the

manipulated auditory stimuli.

3.1.1.1.  Manipulation procedures

This section describes the manipulation procedures for each acoustic property to create the
auditory stimuli containing a specific set of IP boundary markers. For each of the four IP vs.
word comparisons (see Table 3.1), the same base carrier utterance (produced in the word
boundary condition) was used across different manipulations. Consequently, there is no
difference in the auditory stimuli before and after the target word sequence within the same

sentence type.
a) Pause

There were two manipulation conditions for pause: present and absent. In the pause-

present condition, the model speaker’s average IP pause duration (240 ms) was inserted
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between TG1 and TG2. In the pause-absent condition, the same pause duration was

inserted after TG2, while TG1 and TG2 were concatenated without a silent interval.

b) Pitch reset

There were three pitch reset conditions, as schematized in Figure 3.2. Figure 3.3 gives
an example of the pitch reset manipulation with the target word sequence “maMIma #
Belinda”. The “No pitch reset” manipulation is based on an interpolation between the
two f0 values at S3 onset and S4 offset after removing all f0 values between these
values. This achieved a gradual decrease in fO0 across the boundary. The difference
between the two f0 targets was less than 10 Hz, which is unlikely to be perceived as a
{0 fall for speakers of American English (Turner, Bradlow & Cole, 2019).

The “Small pitch reset” manipulation is based on the model speaker’s average
difference between the fO minima in the two syllables across IP boundary (S3 and S4),
which was 21 Hz. (The average difference between the f0 maxima across IP boundary
was 19 Hz. In the interest of a robust manipulation, the larger of the two values was
chosen.) The “Large pitch reset” manipulation was 32Hz, which is the reference (i.e.,
“Small pitch reset”) size multiplied by 1.5. All f0 manipulations were applied after the
syllable durations of TG1 were manipulated and concatenated.

The first step of applying the two different sizes of pitch reset to the different
versions of TG1s was to set the f0 target at the offset of TG1 at 161Hz, which was held
constant across the different manipulation conditions. This f0 target was then
interpolated with the f0 target at the onset of TG1, and this interpolation created a f0
trajectory that was comparable to a LL%. This {0 trajectory for TG1 ensured that
participants were not exposed to any f0O-related variation leading up to the target
boundary. Then the f0O target at the onset of TG2 was set to 182Hz (i.e., 21Hz higher
than 161Hz) for the manipulation types using the reference size of pitch reset (“Small
pitch reset”), and to 193Hz (i.e., 32Hz higher than 161Hz) for the manipulation type
using the larger size of pitch reset (“Large pitch reset”). For the control conditions, the

{0 target at the onset of TG2 was set to 161Hz.
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S1 $2 T Control

S1 S2 S3 =--m=e] S2 and S3 lengthened

S1 S2 Y, S3 lengthened

S1 82 o S1 shortenedand S3 lengthened

Figure 3.1. Schematic representation of the manipulation conditions for phrase-final

lengthening.

TG2
. No pitch reset
treresenaa...,., Small pitch reset

Large pitch reset

Figure 3.2. Schematic representation of the manipulation conditions for pitch reset.
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Figure 3.3. Spectrograms of the target word sequences “maMIma Belinda” for the different

pitch reset conditions (top: no reset, middle: small reset, bottom: large reset) used in the
stimuli.
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¢) Final lengthening

As shown in Table 3.2, there were four syllable duration conditions, with the
manipulated durations being determined by the model speaker’s TGl (‘maMIma’,
‘naNIna’) syllable durations in the word and IP boundary conditions averaged across
repetitions. The syllable durations used in the control condition are the average syllable
durations produced in the word boundary condition. Shortening and lengthening of
syllable length was done by removing (for shortening) or adding (for lengthening)
pulses at the end of the syllable.

TG1 = ‘maMIma’ TG1 = ‘naNIna’
Lengthening manipulation
S1 S2 S3 S1 S2 S3
Control 137 175 177 131 172 160

S2 and S3 lengthened

(Early onset lengthening) 137 | 211 | 309 | 131 | 207 | 302

S3 lengthened

(Late onset lengthening) 137 | 175 | 309 | 131 172 | 302

S1 shortened and S3 lengthened

(Late onset lengthening + shortening in S1) 10 175 309 105 172 302

Table 3.2. The manipulated syllable durations (ms) for each TG1.

The four manipulation conditions of final lengthening are schematized in Figure 3.1.
The control condition reflects the average syllable durations of TG1 produced in the
word boundary condition by the model speaker. The three remaining conditions reflect
the three most common patterns of phrase-final lengthening observed in the production
study. The durations of the lengthened and shortened syllables are derived from the
speaker’s averaged productions of TGl in the IP boundary condition. The three
syllables (S1, S2, and S3) of TG1 were spliced from three different renditions of TGI

that matched the average syllable duration for the control condition.

3.1.1.2. Summary of manipulation conditions

The model speaker’s original, unmanipulated utterances produced in the IP boundary
condition manifested all three acoustic cues to IP boundary: phrase-final lengthening, pause,
and pitch reset. The goal of the artificial manipulation of these acoustic markers of IP

boundary was to control the combination and type of the markers available in the auditory
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stimuli. The two manipulation conditions of pause, four manipulation conditions of syllable
durations of TG1 including a control condition, and three manipulation conditions of pitch
reset resulted in 12 different combinations of manipulation conditions, which are represented

in Figure 3.4.

m Syllable durations Pitch Reset

_— No pitch reset -

No lengthening i— Small pitch reset | M1
M2

Large pitch reset

~__——  Nopitch reset | M3
S2 and S3 lengthened —
No pause

between TG1 and TG2 |

—— Small pitch reset -

_ No pitch reset -~ M5
S3 lengthened —

7 Small pitch reset -

~__— No pitch reset - M7
S1 shortened + S3 lengthened —"_

— Small pitch reset -—-----

S2 and S3 lengthened — - Small pitch reset

Pause

S3 lengthened — Small pitch reset - M10
between TG1 and TG2

/F\ /////\\\\
3 I EEEEEE

S1 shortened + S3 lengthened ~— Small pitch reset M11

Figure 3.4. Summary of all manipulation conditions. MO~M11 refer to the combinations of
the three IP boundary markers.

Pause is inserted after TG2 in nine out of the 12 manipulation conditions. Three out of those
nine conditions do not involve boundary-related lengthening or shortening, such that the
syllable durations of TGI reflect the model speaker’s averages produced in the word
boundary condition. These three conditions are distinguished in the manipulation of pitch
reset; one does not involve pitch reset, another involves a small pitch reset between TG1 and
TG2, and the other involves a large pitch reset. The condition without any of the three IP
boundary markers serves as the control condition (MO0), while the other two conditions (M1,
M2) test the effect of the size of pitch reset. Varying the size of pitch reset is motivated by the
gradient sizes of pitch reset found in the participants’ acoustic data collected in the production
experiment.

The remaining six out of the nine conditions are characterized by three different
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patterns of phrase-final lengthening and the presence/absence of pitch reset. In the absence of
pause and pitch reset between TG1 and TG2, the three conditions differing only in the pattern
of lengthening (M3, M5, M7) allow us to compare the timing of perception of an IP boundary
based solely on the different time points at which a temporal cue — syllable shortening or
lengthening — is heard. The point of investigating the other three conditions without pause but
with pitch reset (M4, M6, M8) is to determine how listeners respond to the combined effect
of final lengthening and pitch reset. Previous research on cue-weighting of prosodic
boundaries has examined whether the effect of these cues is cumulative (Streeter, 1978; Seidl,
2007; Yang et al., 2014) — i.e., whether listeners would detect an IP boundary more accurately
when given a combination of two cues than when given a single cue. While Streeter (1978)
and Seidl (2007) found evidence for cumulative effects of acoustic cues to perception of
boundary in English and German respectively, Yang et al. (2014) did not find such effects in
Mandarin.

Pause is inserted after TG1 in the remaining three manipulation conditions (M9, M10,
MI11). All three conditions have a small pitch reset across the target boundary, and they vary
depending on the pattern of phrase-final lengthening. Because listeners will have access to
final lengthening first, then pause, and then pitch reset, the time course of listeners’ fixations
on the target visual stimuli may vary across these manipulations.

There are two main reasons that the conditions are not fully balanced — i.e., not all
combinations of the cues are included in the design. First, the manipulated stimuli involving
no final lengthening in the phrase-final TG1 followed by a silent interval did not sound
natural (presumably because such utterances do not typically occur in speech production).
The other reason for the imbalance is to reduce the length of the eye-tracking experiment by

including only those manipulation conditions for which clear hypotheses can be established.

3.1.2. Visual stimuli

Eight pairs of simple line drawings were created by a professional artist to illustrate the
critical portion of the situation described in each pair of target sentences. In the drawings, the
person facing forward was always the person doing the “calling” (see Table 3.1): a policeman,
a farmer, a queen, or a painter. The person with their back towards the viewer — referred to as
either ‘Mamima’ or ‘Nanina’ — appeared the same in all pictures. The two pictures in each
pair were differentiated by the presence/absence of a third person inside a speech bubble,
which signaled the meaning difference induced by the type of prosodic boundaries. Figure

3.5 represents an example pair of images depicting the target sentences with the IP boundary
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condition on the left and the word boundary condition on the right. The left image without the
speech bubble depicts a situation in which the painter called Nanina, while the right image
with the speech bubble depicts the painter mistakenly calling Nanina using a different name,
Navarro. In all pictures showing three people, the third person appeared the same. The image
was gender neutral given that it variably referred to someone with either a typically female
name (Melinda, Belinda, and Delilah) or a typically male name (Navarro). All pictures used

in the perception experiment are given in Appendix F.

(1) IP boundary condition (2) Word boundary condition

A
i
{

{
N

1)

A: The agent called Nanina. Navarro and Parker bought the painting.

B: No, the painter called Nanina. # Navarro and Damon bought the painting.
2)

A: The agent called Nanina Navarro. And Parker bought the painting.

B: No, the painter called Nanina # Navarro. And Damon bought the painting.

Figure 3.5. Examples of visual stimuli with corresponding sentences. The pound sign (#)
represents the location of the target boundary, IP in (1), word in (2). Participants heard the
underlined portion of the sentences.

3.1.3. Participants
All 32 participants in the production experiment were invited to return to participate in the
perception experiment. Twenty of them returned, with the separation between their

participation in two experiments being six months or longer. They were tested individually
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and received financial compensation for participating in the roughly 75-minute perception

session.

3.1.4. Procedures

After reading the instructions for the experiment and giving written consent to participate,
participants were first seated in front of a computer monitor for a familiarization session.
They were presented with a slideshow of the visual stimuli accompanied by the written
version of the auditory stimuli. An example of these slides is shown in Figure 3.6. The
location of the two images on the screen was randomized in the familiarization session as
well as in the main test. Participants were told that they would not hear both sentences during
the main experiment, but instead would hear only the highlighted portion (excluding the
initial ‘no’). They were told that the italicized words represent the words that are emphasized.
They were reminded of the fact that the novel names ‘maMIma’ and ‘naNIna’ are interpreted
as personal names.

The familiarization session ensured that participants establish associations between
the picture and boundary type prior to testing. To check their understanding, after being given
sufficient time to look at, for example, the top pair of pictures and dialogue in Figure 3.6,
participants were asked to match the pictures with the sentences, and then match the people in
each picture with the names in each pair of sentences. After answering these questions, they
saw the next slide — for example, the bottom pair of pictures in Figure 3.6 — which showed

the same pictures with the characters’ names labeled.
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Q. Which picture corresponds to which dialogue?

A: The agent called Nanina. Navarro and Parker bought the painting.

(1

B: No, the painter called Nanina. Navarro and Damon bought the painting.

A: The agent called Nanina Navarro. And Parker bought the painting.

(2)

B: No, the painter called Nanina Navarro. And Damon bought the painting.

Navarro
Y

—~Nanina - x.

Painter\

T

il

Figure 3.6. Sample familiarization slides. Participants saw the top slide first and then saw the
bottom slide.

After the familiarization session, participants were seated in front of a computer monitor and
a desk-mounted camera, with a distance of about 550-650 mm from the camera and about
800 mm from the monitor. Their eye movements were captured with a remote monocular
eye-tracker (EyeLink 1000 Plus, SR Research), using a 25 mm lens and sampling at 500 Hz.
At the beginning of the eye-tracking session, the experimenter performed a calibration
procedure with the participant’s dominant eye. It was repeated until criterion was reached.
The auditory and visual stimuli were presented to the participants using Experiment Builder
(SR Research) and professional headphones (AKG271MK2).

After calibration and before the main testing, participants were given 10 practice
trials that were randomly chosen from the main test, to ensure they fully understand the task.

In each trial, participants saw a pair of pictures on the computer monitor while hearing the
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recorded prompt (“Look at the pictures™). They had 2000 ms to look at the pictures after the
prompt ended. After that, a third picture appeared in the center of the screen, as participants
heard another prompt (“Look at the center”). After 800 ms, the auditory stimulus was played.
The center image remained throughout the rest of the trial. Participants were instructed to
look at the image that represents the dialogue that they think they hear. (There was no other
input method such as mouse clicking or button pressing.) An example of the visual stimuli

with the third image in the center is given in Figure 3.7.
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Figure 3.7. Sample trial screen.

= S

&
S

The experiment included a break between each of four blocks. Each block consisted of one
randomized repetition of the 48 auditory stimuli (two TG1 x two TG2 x 12 manipulation
conditions), resulting in a total of 192 test trials for each participant. Each trial lasted no more

than 10 seconds, and each block took less than nine minutes.

3.1.5. Analyses

The three images on the screen were defined as the Interest Areas (IAs) in which eye
movements were monitored during each trial. In the binning analysis, proportion fixations to
each IA over time was calculated for each 20ms temporal bin during each trial. For each trial,
proportion fixations to all three pictures were calculated from the onset to the offset of the
auditory stimulus. The 48 auditory stimuli had different durations due to the eight different
sentence types (2 BOUNDARY x 2 TGI1 x 2 TG2) and the different length manipulations.
Due to the length manipulations, the time points corresponding to the onset of each syllable
of TG1 also differed across conditions, as shown in Table 3.3 for the four different target

sequences.
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(1) maMIma # Belinda

Time points (ms)
[Ev Control Early onset Late ons.et Late onset lengthening +
lengthening lengthening S1 shortening
Onset of TG1 1157 1157 1157 1157
Onset of S2 of TG1 1294 1294 1294 1267
Onset of S3 of TG1 1470 1505 1470 1442
Offset of TG1 1647 1814 1778 1751

(2) maMIma # Melinda

Time points (ms)
Event Control Early on.set Late 0n§et Late onset lengthening +
lengthening lengthening S1 shortening
Onset of TG1 1132 1132 1132 1132
Onset of S2 of TG1 1270 1270 1270 1242
Onset of S3 of TG1 1445 1480 1445 1417
Offset of TG1 1622 1789 1754 1726

(3) naNIna # Delilah

Time points (ms)

Event Control Early onget Late ons.et Late onset 1engthening +
lengthening lengthening S1 shortening
Onset of TG1 944 944 944 944
Onset of S2 of TG1 1075 1075 1075 1049
Onset of S3 of TG1 1248 1282 1248 1222
Offset of TG1 1408 1584 1549 1523

(4) naNIna # Delilah

Time points (ms)

LE3stoiat Control Early onget Late onset Late onset lengthening +
lengthening lengthening S1 shortening
Onset of TG1 990 990 990 990
Onset of S2 of TG1 1121 1121 1121 1095
Onset of S3 of TG1 1293 1328 1293 1267
Offset of TG1 1453 1630 1595 1569

Table 3.3. Time points (in ms from 0 = onset of auditory stimulus) of TG1 syllables for target
word sequences for different lengthening manipulation conditions and the control condition.
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Participants’ eye movements were recorded and processed using EyeLink Data Viewer, a data
analysis program that generated reports on proportion fixation on the three Interest Areas
(IAs) using 20ms bins. For example, the proportion fixation on IA1 for a given time bin was
calculated as the proportion of recorded fixation counts on IA1 divided by recorded fixations
on all three [As. Because IA1 and IA2 corresponded to the left and right images, respectively,
while IA3 corresponded to the center image, which participants looked away from as soon as
the auditory stimulus started playing in the trial, the proportions fixation on IA3 was only
used to verify that participants were looking at the center image immediately before looking
to the left or right image, and was not submitted to statistical analyses.

Data from one participant (P19) were excluded from the analyses because of
difficulties in systematically tracking that participants’ eye gaze over the course of the
experiment.

The eye movement data from 19 participants were analyzed using Generalized
Additive Mixed Models (GAMM; Wood, 2006) using the mgcv package (version 1.8.28;
Wood, 2011) in R (version 3.5.1; R core team, 2018; www.r-project.org). GAMM is a type of
Generalized Linear Mixed-effects Model (GLMM) that uses non-linear smoothing functions
to capture the non-linear relationship between two or more predictor variables, and therefore
useful for fitting noisy data such as eye movement data.

Twelve manipulation types correspond to 12 different combinations of the three
primary acoustic cues for the IP boundary (see Section 3.1.1.2). These 12 types were not
tested in a single statistical model; rather, a subset of the perception data was modeled to
examine the effect of each IP boundary cue in question. For example, responses to the four
manipulation types involving the three patterns of phrase-final lengthening plus the control
condition, all other cues being equal, will allow us to narrow down the question to see
whether there are systematic perceptual differences in regard to the final lengthening patterns,
when all other manipulation are held constant.

The significance testing of the effect of the manipulation types (i.e., the fixed effect
of Pitch Reset or Lengthening Pattern for each model) was conducted via a nested model: a
nested model including the parametric term (e.g., manipulation type) is set up and compared
with a base model without the parametric term (and the difference smooth) using Akaike
Information Criterion (AIC) scores, which take into account both goodness-of-fit and model
complexity/simplicity. Model comparisons were conducted using the compareML function in

the itsadug package (version 2.3; van Rij, et al., 2020) in R. The plots are created using the
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itsadug package and the ggplot2 package (version 3.2.1; Wickham, 2016)

The predictor variables relevant to the research questions were tested for significance.
The response variables were the proportion fixations on the images representing either the IP
boundary or the word boundary, that were labeled as ‘Proportion fixations to IP#’ and
‘Proportion fixations to word#’, respectively, in the analyses. Finally, as in the analysis of the
production data, no corrections were made for multiple comparisons, with the idea that, given
that both Type I and Type II error are errors, I rather show all results, with the understanding

that this might increase the risk of Type I error.

3.2.  General hypotheses
The experiment investigates whether there are significant differences in participants’
responses to the 12 manipulation types that represent 12 different combinations of the IP
boundary cues. It is hypothesized that listeners are sensitive to the timing of the different
acoustic information for the IP boundary as it becomes available in the auditory stimuli.
Specifically, across this group of listeners, fixations on the image representing the IP
boundary are predicted to increase when a boundary-adjacent syllable is lengthened relative
to conditions without lengthening. Similarly, listeners’ fixations on the IP boundary image
should increase when the stimuli contain a small or large pitch reset, while their fixations on
the word boundary image should increase when there is no pitch reset in the auditory stimuli.
Finally, a study by Zhang (2012) that used a similar design to examine cue-weighting of the
primary IP boundary markers, but did not test the time course of perception, showed that
listeners’ perception of a target boundary was influenced by pause duration significantly more
than by final lengthening or pause. Therefore, the prediction is that the presence of a pause
may override any potential influence of final lengthening on the time course of boundary
perception.

More specific hypotheses and predictions for the perceptual consequences of the
acoustic manipulations are presented in the results section for pause duration (3.3.1), pitch

reset (3.3.2), and final lengthening (3.3.3).

3.3.  Results

This section presents the results for the effects of different combinations of IP boundary cues
on the perception of IP and word boundaries. Selection of GAMMs was done using the
compareML function in R, by comparing the AIC scores between a full model and a

corresponding, reduced model. The results of the model with the best fit are reported.
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Participants’ eye movements to the target images in each trial were monitored
starting from the onset of the auditory stimulus and lasting through the end of the stimulus,
but the time range included in all GAMMSs reported in this chapter was from 200ms after
TG1 onset to 400-500ms after TG1 offsets (which varied depending on the lengthening
conditions). The only instance where a larger range is shown is for the pause duration, so as
to show the general pattern of eye-movements.

All black vertical lines in the figures in this section indicate the temporal location of
the TG1 offsets or the syllable boundaries of TG1 in the auditory stimuli, to which 200ms
have been added. The 200ms addition is included given the estimate of around 200ms to
program an eye movement upon hearing an auditory stimulus (e.g., Dahan et al., 2001). Thus,
fixations beginning roughly 200ms after TG1 offsets might be associated with acoustic
information that becomes available shortly after TG1 offsets. There are multiple vertical lines
(i.e. TG1 offsets) because the durations of TG1 varied depending on the manipulations of

syllable durations that were applied to the different patterns of final lengthening.

3.3.1. Presence vs. absence of pause

A greater proportion of fixations on the IP boundary image is predicted when listeners hear
auditory stimuli with a pause between TG1 and TG2 than when they hear stimuli without that
pause. Correspondingly, more fixations on the word boundary image are predicted when
listeners hear auditory stimuli without a pause between TG1 and TG2.

The results, given in Figure 3.8, show that, as predicted, participants were sensitive
to pause at the end of an IP. In nine out of 12 manipulation conditions (Figure 3.4), there was
no pause between TG1 and TG2. On hearing these stimuli (left panel of figure), participants
fixated on the image representing the word boundary (blue lines) but not the IP boundary (red
lines). However, on hearing the remaining three manipulation conditions, which included a
silent interval of 240ms between TGl and TG2, participants fixated on the IP boundary
image (red lines in the right panel) rather than the word boundary image (blue lines). The
different patterns of responses show that presence of pause between pre- and post-boundary
words is a salient cue for an IP boundary, and its absence indicates a word boundary. Given
these robust effects, no statistical model was run to test the effect of the presence and absence

of pause duration on the perception of prosodic boundary between TG1 and TG2.
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Figure 3.8. Proportion fixations on IP (red) or word (blue) boundary images in response to
the 12 different types of auditory stimuli, without (left panel) or with (right) pause between
TG1 and TG2. The grey lines represent proportion fixations on the center image, which
listeners were directed to look at before hearing the auditory stimulus. The multiple vertical
lines represent the TG1 offsets (plus 200ms to program an eye movement), which varied
depending on the lengthening patterns. Time 0 = onset of TG1 in the auditory stimuli.

3.3.2. Pitch reset

This section presents the results of the models that tested for the influence of pitch reset
between TG1 and TG2 on the perception of IP and word boundaries. The effects of pitch reset
without pause, and without (3.3.2.1) or with (3.3.2.2) final lengthening in TG1 are presented.
The effect of pitch reset could not be tested for the three manipulation conditions involving
pause because the small pitch reset was present in all three conditions.

It is hypothesized that listeners will be sensitive to pitch reset. In the absence of final
lengthening (or pause), this would mean fewer proportion fixations on the word boundary
image when the stimuli contain small or large pitch reset than when they contain no pitch
reset. However, when the stimuli contain both pitch reset and final lengthening, or all three
cues including pause duration, these manipulations may interact or have an additive effect,
possibly yielding even fewer fixations on the word boundary image when the stimuli contain
pitch reset and final lengthening than when the stimuli contain pitch reset only. Moreover, if
listeners are sensitive to the size of pitch reset, they should show fewer fixations on the word

boundary image when they hear the large pitch reset than the small pitch reset.

3.3.2.1.  Pitch reset without final lengthening
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There are two hypotheses that concern pitch reset: one concerns the effect of the presence or
absence of pitch reset (MO vs. M1 in Figure 3.4) on the timing of fixations on the word
boundary, while the other concerns the effect of the size of pitch reset (M1 vs. M2). These
hypotheses are tested in a single model.

The GAMM included Reset Type (no reset vs. small reset vs. larger reset) as a
predictor variable, the difference smooth that fitted the difference between each pair of the
reset types, and Participant as a random smooth. The model tested participants’ proportion
fixations on the word boundary image for stimuli that did not contain final lengthening in
TGI or pause between TG1 and TG2 (M0, M1, M2).

The model structure and output are shown in Table 3.4. The parametric terms in the
output indicate that the difference between proportion fixations on the word boundary image
in response to the no vs. small reset stimuli is marginally significant (p=0.053), while the
difference between the responses to the no vs. large reset stimuli is not significant (p=.18).
The difference smooths, however, indicate that both differences are significant (p<0.001 for

both), meaning that the shapes of the smooths in these comparisons are significantly different.

Model Structure:

Proportion fixation ~ Manipulation Type + s(Time) + s(Time, by=Manipulation Type) +
s(Time, Participant)

Parametric coefficients:

Estimate Std. Error z value Pr(>|z|)
(Intercept) 0.473201 0.020326 23.281 <2e-16 ***
Ml 0.004735 0.002452 1.931 0.0534 .
M2 0.003325 0.002452 1.356 0.1750
Approximate significance of smooth terms:
edf Ref.df F p-value
s(Time) 8.549 8.678 41.375 <2e-16 ***
s(Time):M1 4.872 5.915 3.950 6e-04 ***
s(Time):M2 5.944 7.063 8.255 3.86e-10 ***
s(Time,subyj) 155.189 170.000 73.413 <2e-16 ***

Table 3.4. Structure and output of model testing for the effect of Reset Type.

To identify the time range over which the smooths significantly differ and how they differ,

the three smooths are plotted, along with the three difference smooths in Figure 3.9.
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Significant differences (i.e., regions that significantly differ from zero) are indicated in the

intervals delineated in red along the x-axis.
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Figure 3.9. Model predictions for pitch reset results. Top left: Smooths fitted for the three
Reset Types. Bottom panels: Difference smooths for each pair of Reset Types. Time 0 = onset
of TG1 in auditory stimuli. Vertical dotted black lines = TGI1 offsets plus 200ms for two

TG1s (earlier for ‘naNIna’).

The top panel in Figure 3.9 shows model predictions for fixations on the word image in three

Reset Types over time, while the bottom three panels show the difference between each pair

of smooths, with the time ranges over which differences are significant being identified and

marked in red. The model predictions in Figure 3.9 show a rapid increase in proportion

fixations on the word boundary image in all three reset type conditions shortly after the

adjusted (+200ms) TGl offsets (marked by the vertical lines), indicating that listeners

perceived a word boundary despite the f0 information that signals an IP boundary.
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In testing for the effect of Reset Type, because TG1 offsets co-occur with pitch reset
(or lack thereof), a significant difference in the timing of proportion fixations on target after
the adjusted TG1 offset would suggest an effect of Reset Type. The three bottom panels of
Figure 3.9 comparing the smooths for the no vs. small vs. large reset types show that there are
significant differences in the no vs. small and no vs. large reset comparisons, but not in the
small vs. larger reset comparison. For the first two comparisons, a significant difference
occurring after adjusted TG1 offset (i.e., after about 700ms) would seem to be attributable to
pitch reset, given that pitch reset is the only difference across the manipulations that occurs
after TG1 (and continues throughout the span of TG2). Contrary to the expected positive
differences between the pitch reset conditions, though, the model-predicted negative
differences in the temporal region of interest between no vs. small (left panel) and large
(middle panel) reset types indicate that listeners fixated (slightly but significantly) more often
on the word boundary image when the stimuli included a reset. The lack of significant
difference after adjusted TG1 offset between small vs. large reset (right panel) suggests that
the difference in the size of pitch reset did not influence perceptual responses to the auditory
stimuli.

Lastly, the middle and right panels show small but significant differences in smooths
before TG1 offsets — differences that cannot be meaningfully linked to the variation in reset
types, which occurs after TG1 offset. While the raw data are not shown in the dissertation, a
careful inspection of these data showed that a few participants fixated on the target images
(rather than the center image) earlier in the trial, prior to any crucial difference in the region.
Given this, it may be speculated that these regularly occurring preemptive fixations may have
contributed to the significant differences; Since this is a region with otherwise very little
variability (due to few fixations on target images by the other participants), such small

differences might have led to the model’s prediction of significant differences.

3.3.2.2.  Pitch reset with final lengthening

If the combination of pitch reset and final lengthening induces a stronger IP boundary percept
than pitch reset or final lengthening alone, there should be fewer fixations on the word
boundary image when the stimuli contain both cues than when the stimuli contain only one
cue. However, because the critical time point (i.e., of when the last cue became available to
listeners) varied depending on which cue(s) — pitch reset or final lengthening or both — is/are
present solely or in conjunction in the auditory stimuli, the additive effect (pitch reset + final

lengthening vs. pitch reset only vs. final lengthening only) was not tested in a statistical
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model.

Instead, in the models reported in this section, the effect of presence vs. absence of
pitch reset on word boundary fixations was examined for manipulations in which the auditory
stimuli contained three different patterns of final lengthening in TG1: early onset lengthening,
late onset lengthening, and late onset lengthening + S1 shortening (see M3~MS in Figure 3.4).
Because all stimuli tested in these models involve some pattern of final lengthening, the
effect of presence of pitch reset is comparable to the presence of the additive effects of pitch
reset and final lengthening. Absence of pitch reset, though, involves conflicting boundary
information: no pitch reset is information for a word boundary whereas lengthening is
information for an IP boundary.

The structure and output of the models comparing proportion target fixations as a
function of Reset Type for each of the three patterns of final lengthening are given in Tables
3.5 (early onset lengthening), 3.6 (late onset lengthening), and 3.7 (late onset lengthening +
S1 shortening). For early onset lengthening (M3 vs. M4), the effect of Reset Type (no vs.
small reset) is significant (p<.001), suggesting that there is an overall difference between
proportion fixations for the two types of stimuli. The smooth term that modeled the difference
between the shapes of smooths for the two conditions over time is significant (p<.001),
meaning that there are significant differences over time between stimuli with no vs. small
reset, in the presence of early onset lengthening. That is, listeners fixated more often on the
word boundary image when the stimuli contained no pitch reset than when it contained a
small reset, which is in line with the prediction for the effect of pitch reset.

For both late onset lengthening (M5 vs. M6) and late onset lengthening + S1
shortening (M7 vs. MS8), the effect of Reset Type is significant (p<.05 for late onset
lengthening; p<.001 for late onset lengthening + S1 shortening), and the difference smooth
term is also significant (p<.05 for late onset lengthening; p<.01 for late onset lengthening +

S1 shortening).
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Model Structure:

Proportion fixation ~ Manipulation Type + s(Time) + s(Time, by=Manipulation Type) +

s(Time, Participant)

Parametric coefficients:

Estimate Std. Error

(Intercept) 0.368189 0.020826

M4 0.010110 0.002384

Approximate significance of smooth terms:

edf Ref.df
s(Time) 8.29 8.496
s(Time):M4 6.46 7.572
s(Time,subj) 152.28 170.00

z value
17.679
4.241

F
36.212
7.625
44.758

Pr(>z])
<2e-16

2.23e-05 ***

p-value
<2e-16 ***
7.05e-10 ***

<2e-16 ***

Table 3.5. Structure and output of the model for testing the effect of Reset Type when S2 and
S3 of TGI are lengthened (i.e., early onset of final lengthening).

Model Structure:

Proportion fixation ~ Manipulation Type + s(Time) + s(Time, by=Manipulation Type) +

s(Time, Participant)

Parametric coefficients:

Estimate Std. Error
(Intercept) 0.404759 0.021068
M6 -0.008775 0.002350
Approximate significance of smooth terms:
edf Ref.df
s(Time) 8.291 8.490
s(Time):M6 5.089 6.169
s(Time,subyj) 152.942 170.000

z value
19.212
-3.734

F
36.516
3.393
62.263

Pr(>[z])
<2e-16 ***

0.000189 ***

p-value
<2e-16 ***
0.00212 **

< 2e-16

Table 3.6. Structure and output of the model for testing the effect of Reset Type when S3 is

lengthened (i.e., late onset of lengthening).
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Model Structure:

Proportion fixation ~ Manipulation Type + s(Time) + s(Time, by=Manipulation Type) +
s(Time, Participant)

Parametric coefficients:

Estimate Std. Error z value Pr(>|z|)
(Intercept) 0.393362 0.018083 21.753 <2e-16 ***
M8 0.012971 0.002494 5.201 1.99e-07 ***
Approximate significance of smooth terms:
edf Ref.df F p-value
s(Time) 8.332 8.535 46.376 <2e-16 ***
s(Time):M8 5.151 6.235 5.178 1.53e-05 ***
s(Time,subj) 146.615 170.00 37.695 <2e-16 ***

Table 3.7. Structure and output of the model for testing the effect of Reset Type when S1 is
shortened and S3 is lengthened (i.e., late onset of lengthening + S1 shortened).

The model predictions for the effect of Reset Type (no vs. small reset) in the three different
patterns of final lengthening as well as the difference smooth plots with the significant time
range (marked in red) are shown in Figure 3.10. As with the previous model for the effect of
Reset Types (3.3.2.1), the significant differences identified in the difference plots prior to
TG1 offsets (marked with vertical lines in the model predictions) cannot be meaningfully
linked to the effect of reset types, which is associated with the time range approximately
200ms after TG1 offsets in the auditory stimuli.

The effect of reset types after the pattern-specific adjusted TG1 offset is shown to be
significant in early onset lengthening (top panel in Figure 3.10) and in late onset lengthening
+ S1 shortening (bottom panel), but not in late onset lengthening (middle panel). For the early
onset lengthening condition, after adjusted TG1 offset (indicated by the vertical lines),
listeners were more likely to fixate on the word boundary image when the stimuli had no
pitch reset than small reset, as predicted, consistent with absence of pitch reset contributing to
the percept of a word boundary in the presence of conflicting early lengthening. On the other
hand, for the late onset lengthening condition, where there is presumably less conflict in the
acoustic information for boundaries, there is no significant difference after adjusted TGI
offset. For the late onset lengthening + S1 shortening condition, contrary to expectations,
listeners were less likely to fixate on the word boundary image after TG1 offset when the

stimuli had no reset than when they had small reset. In this case, it appears that the model
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predicts that the significant difference in responses to these manipulations induced by
differences earlier in the stimuli (prior to TG1 offset) extends into the post-TG1 offset region.
While the effect of the time period before TG1 offset cannot be related to the examined
manipulations, the effect observed after TG1 offset (i.e., after the pitch reset manipulations)

might be a carry-over effect.
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Figure 3.10. Model predictions for pitch reset results for three TG1 syllable duration patterns.
Time 0 = TG1 onset + 200ms in auditory stimuli. Left panels: Proportion fixations on word
boundary image over time. (Vertical lines: adjusted (+200ms) TG1 offset for two TGls
(earlier for ‘naNIna’). Right panels: Difference smooths for each comparison. Grey shading:
95% CI.
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3.3.3. Effect of phrase-final lengthening
This section presents the results of the models that tested for the influence of the three final
lengthening patterns in TG1 on the perception of IP and word boundaries. The effects of the
lengthening patterns without pause, and without (3.3.3.1) or with (3.3.3.2) pitch reset
between TG1 and TG2 are presented, as are the effects with both pitch reset and pause
(3.3.3.3).

Recall that three manipulation methods were applied to the auditory stimuli, which
corresponded to the three primary acoustic characteristics associated with perception of the IP
boundary. Figures 3.11 and 3.12 show the relative timing of the available temporal

information across the lengthening conditions for ‘maMIma’ and ‘naNIna’ trials, respectively.

0O 100 200 300 400 500 600 700

convol [ ZZZ

s2 & s3 lengthened [ )] ZZZ
s3tengthened [ ZZZ

st shortened + S3 lengthened [ ZZ

Figure 3.11. Time points of syllable onset/offset of TG1 (‘maMIma’) in three patterns of
phrase-final lengthening and the Control condition. [Blue: S1; Green: S2; Yellow: S3]
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0O 100 200 300 400 500 600 700

convol [
s2a s3tengtencd [/
sstengtnened [/

st shortened + s3 lengthened [l

Figure 3.12. Time points of syllable onset/offset of TG1 (‘naNIna’) in three patterns of
phrase-final lengthening and the Control condition. [Blue: S1; Green: S2; Yellow: S3]

The most common pattern observed in the production experiment was lengthening of S2 and
S3 of TG1 (“early onset of lengthening”), the second most common pattern was lengthening
of just S3 (“late onset of lengthening)”, and the third was S3 lengthening co-occurring with
S1 shortening (“late onset of lengthening + S1 shortening”).

Unlike the effect of Reset Type, in which stimuli have the same syllable durations
within comparisons, the time at which the final lengthening cue becomes available varies.
Final lengthening occurs the earliest in early onset lengthening condition, and latest in late
onset lengthening condition. However, if listeners interpret the shortening in the late onset
lengthening +S1 shortening condition as a cue to an upcoming final lengthening (and
therefore the boundary), listeners will get boundary information in the following order (see
onset/offset of S3 in Figure 3.12): late onset lengthening + S1 shortening (earliest), late onset
lengthening, early onset lengthening (latest). Because listeners get durational information
about the upcoming boundary at different time points, it would be misleading to compare
proportion fixations for stimuli with different lengthening patterns for the same time range.
Therefore, the effect of lengthening conditions is examined by comparing proportion
fixations on the word boundary image at different time points, such as the syllable boundaries,
which are specific to each condition.

The predictions for the effect of lengthening conditions are as follows: listeners are

predicted to be sensitive to final lengthening, which is information for an upcoming IP
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boundary. In the absence of pitch reset or pause, final lengthening serves as conflicting
information, in sequence: final lengthening in TG1 signals the IP boundary but onset of post-
boundary TG2 with no pause or pitch reset signals a word boundary. However, if listeners use
lengthening as information about an IP boundary even in the absence of other IP cues, then
the earlier the information for an upcoming IP boundary, the less listeners should fixate on
the word boundary image. This general prediction yields syllable-specific predictions for S1,
S2, and S3.

There are two possibilities: First, suppose listeners are not sensitive to the shortening
boundary effects (on S1 in conditions M7 and MS8) but are sensitive to final lengthening. In
this case, proportion fixations for all three lengthening conditions at S1 offset will be
comparable to those for the control condition with no lengthening. At S2 offset, fewer
proportion fixations on the word boundary image would manifest for the early onset
lengthening condition but not in the other conditions. At S3 offset, the control condition
would show more proportion fixations on the word boundary image than the other conditions,
while the early onset lengthening condition would show fewer proportion fixations. After
TG1 offset, listeners will fixate on the word boundary image due to the absence of pause (and
instead the presence of the TG2 onset that follows TG1 offset).

Alternatively, if listeners are sensitive to syllable shortening, which they interpret as
a cue for upcoming final lengthening, they would fixate least often on the word boundary
image in the late onset lengthening + S1 shortening conditions.

The main prediction for the perceptual effect of lengthening in manipulations with
pitch reset and no pause (M3~MS&) — that is, stimuli in which the intonational cue becomes
available immediately after the temporal information — is as follows. Relative to the
corresponding manipulations without the intonational information, presence of (small) pitch
reset may lead to further reduction in fixations on the word boundary image.

Lastly, when all three IP boundary cues are present in the target word sequence (final
lengthening, pitch reset, and pause; M9~M11), listeners hear a pause after TG1 instead of
TG2. Because pause is salient information for an IP boundary (section 3.3.1), proportion
fixations on the IP, rather than word, boundary image will be examined to test the hypotheses.
For these stimuli, the order in which listeners hear these cues is final lengthening > pause
duration > pitch reset. The predictions regarding the differences in proportion fixations at
syllable boundaries between the lengthening conditions can be applied here, up until TGI
offset, but in the opposite direction because proportion fixations to the IP boundary image are

being calculated. After TG1 offset, listeners should fixate on the IP boundary image as a
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pause becomes available. Comparing the effect of the lengthening conditions using stimuli
with or without pause, but with the other two cues present, allows us to examine how
differences between proportion fixations at given syllable boundaries are related to (1) which
cue is followed by the final lengthening cue (pitch reset vs. pause), and (2) which boundary

listeners eventually perceive (IP vs. word boundary).

3.3.3.1.  Phrase-final lengthening without pitch reset or pause

To examine whether auditory stimuli that differ only in phrase-final lengthening patterns
elicit different patterns of fixations, fixations on the word boundary image are modeled in a
GAMM that included Lengthening Pattern as a predictor variable, the difference smooth that
fitted the difference between each pair of the patterns of final lengthening, and Participant as
a random smooth. The model structure and output are given in Table 3.8. The effect of
lengthening pattern is significant, such that proportion fixations on the word boundary image
between all four conditions are significantly different. The differences in the changes in

proportion fixations over time, shown in significance of smooth terms, are also significant.

Model Structure:

Proportion fixation ~ Manipulation Type + s(Time) + s(Time, by=Manipulation Type) +
s(Time, Participant)

Parametric coefficients:

Estimate Std. Error z value Pr(>|z|)
(Intercept) 0.467730 0.016845 27.77 <2e-16 ***
M3 -0.093334 0.002449 -38.11 <2e-16 *#*
M5 -0.063670 0.002449 -26.00 <2e-16 ***
M7 -0.069762 0.002449 -28.48 <2e-16 ***
Approximate significance of smooth terms:
edf Ref.df F p-value
s(Time) 8.439 8.667 56.58 <2e-16 ***
s(Time):M3 8.727 8.960 157.54 <2e-16 ***
s(Time):M5 8.640 8.941 126.60 <2e-16 ***
s(Time):M7 8.523 8.909 78.84 <2e-16 ***
s(Time,subyj) 154.460 170.00 75.69 <2e-16 ***

Table 3.8. Structure and output of the model for testing for the effect of Lengthening Pattern
(without pitch reset or pause).
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Figure 3.14. Model predictions of proportion fixations on the word boundary image for the
three different lengthening patterns and the control condition. The pairs of black vertical lines
in the four individual panels are syllable boundaries of TG1, while the pairs of color-coded
vertical lines in the last panel are TG1 offsets for different lengthening patterns (with the
200ms programming lags). In all pairs of vertical lines, the earlier one is for TG1 ‘naNIna’.
Time 0 = onset of TG1 in auditory stimuli.
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Figure 3.15. Difference smooths for each comparison of final lengthening manipulations.
Grey shading: 95% CI.

Visual inspection of the model predictions for different lengthening patterns offers more
detailed analysis of the results. The model predictions shown in Figure 3.14 illustrate
proportion fixations on the word boundary image over time in relation to the color-coded
TG1 offsets (with the 200ms programming lag added). In all four conditions, the model
predicts that fixations on the word boundary image start rapidly increasing after adjusted TG1
offset. For example, for the control condition (blue) with no lengthening, listeners are
predicted to fixate the word boundary image about 10% of the time shortly after TG1 offsets
(approx. 650-700ms) and about 50% of the time at 1000ms. For the lengthening conditions,
word boundary image fixations increase later than for the control condition, and timing of
this increase varies across the three lengthening conditions. Moreover, the influence of
lengthening on target fixations extends throughout TG2 and beyond — that is, well past the
word boundary information signaled by the lack of pause or pitch reset. The difference
smooths shown in Figure 3.15 indicate that these differences are significant, suggesting that
listeners are sensitive to the different lengthening manipulations that resulted in the different

timings of TG1 offsets.
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The difference smooths comparing the no-lengthening control condition to the three
lengthening conditions (top panels of Figure 3.15) show the expected positive — and large —
differences, consistent with listeners looking earlier and more often to the word boundary
image when no lengthening is present. Of course, this is to be expected in part because TG2
starts earlier in the control condition, but it is noteworthy that the significant differences
continue up through 1200ms into the trial. The difference smooths comparing the lengthening
conditions (bottom panels) also show the expected — in this case, negative — differences: the
later the offset of TG1 (pink, green, and yellow vertical lines in Figure 3.14), the fewer and
later the looks to the word boundary image, indicating (i) that listeners begin looking at the
word boundary image nearly as soon as clear information about that boundary (no pause and
no pitch reset) becomes available but (ii) the effects of (conflicting) lengthening extend well
into the post-boundary (TG2) portion of the trials.

Proportion fixations at S1 and S2 boundaries of TG1 (i.e., in the adjusted roughly
400-600ms region) are also predicted to differ if listeners are sensitive to the precise details of
that temporal information. For early vs. late onset lengthening (left bottom panel of Figure
3.15), results are as expected: there are fewer predicted proportion fixations on the word
boundary image in the early than the late onset condition, as indicated by the negative
difference in the 400-600ms region. However, listeners do not appear to be sensitive to
shortening during TG1 given that the difference smooth for early onset lengthening vs. late
onset +S1 shortening (middle panel) is essentially the same as for the same comparison
without shortening (left panel). Moreover, comparison of the late onset lengthening
conditions that differ in presence/absence of S1 shortening (right panel) shows a very small

but significant effect during TG1 in the unexpected direction.

3.3.3.2.  Phrase-final lengthening with pitch reset and no pause

A GAMM with the same structure as that used in 3.3.3.1 tested the effects of lengthening
pattern on listeners’ responses to auditory stimuli that included no pause and a small pitch
reset between TG1 and TG2. The model structure and output are given in Table 3.9. The
parametric terms indicate significant effects of the different lengthening conditions on
fixations on the word boundary image. The significance for the smooth terms suggests that

fixations over time significantly differed between the different lengthening conditions.
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Model Structure:

Proportion fixation ~ Manipulation Type + s(Time) + s(Time, by=Manipulation Type) +
s(Time, Participant)

Parametric coefficients:

Estimate Std. Error z value Pr(>|z|)

(Intercept) 0.379091 0.018936 20.020 <2e-16 ***
M6 0.010779 0.002448 4.404
M8 0.026434 0.002448 10.799 <2e-16 ***
Approximate significance of smooth terms:

edf Ref.df F p-value
s(Time) 8.299 8.510 43.28 <2e-16 ***
s(Time):M6 7.421 8.330 29.06 <2e-16 ***
s(Time):M8 7.661 8.489 37.63 <2e-16 ***
s(Time,subj) 153.664 170.000 61.51 <2e-16 ***

Table 3.9. Structure and output of the model for testing the effect of Lengthening Pattern
(with pitch reset and no pause).

Figure 3.16 visualizes the model predictions for the three lengthening conditions when a
small pitch reset was present. Note that the three lengthening patterns compared in this model
are the same as in the previous model (minus the control condition); the only difference is
that the current model estimates responses to stimuli with a small pitch reset across the target

boundary.
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Figure 3.16. Model predictions of proportion word boundary fixations for three lengthening
conditions with pitch reset. The pairs of color-coded vertical lines in the last panel are
adjusted (+200ms) TG1 offsets for different lengthening patterns. In all pairs of vertical lines,
the earlier one is for TG1 ‘naNIna’. Time 0 = onset of TG1 in auditory stimuli. Bottom three
panels: difference smooths for each comparison of final lengthening manipulations. Grey
shading: 95% CI.

The model predictions in Figure 3.16 indicate that the earlier the offset of TG1/onset of TG2,
the earlier listeners fixate on the word boundary image, replicating the general pattern
observed in the previous comparison. The significant differences at TG1 offset indicated in
the difference smooth plots suggest that listeners are sensitive to the TG1 offset/TG2 onset

and interpret the lack of pause at TG1 offset as a cue for the word boundary.

83



3.3.3.3.  Phrase-final lengthening with both pitch reset and pause

To test whether variation in final lengthening influences perception of the target boundary
when both additional IP boundary cues (i.e., pitch reset and pause) are present, perceptual
responses to stimuli containing all three cues were compared in a GAMM with the same
structure, with the exception that the response variable was fixations on the IP boundary
image rather than the word boundary image.

It is predicted that, if listeners interpret the shortening in S1 as a cue for final
lengthening, they will fixate more on the IP boundary image when the stimuli have S1
shortening than when the stimuli do not. In addition, if listeners are sensitive to the different
timing of lengthening in the auditory stimuli, there will be a significant difference in
proportion fixations on the IP boundary image at TGl offset: listeners would fixate more
often on the IP boundary image in the early onset lengthening condition than the late onset
lengthening condition.

The model structure and output are given in Table 3.10. Both parametric terms are
significant, indicating that there are significant differences between the three conditions of
lengthening patterns. The difference smooth terms are also significant, suggesting that the

shape of the response trajectories for the lengthening conditions are significantly different.

Model Structure:

Proportion fixation ~ Manipulation Type + s(Time) + s(Time, by=Manipulation Type) +
s(Time, Participant)

Parametric coefficients:

Estimate Std. Error z value Pr(>|z|)
(Intercept) 0.399409 0.021749 18.364 <2e-16 ***
M10 -0.009533 0.002407 -3.961 7.46e-05 ***
Ml11 -0.018899 0.002405 -7.860 3.89e-15 #**
Approximate significance of smooth terms:
edf Ref.df F p-value
s(Time) 8.043 8.295 31.52 <2e-16 ***
s(Time):M10 7.187 8.159 13.44 <2e-16 ***
s(Time):M11 6.348 7.439 14.15 <2e-16 ***
s(Time,subyj) 157.049 170.00 124.62 <2e-16 ***

Table 3.10. Structure and output of model testing for the effect of Lengthening Pattern.
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Figure 3.17. Model predictions of proportion fixations for three lengthening conditions with
pitch reset and pause. The pairs of color-coded vertical lines in the last panel are adjusted
(+200ms) TG1 offsets for different lengthening patterns. In all pairs of vertical lines, the
earlier one is for TGl ‘naNIna’. Time 0 = onset of TG1 in auditory stimuli. Bottom three
panels: difference smooths for each comparison of final lengthening manipulations. Grey
shading: 95% CI.

Figure 3.17 shows model predictions for the three lengthening patterns, allowing visual
inspection of the timing of fixations on the IP boundary image in relation to the different IP
markers. The order in which proportion fixations on the IP boundary image increase appears

to match the order of the (adjusted) TG1 offsets of the lengthening conditions. The difference
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smooths indicate that these differences are significant, suggesting that listeners perceived an
IP boundary at TG1 offset. Although the negative difference between the early vs. late onset
lengthening conditions is in the unexpected direction (left bottom panel), the negative
differences for the other two comparisons are consistent with listeners looking earlier to the

IP boundary image when that boundary information includes S1 shortening.

3.4. Discussion of the perceptual results

The analyses of the eye tracking data showed that the acoustic manipulations of the three
cues to IP boundary resulted in systematic differences in listeners’ perceptual responses.
Listeners are sensitive to pause duration and to some extent to final lengthening, but
apparently not to pitch reset. The following subsections discuss perception of each IP

boundary cue and how it relates to the perception of prosodic structure in general.

3.4.1. Perception of Pause Duration

The robust effect of pause duration in the perception of IP boundaries reported in the current
study adds support to previous research which showed that pause is a salient cue to IP
boundaries. When a pause was present, participants fixated on the IP boundary image,
whereas they fixated on the word boundary image when there was no pause between TG1 and
TG2 (Figure 3.8).

Pause duration seemed to outweigh final lengthening and pitch reset in the perception
of boundaries, given the finding that listeners consistently fixated on the word boundary
image when there was no pause even when both final lengthening and pitch reset were
present. This result is in line with Petrone et al. (2017), who found that pause was perceived
more categorically than fO or final lengthening by German-speaking listeners. It should be
noted, however, that the current study did not test pauses of different durations, but only the
presence and absence of pause. It remains an empirical question whether listeners’ responses
to pauses of different durations would show more variation (that is, whether variable pause

durations would give rise to less categorical responses).

3.4.2. Perception of Pitch Reset

Results concerning the effect of pitch reset were inconsistent and did not provide evidence
that, as a group, listeners in this study relied on pitch reset in the perception of prosodic
boundaries. Listeners fixated on the word boundary image more when the stimuli had no

pitch reset than when it had small reset, but this pattern was found only in the early
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lengthening condition. The effect was absent in the late onset lengthening condition, and
inconsistent with the prediction in the control condition (no lengthening) as well as in the late
onset lengthening + S1 shortening condition. The different sizes of pitch reset did not yield
significant differences in fixations. It is possible that the size of pitch reset derived from the

model speaker’s production may not have been salient for the listeners.

3.4.3. Perception of Final Lengthening

Participants fixated less on the word boundary image when the stimuli included final
lengthening (of any pattern or magnitude) than when the stimuli did not, suggesting that the
presence of final lengthening reduced the likelihood of perceiving a word boundary (Figure
3.14). This finding corroborates previous literature on final lengthening as a salient cue to the
perception of IP boundaries. However, the results provide only limited evidence that listeners
closely track temporal information during the pre-boundary word: during TG1, they appear to
be sensitive to the presence of early lengthening but not to the presence of S1 shortening. In
addition, listeners consistently fixated on the word boundary image when the auditory stimuli
presented different patterns of final lengthening, alone and in conjunction with pitch reset.
This finding suggests that final lengthening, at least in the magnitude used in this study, is not
sufficient to induce a strong IP boundary percept.

For the hypothesis that shortening of S1 is a cue for upcoming final lengthening to be
supported, the lengthening condition with S1 shortening should induce significantly fewer
fixations on the word boundary image shortly after (adjusted) S1 offset. While such a pattern
was not observed early in TG1, a pattern observed later in the trial, after TG1 offset, was that

listeners fixated more on the IP boundary image when shortening was present.

3.4.4. Perception of prosodic structure

The results of the perception experiment showed that listeners are more sensitive to pause
duration than to final lengthening or pitch reset. This finding contributes to the literature on
cue weighting for the perception of prosodic boundaries by providing evidence that listeners
may rely more on the presence/absence of pause than the other IP boundary markers.
However, the results did not provide clear evidence that pitch reset and final lengthening
were additive in their effects on boundary perception. For example, the timing of listeners’
target fixations in response to stimuli containing final lengthening and pitch reset were not
significantly different from their target fixations for stimuli containing only final lengthening

(Figures 3.15 and 3.16). This is in line with previous research on cue-weighting in the
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perception of prosodic boundary (Yang et al., 2014; Gollrad et al., 2010).
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CHAPTER 4

Individual Differences in the Production and Perception of Prosodic Boundaries

Chapter 3 investigated the perception of IP boundaries by testing whether listeners
distinguish the auditory stimuli containing different combinations of the manipulated
properties for IP boundaries. The results showed that listeners as a group are sensitive to the
presence/absence of a pause as well as to the effects of final lengthening, while the findings
for pitch reset were inconclusive. Given that the study presented in Chapter 2 found
substantial individual differences in the production of IP boundaries, it is reasonable to
assume that individuals also differed in the use of the information in the perception of
prosodic boundaries. For example, Figure 4.1 illustrates, for two individual listeners,
fixations over time on the target image relative to the syllable boundaries of TG1: Participant
9, with an average pause duration of 460ms (75" percentile), fixated on the IP boundary
image earlier than Participant 11 with a much shorter average pause duration (235ms, 25%
percentile). This chapter investigates whether and how the production and perception of the
three acoustic properties of IP boundaries are related to each other at the level of the

individual speaker-listener.

89



Participant 11 Participant 03
1.00- 1.00-

=) =]
tn ~
=]

Proportion fixation on target
=
i

Proportion fixation on target

p

| il I | | | | Il | | |
500 1000 1500 2000 500 1000 1500 2000
Time {(ms) Time (ms)

=]
=1
=
=]
=]
=]

Proportion fixations on: —=— IP Word Proportion fixations on: =+ IP Waord

Figure 4.1. Proportion fixations for stimuli with early onset final lengthening, small pitch
reset, and pause between TG1 and TG2. Participant 11 produced an average of 235ms of
pause duration, and Participant 9’ average was 460ms. The three pairs of vertical lines
represent the syllable boundaries of TG1 (earlier for ‘naNIna’).

The relation between the production and perception of prosodic boundaries is examined in a
set of Generalized Additive Mixed Model (GAMM) for each of the three acoustic properties
for an IP boundary. The individual average values of the IP boundary markers, measured and
analyzed in the production study, are included as continuous or categorical predictor variables
in the combined models of production and perception. These models test whether the
speaker-specific production data inform the perception model in a significant way.

The general hypothesis for the relation between production and perception of
prosodic boundaries is that participants’ production of a targeted property to differentiate 1P
from word boundaries will be reflected in their use of that property as information for an
upcoming IP boundary. Section 4.1 presents the specific predictions for each boundary
marker. Section 4.2 summarizes the results of the GAMM analyses for the relation between
the production and perception of the three [P markers. Section 4.3 discusses the interpretation

of the results. Section 4.4 summarizes the chapter and discusses limitations of the study.

4.1.  Predictions for each IP boundary property

The statistical models reported in this chapter test the relation between the production results
reported in Chapter 2 and the perception results reported in Chapter 3 for the 19 participants
who completed both experiments (and who had reliable eye-tracking results). The perception
results are, again, analyses of participants’ eye movements as they listened to auditory stimuli

that contained 12 different combinations of the three acoustic properties for IP boundaries.
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Under the general hypothesis that production of the properties is reflected in perception, the
rate at which proportion fixations on a target boundary increase over time is predicted to
depend on speaker-specific production patterns.

For pause duration, individuals who produced longer pause on average should be more
likely to attend to the pause cue, and thus respond to stimuli containing a pause between TG1
and TG2 earlier than those who produced shorter average pause. Similarly, individuals who
produced larger fO differences across IP boundaries should be more likely to be more
sensitive to fO information at a target boundary than those who produced smaller fO
differences. This means that, when the auditory stimuli present none of the acoustic
properties that signal IP boundaries, lack of pitch reset should facilitate the response of the
former individuals. Conversely, when there is small or large pitch reset in the absence of final
lengthening or pause at the target boundary, there is conflicting information about the
upcoming boundary, and individuals who attend to the f0 information should be slower to
respond compared to those who do not use pitch reset in their production and, by hypothesis,
do not find pitch reset to be as informative.

Lastly, in Chapter 2, individuals were divided into six groups depending on the syllable-
wise pattern of final lengthening, which took into account both final lengthening and
shortening of a preceding syllable. As will be explained in section 4.3.3., this grouping was
used to examine the production-perception link, specifically focusing on the differences in
the onset of final lengthening. For auditory stimuli that include final lengthening in TG,
individuals who produced an early onset of final lengthening (Group 1) are expected to be
more sensitive to lengthening, and therefore are predicted to fixate on the word boundary
image less and/or more slowly than individuals with a late onset of final lengthening (Group
2). When TG1 has no lengthening, however, individuals in Group 1 are predicted to fixate on

the word boundary more and/or more quickly than individuals in Group 2.

4.2. Modelling the production and perception data using GAMMs

For all GAMMs presented in this section, the acoustic values for the three IP boundary
properties from the production study are included in the models as smooth terms separately
for each type of manipulation applied to the auditory stimuli. The analyses in this chapter
used the mgcev package and the visualization of the data used the ggplot2 and the itsadug
packages in R.

4.2.1. Pause duration
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This analysis examined whether participants’ target fixations in response to auditory stimuli
with a pause between TG1 and TG2 systematically varied depending on those participants’
produced pause durations. A series of three GAMM was fitted, for each of the three
manipulation types that included pause duration at the target boundary (conditions M9, M10,
M11), with a smooth function which modeled the effect of pause duration on the shape of the
proportion fixation over time. A tensor product interaction term was included to specify the
interaction between Time and Pause Duration. The structure and output of the models are

given in Tables 4.1 to 4.3.

Model Structure:

Proportion fixation on IP boundary ~ s(Time) + s(Pause Duration) +
ti(Time, Pause Duration) + s(Time, Participant)

Parametric coefficients:

Estimate Std. Error z value Pr(>|z|)
(Intercept) 0.14257 0.03552 4.014 5.99e-05 ***
Approximate significance of smooth terms:

edf Ref.df F p-value

s(Time) 6.221 6.848 23.817 <2e-16 ***
s(pausedur) 1.000 1.000 0.461 0.497
ti(Time,pausedur) 1.000 1.000 0.349 0.555
s(Time, Participant) 131.098 169.000 30.054 <2e-16 ***

Table 4.1. Structure and output of the Pause Duration model for stimuli with early onset final
lengthening (M9).
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Model Structure:

Proportion fixation on IP boundary ~ s(Time) + s(Pause Duration) +
ti(Time, Pause Duration) + s(Time, Participant)

Parametric coefficients:

Estimate Std. Error z value
(Intercept) 0.15659 0.03218 4.866
Approximate significance of smooth terms:

edf Ref.df F

s(Time) 6.400 7.004 22.812
s(pausedur) 1.000 1.000 0.356
ti(Time,pausedur) 4.169 4.373 0.843
s(Time, Participant) 131.120 169.000 27.648

Pr(>[z])
1.15¢-06 ***

p-value
<2e-16 ***
0.551
0.465

<2e-16 ***

Table 4.2. Structure and output of the Pause Duration model for stimuli with late onset final

lengthening (M10).

Model Structure:

Proportion fixation on IP boundary ~ s(Time) + s(Pause Duration) +
ti(Time, Pause Duration) + s(Time, Participant)

Parametric coefficients:

Estimate Std. Error z value

(Intercept) 0.16069 0.03529 4.553
Approximate significance of smooth terms:

edf Ref.df F
s(Time) 5.937 6.535 20.383
s(pausedur) 1.000 1.000 0.408
ti(Time,pausedur) 1.001 1.002 0.672
s(Time, Participant) 134.531 169.000 38.681

Pr(>[z])
5.33e-06 ***

p-value
<2e-16 ***
0.523
0.412

<2e-16 ***

Table 4.3. Structure and output of the Pause Duration model for stimuli with late onset final

lengthening + S1 shortening (M11).

The summary of the models indicated that the main effect of Pause Duration is not significant

(p=.50 for M9; p=.55 for M10; p=.52 for M11), nor is the interaction between Time and
Pause Duration significant (p=.56 for M9; p=47 for M10; p=.41 for M11). That is, individual

participants’ average produced pause durations do not predict the time course of their
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perceptual fixations in response to auditory stimuli with pause. Figure 4.2 shows the three-
dimensional surfaces for each manipulation type. The prediction for the Pause Duration
models is that individuals with longer pause durations will respond earlier than those with
shorter pause durations. While the effect of individuals’ pause durations is not statistically
significant, the leftward skew in the three surfaces suggests that there might be a slight trend
in which participants who produced longer pause durations (higher end of the y-axis) fixated
on the IP boundary image earlier than those who produced shorter pause durations on average

(lower end of the y-axis).
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Figure 4.2. Three-dimensional surfaces for the interaction between Pause Duration and Time
for the three lengthening conditions. The z-axis represents proportion fixations on the IP
boundary image (warmer colors: more target fixations). The white ticks on the y-axis
represent individuals’ average pause durations in the IP boundary condition. The white
horizontal lines indicate the 25™ and 75" percentiles of pause durations.

Figure 4.3 shows the modeled proportion fixations on the IP boundary image at the 25™ and
75" percentiles of pause durations (see white horizontal lines in Figure 4.2) and the smooths
that modeled the difference between them. There is a very weak trend for the estimate at the
longer pause duration (75" percentile; green) to show earlier target fixations than the estimate
at the shorter pause duration (25" percentile, yellow). The individual smooths shown in

Figure 4.4 further illustrate the trend observed in Figures 4.2 and 4.3.
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Figure 4.3. Estimated proportion fixations on the IP boundary image over time for three
lengthening patterns at the 25" (yellow) and 75" (green) percentiles for pause duration.
Bottom plots: difference smooths that modeled the difference between the predicted smooths
for the three lengthening patterns.
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Figure 4.4. Individual proportion fixations on the IP boundary image over time. Each smooth
represents the model’s predicted perceptual responses of an individual listener. Color of the
smooths corresponds to the Y-axis of Figure 4.2 (lighter shade = shorter produced pause
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4.2.2. Pitch reset
The average f0 maximum difference in the IP boundary condition for each of the 19
participants was included in the GAMM as a smooth function (Pitch Reset) as well as a part

of a tensor product interaction with Time. The model structure and output are given in Tables

4.4 through 4.6.

Model Structure:

Proportion fixation on IP boundary ~ s(Time) + s(fOdiff hz) +
ti(Time, f0diff hz) + s(Time, Participant)

Parametric coefficients:

Estimate Std. Error z value Pr(>|z|)
(Intercept) 0.24230 0.02755 8.794 <2e-16 ***
Approximate significance of smooth terms:

edf Ref.df F p-value

s(Time) 6.036 6.679 27.171 <2e-16 ***
s(f0diff hz) 1.000 1.000 0.085 0.771
ti(Time, fOdiff hz) 4.071 4.329 0.335 0.874
s(Time, Participant) 124.920 169.000 19.462 <2e-16 ***

Table 4.4. Structure and output of the Pitch Reset model for stimuli with no pitch reset (MO).

Model Structure:

Proportion fixation on IP boundary ~ s(Time) + s(fOdiff hz) +
ti(Time, f0diff hz) + s(Time, Participant)

Parametric coefficients:

Estimate Std. Error z value Pr(>|z|)
(Intercept) 0.2447 0.0266 9.2 <2e-16 ***
Approximate significance of smooth terms:

edf Ref.df F p-value

s(Time) 6.311 6.965 28.650 <2e-16 ***
s(fOdiff hz) 1.003 1.003 0.046 0.829
ti(Time, fOdiff hz) 5.934 6.248 1.425 0.166
s(Time, Participant) 122.460 169.000 17.229 <2e-16 ***

Table 4.5. Structure and output of the Pitch Reset model for stimuli with small pitch reset
(M1).
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Model Structure:

Proportion fixation on IP boundary ~ s(Time) + s(fOdiff hz) +
ti(Time, f0diff hz) + s(Time, Participant)

Parametric coefficients:

Estimate Std. Error z value Pr(>|z|)
(Intercept) 0.23972 0.02348 10.21 <2e-16 ***
Approximate significance of smooth terms:

edf Ref.df F p-value

s(Time) 7.049 7.729 41.880 <2e-16 ***
s(f0diff _hz) 1.706 1.736 0.604 0.472
ti(Time, fOdiff hz) 1.406 1.422 0.207 0.753
s(Time, Participant) 116.503 169.000 14.416 <2e-16 ***

Table 4.6. Structure and output of the Pitch Reset model for stimuli with large pitch reset
(M2).

As a reminder, the prediction for the Pitch Reset models is that individuals who produce
larger fO differences will fixate on the word boundary image earlier than those with smaller fO
differences if the stimuli do not have any of the three IP boundary markers. However, if the
stimuli contain a small or large pitch reset in the absence of final lengthening or pause,
individuals with larger f0 differences may be especially likely to detect a conflict between the
presence of pitch reset conflicting with the absence of the other IP boundary markers, and
therefore respond more slowly than those with smaller fO differences. The modeled results
show that (participants’ produced) Pitch Reset (shown as fOdiff hz) is not predicted to have a
significant influence on word boundary fixations (p=.77 for M0, p=.83 for M1, p=.47 for M2).
The interaction between Pitch Reset and Time is also not significant (p=.87 for MO, p=.17 for
M1, p=.75 for M2), suggesting that the individuals’ average pitch reset values do not
influence the modeled fixations over time. The contour plots for the interaction shown in
Figure 4.5 allow visual inspection of the pattern of the responses. It appears that participants’
average pitch resets in production across the IP boundary do not influence in a systematic
way how participants fixate on the word boundary image when the stimuli contain no reset
(MO; left panel) or a large reset (M2; right panel). When the stimuli contain a small reset (M1;
middle panel), it appears that there may be a weak trend for a leftward skew after about

800ms. The modeled predictions for the 25" and 75™ percentiles of produced 0 difference
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and the difference smooths are given in Figure 4.6. Despite the non-significance of the
difference, there is a weak trend in which the estimate at the larger fO difference (75"
percentile; green) shows earlier target fixations than the estimate at the smaller f0 difference
(25" percentile, yellow) after pitch reset information becomes available (at TG1 offset,
indicated by the last pair of vertical lines in the figure). The individual predicted proportion
fixations in Figure 4.7 show a similar slight trend for individuals with larger fO differences
compared to those with smaller f0 differences, but in conditions M1 and M2 where a small or

large pitch reset was present, this weak trend is not in the predicted direction.
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Figure 4.5. Three-dimensional surfaces for the interaction between Pitch Reset and Time for
the three pitch reset conditions. The z-axis represents proportion fixations on the word
boundary image (warmer colors: more target fixations). The white ticks on the y-axis
represent individuals’ average f0 difference across the IP boundary. The white horizontal lines
indicate the 25" and 75™ percentiles of pitch reset values in production.
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Figure 4.6. Estimated proportion fixations on the word boundary image over time for three
pitch reset conditions at the 25" (yellow) and 75" (green) percentiles for fO difference.
Bottom plots: difference smooths that modeled the difference between the predicted smooths
for the three pitch reset conditions.
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4.2.3. Final lengthening

Unlike the previous models, which incorporated the continuous production values of the IP
marker, the Final Lengthening model could not use a continuous production value as the
predictor variable, because the measures used to examine the different patterns of produced
temporal modulation are for an entire syllable — lengthening of S2 and S3 of TG1 and
shortening of S1 — and so are inherently discontinuous. Instead, the Final Lengthening model
used the grouping based on the syllable-based patterns of final lengthening established in
Chapter 2 (Figure 2.18). Table 4.7. summarizes the produced lengthened patterns of the 19
participants in the perception experiment. Of the 19 participants who returned and whose
perceptual data were included in the analyses, nine were from Group 1, six from Group 2,

three from Group 3, and one from Group 6. No participant from Group 4 or 5 returned.

Palr)tri(c)(iﬁiﬁoiugfg; in Grouping Final lengthening pattern
P31 Group 1
P29 Group 1
P21 Group 1
P27 Group 1
P12 Group 1 S2 and S3 lengthened
P14 Group 1
P16 Group 1
P22 Group 1
P13 Group 1
P15 Group 2
P10 Group 2
P09 Group 2
- Group 2 S3 lengthened
P06 Group 2
P04 Group 2
P08 Group 3
P17 Group 3 S3 lengthened + S1 shortened
P11 Group 3
P26 Group 6 S2 and S3 lengthened + S1 shortened

Table 4.7. Participant numbers in production and perception studies and the grouping based
on the final lengthening pattern.

Using this grouping does not capture the different absolute durations of final lengthening (i.e.,
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the amount of slowing down at the IP boundary) at the individual level, but rather reflects the
different scopes of final lengthening and the presence or absence of preceding shortening
observed in the production study. Due to the small sample sizes of Groups 3 and 6, only the
data from Groups 1 and 2 were included in the GAMM in which Group was included as a
categorical predictor variable that tested whether Group (information from production)
predicts participants’ perceptual use of temporal information for an upcoming boundary.

The model structure and output are presented in Tables 4.8 through 4.11. As a
reminder, it is predicted that individuals with earlier onset of lengthening in TG1 (Group 1)
would be more sensitive to the presence of final lengthening than individuals with later onset
of lengthening (Group 2). Therefore, compared to the individuals in Group 2, the individuals
in Group 1 are expected to fixate less and/or more slowly on the word boundary image when
there is lengthening (M3, M5, M7), but fixate more and/or more quickly on the word

boundary image when there is no lengthening (control condition; MO).

Model Structure:

Proportion fixation on word boundary ~ IsGroupl + s(Time) + s(Time, by=IsGroupl) +
s(Time, Participant)

Parametric coefficients:

Estimate Std. Error z value Pr(>|z|)
(Intercept) 0.27471 0.03834 7.166 8.19e-13 ***
IsGroupl -0.02575 0.05382 -0.478 0.632
Approximate significance of smooth terms:
edf Ref.df F p-value
s(Time) 6.057 6.720 13.597 <2e-16 ***
s(Time): IsGroup1 1.001 1.002 0.009 0.927
s (Time, subj) 96.670 133.000 16.503 <2e-16 ***

Table 4.8. Structure and output of the Final Lengthening model with the stimuli containing
no final lengthening (MO).
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Model Structure:

Proportion fixation on word boundary ~ IsGroupl + s(Time) + s(Time, by=IsGroupl) +

s(Time, Participant)

Parametric coefficients:

Estimate Std. Error
(Intercept) 0.123763 0.041908
IsGroupl -0.002849 0.056673
Approximate significance of smooth terms:
edf Ref.df
s(Time) 5.750 6.388
s(Time): IsGroupl 1.001 1.001
s (Time, subj) 98.565 133.000

z value
2.953
-0.050

F
19.309
0.002
17.116

Pr(>[])
0.00315 **
0.95991

p-value
<2e-16 ***
0.962

<2e-16 ***

Table 4.9. Structure and output of the Final Lengthening model with the stimuli containing

the early onset of final lengthening (M3).

Model Structure:

Proportion fixation on word boundary ~ IsGroupl + s(Time) + s(Time, by=IsGroupl) +

s(Time, Participant)

Parametric coefficients:

Estimate Std. Error
(Intercept) 0.15275 0.05338
IsGroup1 0.01595 0.07135
Approximate significance of smooth terms:
edf Ref.df
s(Time) 5.933 6.582
s(Time): IsGroupl 1.002 1.002
s (Time, subj) 98.646 133.000

z value
2.862
0.224

F
18.129
0.002
20.695

Pr(>[z])
0.00422 **
0.82314

p-value
<2e-16 ***
0.968

<2e-16 ***

Table 4.10. Structure and output of the Final Lengthening model with the stimuli containing

the late onset of final lengthening (M5).
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Model Structure:

Proportion fixation on word boundary ~ IsGroupl + s(Time) + s(Time, by=IsGroupl) +

s(Time, Participant)

Parametric coefficients:

Estimate Std. Error
(Intercept) 0.13161 0.05021
IsGroupl 0.07266 0.06695
Approximate significance of smooth terms:
edf Ref.df
s(Time) 6.372 7.074
s(Time): IsGroupl 1.001 1.002
s (Time, subj) 93.708 133.000

z value
2.621
1.085

F
19.630
1.121
16.081

Pr(>[z])
0.00878 **
0.27779

p-value
<2e-16 ***
0.29

<2e-16 ***

Table 4.11. Structure and output of the Final Lengthening model with the stimuli containing

the late onset of final lengthening + S1 shortening (M7).

The results indicate that the effect of Group is not significant in any of the four conditions

(p=.63 for MO; p=.96 for M3; p=.82. for M5; p=.28 for M7). The effect of Group on

proportion fixation over time is also not significant (p=.93 for MO; p=.96 for M3; p=.97 for

MS5; p=.29 for M7). Figure 4.8 shows the model predictions for Group 1 and 2 in the four

lengthening conditions, and Figure 4.9 presents the difference smooths that modeled the

difference between the estimates for Group 1 and Group 2 in the four conditions.
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Figure 4.8. Model predictions for the three lengthening patterns and the control condition in
the absence of pitch reset and pause between TG1 and TG2. The x-axis represents the time
range for the data used in the model (perceptual responses near 100% after 1200ms). The
pairs vertical lines are syllable boundaries of TG1. Solid lines = Group 1 (early onset of
lengthening); Dashed lines = Group 2 (late onset of lengthening).
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Figure 4.9. Difference smooths for the final lengthening patterns (M3, M5, M7) and the
control condition (MO).

Contrary to the prediction, individuals in Group 1 and Group 2 did not differ in their
perceptual responses to the stimuli with or without final lengthening. There was a weak trend
observed after the S2 boundary in the condition with late onset of lengthening and S1
shortening (M7) in which Group 1 tended to fixate on the word boundary image earlier and

(overall) more than Group 2.

4.3.  Discussion

In each subsection, the results of the GAMM analyses are discussed in terms of the
predictions for the relation between individuals’ production of the acoustic properties of IP

boundary and individuals’ perception of those properties.

4.3.1. Pause duration
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Pause durations measured in the IP boundary condition in the production experiment showed
inter-speaker variation: the 19 participants whose perception data were also analyzed
produced average pause durations that were as short as 139ms and as long as 643ms. Under
the general hypothesis that perceptual use of information for prosodic boundaries reflects
production of that information, it was predicted that, when hearing stimuli with a pause
between TG1 and TG2, individuals who produce longer pause durations will be faster to
identify the target boundary as an IP boundary than individuals with shorter pause durations.

The model did not find that participants’ produced pause durations were a significant
predictor for their proportion fixations on the IP boundary image over time. However, a
similar leftward skew was observed in all three lengthening conditions (Figure 4.2), and the
direction of the trend was consistent with the prediction. Figure 4.4 showed that, while there
is considerable overlap between individual participants’ modeled proportion fixations over
time, individuals with longer pause durations (darker shade) tended to fixate the IP boundary
image earlier than those with shorter pause durations (lighter shade).

It is worth noting that participants heard only one duration of pause in the experiment.
Given the variation of pause duration observed in the production study, individuals’
perceptual biases may manifest to a greater extent if participants were given varying

durations of pause in the auditory stimuli.

4.3.2. Pitch reset

It was predicted that, in the absence of any IP boundary marker — including pitch reset — in
the auditory stimuli, participants who produce larger fO differences in the IP boundary
condition would fixate earlier on the word boundary image than those who produce smaller
f0 differences. On the other hand, participants with larger f0 differences were expected to find
the presence of a small or large pitch reset in the absence of two other IP markers confusing,
thus responding more slowly than those with smaller fO differences who are expected to be
less sensitive to the intonational cue.

The results of the Pitch Reset model do not align with the prediction, in that the
effect of Pitch Reset was not significant. Although there was a very weak trend in all three
reset conditions for participants with larger pitch reset values in production to fixate the target
earlier than those with smaller values after reset information became available (at TG1 offset),
the conditions with slightly less overlap in the individual smooths (Figure 4.7) were not in the
predicted direction. There remains an empirical question as to whether a different measure for

pitch reset, such as difference in pitch range across target boundary, would provide a clearer
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pattern in either direction.

4.3.3. Final lengthening

The predictions for the four conditions with three different lengthening patterns and one
control (no lengthening) stated that individuals in Groups 1 and 2 will respond differently in
all four conditions, based on the assumption that individuals who produced early onset of
lengthening (i.e., larger scope of lengthening) would be more sensitive to the presence of
final lengthening than those who produced late onset of lengthening. However, the results did
not support the predictions, in that individuals’ perceptual responses did not differ depending
on the scope of the final lengthening they produced.

For the control condition, with no final lengthening or other acoustic information for
an [P boundary (MO0), failure to support predictions may be due to absence of any conflicting
information that might have triggered production-related cue weightings. However, when
final lengthening was present in TGI1 in the absence of pitch reset and pause — i.e., when
listeners received conflicting information about the upcoming boundary — the lack of
difference between the groups would seem to suggest that the conflict, at least as captured in
these stimuli, was not systematically more or less disruptive depending on these listeners’
own lengthening patterns.

Additional analysis is needed to determine whether the effects and tendencies may be
present when both production and perception data are analyzed in a more fine-grained
manner. For example, individual participants’ production and perception of final lengthening
may be analyzed segment-by-segment rather than syllable-by-syllable which may provide a
more detailed look into the individual-specific pattern of producing and perceiving final

lengthening.

4.4. Concluding remarks and limitations

A main goal of the study is to investigate the role of individual differences in the relation
between production and perception of prosodic boundaries. The results are not conclusive,
with lack of statistical significance for many of the effects of the production information as
predictor variables. This may be due at least in part to the relatively small sample size: only
20 out of 32 participants returned for the perception study and one participant’s perception
data were not used for analysis because their eye-movements could not be reliably tracked.
Furthermore, the manipulated pitch reset might not have been salient enough for the majority

of listeners, given that about half of the speakers’ average pitch reset was larger than the
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model speaker’s reset values (and hence the value used in the manipulations). The strongest
trend observed in the modeled visualizations of the data was for pause duration, which was
consistent with predictions for the production-perception relation in all relevant conditions.
Chapter 5 discusses the extent to which the study’s findings provide insights into the general
hypothesis that speaker-specific production of prosodic boundaries is reflected in the

perception of those boundaries.
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CHAPTER 5

General discussion and conclusion

This dissertation investigated how speakers produce and listeners perceive information for
prosodic boundaries in English and whether individual differences in the production of this
information are related to differences in perception. An acoustic production experiment and a
visual world perception experiment were conducted. The goal of the production study in
Chapter 2 was to characterize how individual speakers differ in their production of three
primary acoustic properties associated with IP (as compared to word) boundaries: pause,
pitch reset, and the temporal modulation of the pre-boundary (TG1) and post-boundary (TG2)
word. The goal of the perception study in Chapter 3 was to test how listeners use these
properties in real time, as they unfold in the acoustic signal, to differentiate IP and word
boundaries. In Chapter 4, the production results were used to model the perception data to
determine whether and how speaker-specific patterns of producing the properties might be

reflected in the same individuals’ perception of IP boundaries.

5.1. Production overview

The hypotheses that motivated the production study were that all speakers would produce one
or more of the three type of acoustic boundary information, but that individual speakers will
show substantial variation as to the combination of the properties used to distinguish IP and
word boundaries as well as the degree to which they were used. The results of the production
study found that, as a group, speakers marked an IP boundary with pitch reset, pause,
lengthening of two syllables preceding the pause, and shortening of the first syllable of TG2.
Individually, the 32 participants consistently employed some combination of pause, pitch
reset, and final lengthening to distinguish IP boundaries from word boundaries.

The results also demonstrated that, in line with the prediction, individual speakers
varied to a substantial degree in how they acoustically realized the IP boundary information.
For example, their average pause durations and f0 maximum differences measured at IP
boundaries exhibited a gradient pattern. The average pause durations ranged from 139ms to

643ms, and the average f0 differences for the 20 participants who used this information to
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differentiate IP from word boundaries ranged from 1Hz to 131Hz, while 11 participants did
not produce an f0 difference between TGl and TG2 to signal IP boundaries, and one
participant produced a negative difference at IP boundaries instead of a positive reset. The
final lengthening analysis classified the 32 participants into six different groups depending on
the syllabic scope of final lengthening and the presence of pre-boundary shortening,
characterizing the speaker-specific temporal modulation associated with IP boundaries. The
majority of speakers showed a leftward spreading of the boundary-related lengthening effect
(i.e., lengthening of the last or last two syllables of the pre-boundary word), reinforcing the
findings of previous studies that reported similar results (Berkovits, 1994; Cambier-
Langeveld, 2000; Fougeron & Keating, 1997; Shattuck-Hufnagel & Turk, 1998; Byrd et al.,
2006; Turk & Shattuck-Hufnagel, 2007; Katsika, 2016). Some speakers exhibited shortening
of a syllable of TG1 (S1 or S2) and/or TG2 (S4). The boundary-related temporal modulations
are consistent with the predictions of the n-gesture model (Byrd & Saltzman, 2003), namely
that the effect of the boundary extends over a period of time and is local and continuous. The
source of the individual differences in temporal effects may be the individually variable onset
and scope of the m-gesture, and/or in the variability of coupling strength between the -
gesture and the p-gesture (as suggested in Katsika et al., 2014). A more fine-grained analysis
and computational modeling of the speech data are needed to test these possible explanations.

Tests for correlations between the type and extent of boundary information produced
by individual speakers found significant trading and enhancing relations between pause
duration, f0 difference, and phrase-final syllable (S3) duration. For example, a trading
relationship was found between pause duration and S3 duration for five participants, in line
with the findings in Ferreira, 1993. Another five participants showed a trading relation
between f0 difference and S3 duration. An enhancement relationship was found between
pause duration and pitch reset for six participants, and one participant showed this
relationship between pause duration and S3 duration. Overall, though, there was no single or
even predominant way that emerged by which speakers used one IP marker in relation to

another.

5.2. Perception overview

The eye-tracking experiment first investigated whether listeners, as a group, are sensitive to
different combinations and degrees of these IP markers when they are independently
manipulated in the auditory stimuli. Consistent with predictions, listeners found pause

duration to be a salient cue for IP boundary, showing a robust difference in their final
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fixations depending on the presence or absence of pause duration: listeners overwhelmingly
looked to the IP boundary image when a pause was present between TG1 and TG2, and to the
word boundary image when no pause was present. This finding is in line with previous
studies that demonstrated the role of pause as a salient cue for an IP boundary (Swerts &
Geluykens, 1994; de Pijper & Sanderman, 1994; Zhang, 2012; Roy et al., 2017, Petrone et al.,
2017). Final lengthening was also used by the listeners to identify an upcoming prosodic
boundary: listeners fixated earlier and more (in the earlier time course of the trial) on the
word boundary image when they heard stimuli with no lengthening than when they heard
stimuli with lengthening in TGI1. However, presence of final lengthening did not lead
listeners to fixate on the IP (rather than word) boundary image, with or without pitch reset,
suggesting that the effect of lengthening — at least of the magnitude used in this study — was
to delay listeners’ boundary decisions rather than to shift their percepts from one boundary
type to the other. This relatively small effect of final lengthening does not corroborate studies
that suggested a more heavily weighted role of final lengthening (e.g., Lehiste et al., 1976;
Scott, 1982; Petrone et al., 2017), and is a surprising result considering how prevalent
lengthening is in American English. It might be that the bias for the word boundary image in
participants’ perceptual responses is due to the ambiguous role of lengthened syllable
durations, which can cue both prominence as well as boundary (although the contrastive
focus was placed on a word that occurs earlier in the sentence and not on TGI). Further
investigation of perceptual responses for the same stimuli when TG1 received contrastive
focus will shed light on the presence and source of the bias.

Unlike presence of pause or final lengthening in the auditory stimuli, the pitch reset
manipulation did not yield a clear perceptual pattern. In the absence of pause and final
lengthening, contrary to expectations, listeners did not fixate earlier and more on the word
boundary image when the stimuli had no pitch reset than when stimuli had a small or large
reset. Listeners also did not generally fixate more on the word boundary image when the
stimuli had small rather than large reset. However, the results for the manipulations with pitch
reset, lengthening, and no pause (section 3.3.2.2) showed an effect of pitch reset in the early
onset lengthening condition (Figure 3.10), where listeners were more likely to fixate on the
word boundary image when the stimuli had no pitch reset compared to when it had small
reset, suggesting that the absence of pitch reset facilitates the percept of a word boundary in
the presence of what seems to be strongly conflicting information. The small and inconsistent
effect of the fO cue is also not consistent with its larger role found in some studies (Ladd,

1988; Seidl, 2007; Bogels & Torreira, 2015), and is more consistent with studies finding a
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relatively minor role of pitch in boundary perception (e.g., Swerts, 1997; Petrone et al., 2017,
Roy et al., 2017).

One major finding is that listeners did not wait until all boundary information
became available to look at the target image, but rather began to fixate on the target nearly as
soon as reliable information about the target boundary became available. The effect of
conflicting information about the type of boundary induced differences in fixations at the
relevant time ranges (such as the one described above, for example), although the differences
were not always consistent with the direction of the predictions. The results of the group
analysis contribute to the literature on weighting of the primary acoustic properties for an IP
boundary by characterizing the time course of the perception of different combinations of

these properties (cf. Lee et al., 2008).

5.3. The production-perception relation
A main goal of the eye-tracking study was to investigate whether the individual participants’
production patterns are reflected in their perception. Under the general hypothesis that
production and perception of prosodic boundaries are closely related within individuals, it
was predicted that participants’ perceptual responses to auditory stimuli containing different
combinations of the IP boundary properties would reflect their own production of these
properties. The output of a series of perceptual models that incorporated information about
individuals’ production of the relevant properties did not support the hypothesis. The weak
trends observed in the pitch reset model were mostly not consistent with predictions, and the
final lengthening model did not provide any trend that was consistent with predictions. The
strongest support for the hypothesis concerning the production-perception relation was that
the trend for the pause duration model, across the three lengthening conditions, were all
consistent with the prediction that, when pause is present, individuals who produce longer
pauses are faster to fixate on the IP boundary image than individuals who produce shorter
pauses.

Implications can be drawn from the production and perception studies. Pitch reset as
a marker for an IP boundary was less consistently produced and less perceptually useful than
pause and final lengthening. For production, not all participants produced pitch reset, whereas
all participants produced pause and final lengthening. For perception, pitch reset did not
induce perception of an IP boundary in a way that is as robust as pause or final lengthening.
This is consistent with previous studies that showed substantial individual variation in phrase-

final fO events (Swerts, 1997; Zhang, 2012; Petrone et al., 2017).
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In addition, despite the lack of clear evidence of a close relation between production
and perception of prosodic boundaries, both the production and perception studies
demonstrate individual differences to substantial degrees, adding to the body of research
showing individual differences in production and perception of prosodic boundaries or
prominences, which suggest that the mixed findings on the weighting of the cues for prosodic
boundaries discussed in section 5.2 may be explained in part by individual differences.

The lack of clear evidence for a close relation between production and perception is
not entirely surprising. Many of the previous studies that have investigated the relation
between production and perception of segmental variation found no or only weak supporting
evidence (e.g., Grosvald, 2009 and Grosvald & Corina, 2012 for vowel-to-vowel
coarticulation; Shultz et al., 2012, Schertz et al., 2015, and Coetzee et al., 2018 for the
relation between f0 and Voice Onset Time). This relation has not been previously examined
for production and perception of prosodic boundaries within the same individuals.

Chapter 1 motivated this investigation in part by an interest in the phonetic sources of
sound change and especially in the assumption of accounts of perceptually motivated changes
that listeners’ perceptual strategies are reflected in their own productions (e.g., Ohala 1981).
The at best weak relation between individuals’ production and perception of prosodic
boundaries in the current study would seem to call this assumption into question. However,
relatively recent discussions of this issue have emphasized that initiation of sound change due
to productions that reflect individuals’ perceptual bias does not require that all members of
the relevant speech community exhibit a close relation between production and perception
(Grosvald & Corina, 2012; Stevens & Harrington, 2014; Beddor et al., 2018). For instance, in
their study of production and perception of coarticulatory nasalization, Beddor et al. (2018)
found that, in general, participants who perceptually attended more to coarticulatory
nasalization in the auditory stimuli tended to produce heavier coarticulatory nasalization.
However, this relation between production and perception was not observed for all
participants in the study; some participants who produced early onset of coarticulatory
nasalization were not the listeners who found vowel nasality especially informative in
perception. They suggested that those individuals who reliably manifest their perceptual bias
in their production might be sufficient to contribute to the initiation of a sound change. It
might be speculated that, despite failure to find supporting evidence for a link between
production and perception of pitch reset and final lengthening in the current study, some
individuals may nonetheless manifest a close production-perception relation. For example,

the unmodeled fixation data from Participant 16 (P16), who produced early onset of
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lengthening, are suggestive of an interesting pattern for production and perception of the
three properties for IP boundary.

Figure 5.1 shows this participant’s proportion fixations on the word (yellow) and IP
(green) boundary images for the auditory stimuli in conditions M3, M5, M7 (i.e., three
different lengthening patterns without pause or pitch reset between TG1 and TG2). It appears
that P16 fixated on the word boundary image more when TG1 had late onset of lengthening
(M5) and late onset of lengthening + S1 shortening (M7) than early onset of lengthening
(M3). This suggests that P16 was more sensitive to a conflicting cue in M3, than in M5 and
M7. Given that P16 produced final lengthening in S2 and S3, the fewer fixations on the word
boundary image when the onset of final lengthening was at S2 (condition M3) is consistent
with P16’s perceptual use of the temporal information to distinguish the type of the upcoming
boundary being influenced by the participant’s own production of final lengthening.

Figure 5.2 shows P16’s proportion fixations on the IP (green) and word (yellow)
boundary images for the auditory stimuli in conditions M9, M10, and M11. These conditions
are comparable to M3, M5, and M7, respectively, except that they include pause and small
pitch reset. For these conditions, which elicit fixations on the IP boundary image, final
lengthening does not present a conflict, and, correspondingly, P16 appears to fixate roughly

equally often on the target image in all conditions.

[M7] No pause, Mo reset, Late onset lengthening

[M3] No pause, No reset, Early onset lengthening  [M5] No pause, No reset, Late onset lengthening S1 shortening
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Figure 5.1. Proportion fixations of Participant 16 on the word (yellow) and IP (green)
boundary images for stimuli including no pitch reset or pause between TG1 and TG2, for
conditions M3 (early onset lengthening), M5 (late onset lengthening), and M7 (late onset
lengthening + S1 shortening).
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[MO9] With pause, Small reset, Early onset [M10] With pause, Small reset, Late onset [M11] With pause, Small reset, Late onset
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Figure 5.2. Proportion fixations of Participant 16 on the word (yellow) and IP (green)
boundary images for stimuli including a small pitch reset and a pause between TG1 and TG2,
for conditions M9 (early onset lengthening), M10 (late onset lengthening), and M11 (late
onset lengthening + S1 shortening).

This preliminary look at P16’s results suggests that, as is the case for some segmental
properties, the production-perception link within individuals may also exist for prosodic
structure. Further examination of individual participants might shed light on the discussion of
how the production-perception relation within individuals could contribute to the initiation of
a perceptually-motivated sound change.

It is possible that, at least for certain properties, the current design failed to establish
a clear production-perception relation because the acoustic cues used in the auditory stimuli
were not sufficiently salient for some participants. For instance, the majority of speakers
consistently produced a pitch reset to distinguish IP and word boundaries, and most of these
speakers produced a distinction that was larger than the pitch reset produced by the model
speaker and subsequently used in the perception experiment. Perhaps, then, the fO difference
used in the auditory stimuli — while carefully done to reflect a large and small reset for the
model speaker — needed to be larger to capture its perceptual relevance for the majority of
participants. Alternatively, the lack of a robust effect of the presence/absence and size of pitch
reset on listeners’ perception of prosodic boundaries may suggest that the intonational cue is
weighted less heavily than the temporal cues in the perception of an IP boundary.

Further analyses of the existing and new data may shed more light on these and other
possible explanations, as well as on the research questions that were met with inconclusive
results. For instance, additional analyses could examine the relative weighting of the three
properties for the IP boundary within individual participants, to test whether some
participants find certain information they consistently produced to differentiate IP and word

boundaries more useful than other information they also used. Additional data and analyses
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could also make use of more fine-grained measures to examine the acoustic properties, a new

set of auditory stimuli with more robust manipulation, and more participants.
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APPENDIX A

Stimuli for the Production Experiment

@) TG1 = ‘naNIna’ # = IP boundary

C: The agent called naNIna. # Navarro and Parker bought the painting.

T: No, the painter called naNIna. # Navarro and Damon bought the painting.

2) TG1 = ‘naNIna’ # = word boundary

C: The agent called naNIna # Navarro. And Parker bought the painting.

T: No, the painter called naNIna # Navarro. And Damon bought the painting.

3) TG1 = ‘maMIma’ # = IP boundary

C: The paramedic called maMIma. # Melinda and Peter said no one got hurt.

T: No, the police called maMIma. # Melinda and Danny said no one got hurt.

4) TG1 = ‘maMIma’ # = word boundary

C: The paramedic called maMIma # Melinda. And Peter said no one got hurt.

T: No, the police called maMIma # Melinda. And Peter said no one got hurt.

5) TG1 = ‘naNIna’ # = IP boundary

C: The rancher called naNIna. # Delilah and Paige asked about the apples.

T: No, the farmer called naNIna. # Delilah and David asked about the apples.

(6) TG1 = ‘naNIna’ # = word boundary

C: The rancher called naNIna # Delilah. And Paige asked about the apples.

T: No, the farmer called naNIna # Delilah. And David asked about the apples.

7 TG1 = ‘maMIma’ # = IP boundary

C: The king called maMIma. # Belinda and Paul thought that was rude.

T: No, the queen called maMIma. # Belinda and Daisy thought that was rude.

®) TG1 = ‘maMIma’ # = word boundary

C: The king called maMIma # Belinda. And Paul thought that was rude.

T: No, the queen called maMIma # Belinda. And Daisy thought that was rude.

Table Al. Stimuli for the production experiment.
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APPENDIX B

Participant Biographical and Language Background Questionnaire

1) Age:
2) Eyesight: Do you wear glasses? (Y / N )
Do you wear contact lenses? (Y / N
3) Metal objects:
Do you wear braces? (Y / N
Do you wear fixed retainers? (Y / N
Do you wear piercing(s)? (Y / N
4) Latex allergy:
Are you allergic to latex? (Y / N)

Our experience with different languages, and with different dialects of English, can influence
the way we talk and the way we perceive speech. Having background information on these
experiences can be helpful to researchers who study language, although you may choose not
to respond to these questions.

1) What language(s) were spoken in your home as a child?
2) What language(s) do you currently speak at home?

3) List other languages with which you have experience, and explain what your
experience is. (For example: Spanish — 3 years of high school study)

4) List all the places where you have lived for more than 6 months, and indicate the
approximate dates that you lived in each of these places.

5) Are you musically trained? Or is a main hobby of yours related to music?

6) Would you be willing to participate in two more experiments for additional
compensation?

(Y / N

If yes, we might contact you via email to schedule the following experiments.
Because this is a preliminary question, you can always change your mind.
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APPENDIX C

Outputs of Statistical Models for Production Experiment

1. Group results (across all 32 participants):

1.1.  Syllable durations

Model: S1 duration
Imer(formula = syll ~ boundary + (1 | subj), data = dt)

Random effects:

Groups Name Variance Std.Dev.
subj (Intercept) 312.7 17.68
Residual 352.6 18.78
Fixed effects:
Estimate Std. Error df t value Pr(>|t|)
(Intercept) 128.3191 3.1774 31.9981 40.385 <2e-16 ***
boundarywd 1.0427 0.8034 2155.0974 1.298 0.194

Table C1. Structure and output of the model testing the effect of boundary on S1 duration.

Model: S2 duration
Imer(formula = syl2 ~ boundary + target + (1 | subj), data = dt)

Random effects:

Groups Name Variance Std.Dev.

subj (Intercept) 195.4 13.98

Residual 271.7 16.48
Fixed effects:

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

(Intercept) 169.8997 2.5459 33.5684 66.735 <2e-16 ***
boundarywd -7.7480 0.7053 2154.1718  -10.985 <2e-16 ***
targetnanina -3.1118 0.7051 2154.0801 -4.414 1.07e-05 ***

Table C2. Structure and output of the model testing the effect of boundary on S2 duration.
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Model: S3 duration
Imer(formula = syl3 ~ boundary + target + (1 | subj), data = dt)
Random effects:

Groups Name Variance Std.Dev.

subj (Intercept) 275.0 16.58

Residual 743.5 27.27
Fixed effects:

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

(Intercept) 243.246 3.101 35.966 78.43 <2e-16 ***
boundarywd -93.783 1.167 2154.306 -80.39 <2e-16 ***
targetnanina -15.523 1.166 2154.133 -13.31 <2e-16 ***

Table C3. Structure and output of the model testing the effect of boundary on S3 duration.

Model: S4 duration
Imer(formula = syl4 ~ boundary + target + (1 | subj), data = dt)
Random effects:

Groups Name Variance Std.Dev.

subj (Intercept) 99.23 9.962

Residual 821.57 28.663
Fixed effects:

Estimate Std. Error df t value Pr(>t))

(Intercept) 74.223 2.058 46.176 36.073 <2e-16 ***
boundarywd 19.238 1.226 2154.933 15.687 <2e-16 ***
targetnanina 6.386 1.226 2154.465 5.209 2.08e-07 ***

Table C4. Structure and output of the model testing the effect of boundary on S4 duration.

1.1.1. Significant interactions involving syllable duration

Model: S2 duration when TG1 is ‘maMIma’
Imer(syl2~boundary + (1|subj), data=dtm)
Random effects:
Groups Name Variance Std.Dev.
subj (Intercept) 216.4 14.71
Residual 246.9 15.71
Fixed effects:
Estimate Std. Error df t value Pr(>|t))
(Intercept) 168.4298 2.6864 33.0857 62.696 <2e-16 ***
boundarywd -4.8753 0.9544 1053.1742 -5.108 3.86e-07 ***

Table CS. Structure and output of the model testing the effect of boundary on S2 duration
when TG1 type is ‘maMIma’.
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Model: S2 duration when TG1 is ‘naNIna’
Imer(syl2~boundary + (1|subj), data=dtn)
Random effects:
Groups Name Variance Std.Dev.
subj (Intercept) 203.7 14.27
Residual 262.6 16.20
Fixed effects:
Estimate Std. Error df t value Pr(>t])
(Intercept) 168.2068 2.6163 33.3743 64.29 <2e-16 ***
boundarywd -10.6405 0.9775 1069.3063 -10.89 <2e-16 ***

Table C6. Structure and output of the model testing the effect of boundary on S2 duration
when TG1 type is ‘naNIna’.

Model: S2 duration when BOUNDARY is IP boundary
Imer(syl2~ target + (1|subj), data=dtip)
Random effects:

Groups Name Variance Std.Dev.

subj (Intercept) 195.9 14.00

Residual 208.9 14.45

Fixed effects:
Estimate Std. Error df t value Pr(>t))
(Intercept) 168.3314 2.5508 32.9366 65.993 <2e-16 ***

targetnanina -0.2241 0.8741 1062.1031 -0.256 0.798

Table C7. Structure and output of the model testing the effect of TG1 type on S2 duration
when boundary is IP boundary.

Model: S2 duration when BOUNDARY is word boundary
Imer(syl2 ~ target + (1|subj), data=dtwd)
Random effects:
Groups Name Variance Std.Dev.
subj (Intercept) 250.5 15.83
Residual 280.8 16.76
Fixed effects:
Estimate Std. Error df t value Pr(>t))
(Intercept) 163.541 2.889 33.072 56.598 <2e-16 ***
targetnanina -5.995 1.015 1060.126 -5.909 4.64e-09 ***

Table C8. Structure and output of the model testing the effect of TG1 type on S2 duration
when boundary is word boundary.
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Model: S4 duration when TG1 is ‘maMIma’
Imer(syl ~ boundary + (1|subj), data=dtm)
Random effects:
Groups  Name Variance Std.Dev.
subj (Intercept) 147 12.12
Residual 1001 31.64
Fixed effects:
Estimate Std. Error df t value Pr(>|t))
(Intercept) 72.659 2.537 42.606 28.64 <2e-16 ***
boundarywd 22.301 1.922 1054.011 11.61 <2e-16 ***

Table C9. Structure and output of the model testing the effect of boundary on S4 duration
when TG type is ‘maMIma’.

Model: S4 duration when TG1 is ‘naNIna’
Imer(syl4 ~ boundary + (1|subj), data=dtn)
Random effects:
Groups Name Variance Std.Dev.
subj (Intercept) 67.68 8.227
Residual 626.31 25.026
Fixed effects:
Estimate Std. Error df t value Pr(>|t))
(Intercept) 82.118 1.805 45.857 45.48 <2e-16 ***
boundarywd  16.320 1.509 1070.500 10.81 <2e-16 ***

Table C10. Structure and output of the model testing the effect of boundary on S4 duration
when TG1 type is ‘naNIna’.

Model: S4 duration when BOUNDARY is IP boundary
Imer(syl4~ target + (1|subj), data=dtip)
Random effects:
Groups Name Variance Std.Dev.
subj (Intercept) 185.9 13.63
Residual 504.5 22.46
Fixed effects:
Estimate Std. Error df t value Pr(>|t))
(Intercept) 72.681 2.596 35.930 27.998 <2e-16 ***
targetnanina 9.323 1.358 1062.355 6.863 1.14e-11 ***

Table C11. Structure and output of the model testing the effect of TG1 type on S4 duration
when boundary is IP boundary.
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Model: S4 duration when BOUNDARY is word boundary
Imer(syl4 ~ target + (1|subj), data=dtwd)
Random effects:
Groups Name Variance Std.Dev.
subj (Intercept) 69.63 8.345
Residual 1079.75 32.860
Fixed effects:
Estimate Std. Error df t value Pr(>t))
(Intercept) 94.949 2.044 54.032 46.451 <2e-16 ***
targetnanina 3.514 1.989 1061.196 1.767 0.0776 .

Table C12. Structure and output of the model testing the effect of TG1 type on S4 duration
when boundary is word boundary.

1.2.  FO maximum difference

Model: f0 maximum difference
Imer(formula = fOmax_diff ~ boundary + (1 | subj), data = dt)
Random effects:

Groups Name Variance Std.Dev.
subj (Intercept) 214.9 14.66
Residual 1398.5 37.40
Fixed effects:
Estimate Std. Error df t value Pr(>|t))
(Intercept) 24.183 2.938 41.324 8.23 3.02e-10 ***
boundarywd -28.815 1.805 1818.907 -15.96 <2e-16 ***

Table C13. Structure and output of the model testing the effect of boundary on f0 maximum
difference.

2. Individual results
2.1.  Syllable durations

2.1.1. S1 duration

Participant Fixed Effects
Coefficients | Estimate | Std. Error | tvalue Pr(>|t]) sig.annt
1 (Intercept) 116.73 3.949 29.563 | 2.00E-16 ikl
boundarywd -6.78 4517 -1.501 0.138
targetnanina 23.108 4515 5.118 2.80E-06 Fhx
2 Coefficients | Estimate | Std. Error | tvalue Pr(>|t|) sig.annt
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(Intercept) 169.3049 3.8887 43.538 <2e-16 folaiel
boundarywd 4.9318 4.5146 1.092 0.279
targetnanina 0.6576 45146 0.146 0.885
Coefficients | Estimate | Std. Error | tvalue Pr(>[t]) sig.annt
3 (Intercept) 152.613 2.935 51.989 <2e-16 faleie
boundarywd 1.189 3.352 0.355 0.7242
targetnanina -6.698 3.352 -1.998 0.0506 .
Coefficients | Estimate | Std. Error | tvalue Pr(>|t]) sig.annt
4 (Intercept) 124.4615 3.4983 35.577 <2e-16 foleal
boundarywd | -0.6248 4.1961 -0.149 0.8821
targetnanina -9.2575 41921 -2.208 0.0309 *
Coefficients | Estimate | Std. Error | tvalue Pr(>[t]) sig.annt
c (Intercept) 142.3319 4.3136 32.996 <2e-16 folalel
boundarywd 0.3491 5.0543 0.069 0.9452
targetnanina | -9.4659 5.0508 -1.874 0.0666 .
Coefficients | Estimate | Std. Error | tvalue Pr(>[t]) sig.annt
6 (Intercept) 138.4642 5.048 27.43 <2e-16 faleie
boundarywd 6.0199 5.703 1.056 0.296
targetnanina | -0.8021 5.6212 -0.143 0.887
Coefficients | Estimate | Std. Error | tvalue Pr(>|t]) sig.annt
. (Intercept) 132.937 4.927 26.981 | 2.00E-16 folalel
boundarywd -4.997 5.369 -0.931 0.35503
targetnanina 14,774 5.38 2.746 0.00756 **
Coefficients | Estimate | Std. Error | tvalue Pr(>[t]) sig.annt
g (Intercept) 110.2941 3.6575 30.156 <2e-16 Hx
boundarywd 8.9177 4.1825 2.132 0.0367 *
targetnanina | -0.7979 4.1842 -0.191 0.8493
Coefficients | Estimate | Std. Error | tvalue Pr(>[t]) sig.annt
9 (Intercept) 136.2461 2.21353 61.551 | 2.00E-16 faleie
boundarywd | -0.09444 2.55597 -0.037 0.971
targetnanina | -14.1794 2.55597 -5.548 4.98E-07 kel
Coefficients | Estimate | Std. Error | tvalue Pr(>|t]) sig.annt
10 (Intercept) 130.8 3.013 43.407 <2e-16 ik
boundarywd 2.356 3.48 0.677 0.501
targetnanina 3.625 3.48 1.042 0.301
Coefficients | Estimate | Std. Error | tvalue Pr(>|t]) sig.annt
1 (Intercept) 97.139 2.921 33.256 <2e-16 ik
boundarywd 7.828 3.354 2.334 0.0231 *
targetnanina -2.939 3.357 -0.875 0.385
12 Coefficients | Estimate | Std. Error | tvalue Pr(>|t]) sig.annt
(Intercept) 129.841 2.717 47.788 | 2.00E-16 faleie
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boundarywd -2.193 3.168 -0.692 0.491

targetnanina | -14.516 3.168 -4.582 2.06E-05 falelal

Coefficients | Estimate | Std. Error | tvalue Pr(>|t]) sig.annt
13 (Intercept) 133.22 4.256 31.298 <2e-16 folekal

boundarywd 2.232 4.939 0.452 0.653

targetnanina -5.957 4,939 -1.206 0.232

Coefficients | Estimate | Std. Error | tvalue Pr(>|t]) sig.annt
14 (Intercept) 113.8 42.46 2.68 0.00923 **

boundarywd 49.39 49.27 1.002 0.3197

targetnanina 50.81 49.27 1.031 0.30606

Coefficients | Estimate | Std. Error | tvalue Pr(>[t]) sig.annt
15 (Intercept) 134.778 6.152 21.909 <2e-16 folalel

boundarywd 4.023 7.104 0.566 0.5732

targetnanina 12.279 7.104 1.729 0.0889 .

Coefficients | Estimate | Std. Error | tvalue Pr(>|t]) sig.annt
16 (Intercept) 109.043 3.338 32.662 <2e-16 folalel

boundarywd 5.831 3.819 1.527 0.1316

targetnanina -6.787 3.819 -1.777 0.0801 .

Coefficients | Estimate | Std. Error | tvalue Pr(>|t]) sig.annt
17 (Intercept) 135.212 3.746 36.094 <2e-16 il

boundarywd 8.884 4.326 2.054 0.0438 *

targetnanina 3.249 4.326 0.751 0.4552

Coefficients | Estimate | Std. Error | tvalue Pr(>[t]) sig.annt
18 (Intercept) 111.239 4.766 23.34 <2e-16 falalel

boundarywd 5.248 5.479 0.958 0.341

targetnanina 5.102 5.479 0.931 0.355

Coefficients | Estimate | Std. Error | tvalue Pr(>|t]) sig.annt
19 (Intercept) 111.123 3.004 36.997 <2e-16 falalel

boundarywd -2.469 3.553 -0.695 0.49

targetnanina 1.407 3.537 0.398 0.692

Coefficients | Estimate | Std. Error | tvalue Pr(>|t]) sig.annt
20 (Intercept) 125.6464 3.7064 33.9 <2e-16 il

boundarywd 0.1462 4.3003 0.034 0.973

targetnanina | 14.4289 4.3003 3.355 0.0013 **

Coefficients | Estimate | Std. Error | tvalue Pr(>|t]) sig.annt
21 (Intercept) 152.087 3.283 46.327 <2e-16 falalel

boundarywd 5.117 3.791 1.35 0.181

targetnanina -1.851 3.793 -0.488 0.627

Coefficients | Estimate | Std. Error | tvalue Pr(>|t]) sig.annt
22 (Intercept) 115.564 3.438 33.617 <2e-16 falalel

boundarywd -2.054 3.95 -0.52 0.605
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targetnanina 4.394 3.953 1.112 0.27
Coefficients | Estimate | Std. Error | tvalue Pr(>|t]) sig.annt
23 (Intercept) 112.0208 2.4566 45.6 <2e-16 ekl
boundarywd | 0.08333 2.83664 0.029 0.977
targetnanina | -3.10556 2.83664 -1.095 0.277
Coefficients | Estimate | Std. Error | tvalue Pr(>[t]) sig.annt
24 (Intercept) 125.412 2.968 42.256 | 2.00E-16 folaiel
boundarywd -6.291 3.427 -1.836 0.0707
targetnanina 14.379 3.427 4.196 7.96E-05 kel
Coefficients | Estimate | Std. Error | tvalue Pr(>[t]) sig.annt
o5 (Intercept) 164.1151 3.0468 53.865 <2e-16 faleie
boundarywd | -9.2292 3.5181 -2.623 0.0107 *
targetnanina 0.7997 3.5181 0.227 0.8209
Coefficients | Estimate | Std. Error | tvalue Pr(>|t]) sig.annt
26 (Intercept) 143.076 4.785 29.901 | 2.00E-16 folaiel
boundarywd 15.378 5.525 2.783 0.00694 *x
targetnanina 8.79 5.525 1.591 0.11622
Coefficients | Estimate | Std. Error | tvalue Pr(>[t]) sig.annt
97 (Intercept) 99.618 2.806 35.501 <2e-16 il
boundarywd 1.821 3.271 0.557 0.5796
targetnanina -7.376 3.272 -2.254 0.0275 *
Coefficients | Estimate | Std. Error | tvalue Pr(>[t]) sig.annt
28 (Intercept) 123.589 3.97 31.13 2.00E-16 faleie
boundarywd -6.447 4.584 -1.406 | 0.164101
targetnanina 17.037 4.584 3.716 0.000407 falead
Coefficients | Estimate | Std. Error | tvalue Pr(>|t]) sig.annt
29 (Intercept) 122.6555 5.3683 22.848 <2e-16 il
boundarywd 0.9603 6.1755 0.155 0.877
targetnanina -4.0492 6.1696 -0.656 0.514
Coefficients | Estimate | Std. Error | tvalue Pr(>[t]) sig.annt
30 (Intercept) 109.315 4.136 26.427 <2e-16 il
boundarywd -6.716 4.85 -1.385 0.1708
targetnanina 10.063 4.85 2.075 0.0419 *
Coefficients | Estimate | Std. Error | tvalue Pr(>|t]) sig.annt
31 (Intercept) 123.9291 3.46032 35.814 <2e-16 ikl
boundarywd | -0.05535 4.01479 -0.014 0.989
targetnanina | -2.68647 4.01479 -0.669 0.506
Coefficients | Estimate | Std. Error | tvalue Pr(>|t]) sig.annt
32 (Intercept) 115.7888 3.11415 37.182 | 2.00E-16 faleied
boundarywd | -0.07219 3.54561 -0.02 0.98382
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targetnanina | -12.1594 3.54561 -3.429 0.00103 **

Table C14. Structure and output of the individual models testing the effect of boundary on S1
duration.

2.1.2. S2 duration

Participant Fixed Effects
Coefficients | Estimate | Std. Error | tvalue Pr(>|t)) sig.annt
1 (Intercept) 186.946 3.586 52.135 2.00E-16 rokox
boundarywd -19.875 4.102 -4.845 7.84E-06 ook
targetnanina -7.759 4.101 -1.892 0.0628 .
Coefficients | Estimate | Std. Error | tvalue Pr(>t]) sig.annt
5 (Intercept) 190.104 2.684 70.838 | 2.00E-16 *oxk
boundarywd -16.407 3.116 -5.266 1.98E-06 ook
targetnanina -3.885 3.116 -1.247 0.217
Coefficients | Estimate | Std. Error | tvalue Pr(>t]) sig.annt
3 (Intercept) 176.293 2.378 74.149 | 2.00E-16 Gk
boundarywd -9.125 2.715 -3.361 0.00142 o
targetnanina 2.684 2.715 0.989 0.32718
Coefficients | Estimate | Std. Error | tvalue Pr(>t]) sig.annt
4 (Intercept) 153.033 2.767 55.316 <2e-16 ok
boundarywd -3.655 3.318 -1.102 0.2749
targetnanina 7.173 3.315 2.164 0.0344 *
Coefficients | Estimate | Std. Error | tvalue Pr(>t]) sig.annt
5 (Intercept) 165.108 3.379 48.86 <2e-16 ok
boundarywd -1.741 3.959 -0.44 0.662
targetnanina -4.944 3.957 -1.25 0.217
Coefficients | Estimate | Std. Error | tvalue Pr(>t|) sig.annt
6 (Intercept) 157.582 3.572 44115 <2e-16 kokk
boundarywd 6.406 4.036 1.587 0.1187
targetnanina | -10.445 3.978 -2.626 0.0114 *
Coefficients | Estimate | Std. Error | tvalue Pr(>t|) sig.annt
7 (Intercept) 169.785 4.816 35.255 <2e-16 otk
boundarywd 6.055 5.248 1.154 0.2523
targetnanina 10.04 5.259 1.909 0.0601 .
Coefficients | Estimate | Std. Error | tvalue Pr(>t]) sig.annt
g (Intercept) 159.538 3.388 47.089 2.00E-16 ook
boundarywd 5.292 3.874 1.366 0.17656
targetnanina -10.285 3.876 -2.654 0.00994 wx
9 Coefficients | Estimate | Std. Error | tvalue Pr(>|t]) sig.annt
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(Intercept) 167.087 3.498 47.762 | 2.00E-16 koxk
boundarywd 2.631 4.04 0.651 0.517034
targetnanina -14.095 4.04 -3.489 0.000848 oAk
Coefficients | Estimate | Std. Error | tvalue Pr(>|t)) sig.annt

10 (Intercept) 202.916 3.332 60.906 <2e-16 ok
boundarywd -5.106 3.847 -1.327 0.1888
targetnanina -7.295 3.847 -1.896 0.0621
Coefficients | Estimate | Std. Error | tvalue Pr(>t]) sig.annt

1 (Intercept) 150.44 3.135 47.992 <2e-16 kokk
boundarywd 2.308 3.599 0.641 0.524
targetnanina -1.993 3.603 -0.553 0.582
Coefficients | Estimate | Std. Error | tvalue Pr(>t]) sig.annt

12 (Intercept) 172.801 2.976 58.057 | 2.00E-16 ok
boundarywd | -13.856 3.471 -3.992 | 0.000165 ok
targetnanina 8.873 3.471 2.557 0.01284 *
Coefficients | Estimate | Std. Error | tvalue Pr(>t]) sig.annt

13 (Intercept) 147.851 2.909 50.821 | 2.00E-16 kokx
boundarywd -6.161 3.375 -1.825 0.07237
targetnanina | -11.861 3.375 -3.514 0.00079 ok
Coefficients | Estimate | Std. Error | tvalue Pr(>t]) sig.annt

14 (Intercept) 189.448 3.155 60.047 | 2.00E-16 ok
boundarywd | -23.443 3.661 -6.404 1.65E-08 Gk
targetnanina 6.048 3.661 1.652 0.103
Coefficients | Estimate | Std. Error | tvalue Pr(>t]) sig.annt

15 (Intercept) 168.152 3.417 49.208 <2e-16 ok
boundarywd 4.958 3.946 1.257 0.214
targetnanina -1.191 3.946 -0.302 0.764
Coefficients | Estimate | Std. Error | tvalue Pr(>t]) sig.annt

16 (Intercept) 158.543 2.682 59.123 | 2.00E-16 Gk
boundarywd | -11.546 3.068 -3.764 | 0.000355 *kx
targetnanina -3.972 3.068 -1.295 0.199859
Coefficients | Estimate | Std. Error | tvalue Pr(>t]) sig.annt

17 (Intercept) 178.451 2.646 67.447 <2e-16 *oxk
boundarywd -4.514 3.055 -1.478 0.144
targetnanina -3.906 3.055 -1.278 0.205
Coefficients | Estimate | Std. Error | tvalue Pr(>|t]) sig.annt

18 (Intercept) 177.887 4.615 38.543 <2e-16 ok
boundarywd | -10.626 5.305 -2.003 0.0491 *
targetnanina 4.225 5.305 0.796 0.4285

19 Coefficients | Estimate | Std. Error | tvalue Pr(>|t]) sig.annt

(Intercept) 165.514 3.397 48.718 2.00E-16 oAk
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boundarywd | -24.323 4.018 -6.053 9.52E-08 *okk
targetnanina -1.764 4.001 -0.441 0.661
Coefficients | Estimate | Std. Error | tvalue Pr(>t]) sig.annt
20 (Intercept) 183.202 3.247 56.416 2.00E-16 rokox
boundarywd 7.996 3.768 2.122 0.0375 *
targetnanina -18.954 3.768 -5.031 3.80E-06 rokox
Coefficients | Estimate | Std. Error | tvalue Pr(>t]) sig.annt
21 (Intercept) 144.916 1.832 79.093 | 2.00E-16 ok
boundarywd -6.364 2.116 -3.007 0.00367 o
targetnanina -2.611 2.117 -1.233 0.22163
Coefficients | Estimate | Std. Error | tvalue Pr(>|t)) sig.annt
92 (Intercept) 159.004 2.86 55.587 | 2.00E-16 ok
boundarywd | -19.191 3.286 -5.84 1.75E-07 Gk
targetnanina 9.155 3.289 2.783 0.00701 o
Coefficients | Estimate | Std. Error | tvalue Pr(>t]) sig.annt
23 (Intercept) | 173.551 2.362 73.491 | 2.00E-16 kK
boundarywd 4919 2.727 1.804 0.0756
targetnanina -14.429 2.727 -5.291 1.36E-06 ook
Coefficients | Estimate | Std. Error | tvalue Pr(>t]) sig.annt
24 (Intercept) 180.531 2.712 66.562 <2e-16 Gk
boundarywd -8.079 3.132 -2.58 0.012 *
targetnanina -3.902 3.132 -1.246 0.217
Coefficients | Estimate | Std. Error | tvalue Pr(>t|) sig.annt
25 (Intercept) | 193.981 2511 77264 | 2.00E-16 ok
boundarywd | -11.075 2.899 -3.82 0.000288 Gk
targetnanina | -14.956 2.899 -5.159 | 2.27E-06 Gk
Coefficients | Estimate | Std. Error | tvalue Pr(>t]) sig.annt
26 (Intercept) | 181.829 3.134 58015 | <2e-16 ok
boundarywd -6.655 3.619 -1.839 0.0702
targetnanina 3.396 3.619 0.938 0.3513
Coefficients | Estimate | Std. Error | tvalue Pr(>t]) sig.annt
97 (Intercept) 157.1115 1.90775 82.354 | 2.00E-16 Gk
boundarywd | -10.0191 2.22356 -4.506 2.72E-05 ook
targetnanina | 0.06806 2.22447 0.031 0.976
Coefficients | Estimate | Std. Error | tvalue Pr(>|t]) sig.annt
28 (Intercept) 159.916 2.21 72.365 <2e-16 oAk
boundarywd -2.329 2.552 -0.913 0.365
targetnanina 3.695 2.552 1.448 0.152
Coefficients | Estimate | Std. Error | tvalue Pr(>t]) sig.annt
29 (Intercept) 169.411 4.96 34.154 <2e-16 oAk
boundarywd -14.66 5.706 -2.569 0.0126 *
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targetnanina -3.432 5.701 -0.602 0.5493
Coefficients | Estimate | Std. Error | tvalue Pr(>t]) sig.annt
32 (Intercept) 151.217 2.525 59.884 <2e-16 oAk
boundarywd -40.268 2.961 -13.599 <2e-16 rokox
targetnanina 5.095 2.961 1.721 0.09 .
Coefficients | Estimate | Std. Error | tvalue Pr(>|t)) sig.annt
31 (Intercept) 183.389 3.971 46.184 | 2.00E-16 *okk
boundarywd | -18.053 4.607 -3.919 | 0.000209 *okk
targetnanina -24.41 4.607 -5.298 1.36E-06 oAk
Coefficients | Estimate | Std. Error | tvalue Pr(>|t)) sig.annt
2 (Intercept) | 156.108 2.642 59.09 <2e-16 ok
boundarywd -0.773 3.008 -0.257 0.798
targetnanina 6.142 3.008 2.042 0.045 *

Table C15. Structure and output of the individual models testing the effect of boundary on S2
duration.

2.1.3. S3 duration

Participant Fixed Effects
Coefficients | Estimate | Std. Error | tvalue Pr(>t]) sig.annt
1 (Intercept) 270.522 5.933 45.593 <2e-16 Hokk
boundarywd | -125.207 6.788 -18.446 <2e-16 *Hk
targetnanina -10.9 6.785 -1.606 0.113
Coefficients | Estimate | Std. Error | tvalue Pr(>t]) sig.annt
5 (Intercept) 277.539 5.848 47.46 <2e-16 oAk
boundarywd | -96.535 6.789 -14.219 <2e-16 oAk
targetnanina -15.864 6.789 -2.337 0.0228 *

Coefficients | Estimate | Std. Error | tvalue Pr(>t]) sig.annt
(Intercept) 249.835 4.851 51.502 | 2.00E-16 ok

3
boundarywd | -76.578 5.539 -13.825 | 2.00E-16 *Hk
targetnanina | -25.443 5.539 -4.593 2.58E-05 oAk
Coefficients | Estimate | Std. Error | tvalue Pr(>t]) sig.annt

4 (Intercept) 221.466 4.229 52.369 | 2.00E-16 HAx
boundarywd -73.881 5.072 -14.565 | 2.00E-16 ook
targetnanina -16.276 5.068 -3.212 0.00209 ok
Coefficients | Estimate | Std. Error | tvalue Pr(>t]) sig.annt

5 (Intercept) 231.356 6.307 36.683 <2e-16 otk
boundarywd -65.382 7.39 -8.848 7.06E-12 ok
targetnanina | -23.912 7.385 -3.238 0.00212 ok

6 Coefficients | Estimate | Std. Error | tvalue Pr(>t]) sig.annt
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(Intercept) 213.79 7.4 28.892 | 2.00E-16 koHk
boundarywd -53.48 8.36 -6.397 5.27E-08 ok
targetnanina -16.3 8.24 -1.978 0.0535
Coefficients | Estimate | Std. Error | tvalue Pr(>|t)) sig.annt

. (Intercept) 241.284 5.513 43.762 <2e-16 ok
boundarywd -68.06 6.008 -11.328 <2e-16 ok
targetnanina | -17.887 6.02 -2.971 0.004 ok
Coefficients | Estimate | Std. Error | tvalue Pr(>t]) sig.annt

8 (Intercept) 263.692 5.737 45.963 | 2.00E-16 ok
boundarywd | -106.262 6.561 -16.197 | 2.00E-16 ok
targetnanina -22.065 6.563 -3.362 0.00128 ok
Coefficients | Estimate | Std. Error | tvalue Pr(>t]) sig.annt

9 (Intercept) 219.701 4.589 47.87 2.00E-16 ok
boundarywd -73.32 5.299 -13.84 | 2.00E-16 ok
targetnanina | -28.776 5.299 -5.43 7.92E-07 xRk
Coefficients | Estimate | Std. Error | tvalue Pr(>t]) sig.annt

10 (Intercept) 245.76 3.94 62.373 | 2.00E-16 Hokk
boundarywd -97.95 4.55 -21.53 2.00E-16 Hokk
targetnanina -12.19 4.55 -2.679 0.00922 ok
Coefficients | Estimate | Std. Error | tvalue Pr(>t]) sig.annt
1 (Intercept) 219.901 3.508 62.687 <2e-16 ok
boundarywd | -78.172 4.028 -19.409 <2e-16 oAk
targetnanina -9.091 4.032 -2.255 0.0279 *
Coefficients | Estimate | Std. Error | tvalue Pr(>t]) sig.annt
12 (Intercept) 230.546 3.161 72.934 | 2.00E-16 xRk
boundarywd | -89.991 3.686 -24.416 | 2.00E-16 *Hk
targetnanina | -10.737 3.686 -2.913 0.00486 o
Coefficients | Estimate | Std. Error | tvalue Pr(>t]) sig.annt
13 (Intercept) 256.645 4.088 62.786 <2e-16 oAk
boundarywd | -130.374 4.743 -27.49 <2e-16 oAk
targetnanina -8.439 4.743 -1.779 0.0796
Coefficients | Estimate | Std. Error | tvalue Pr(>t]) sig.annt
14 (Intercept) 275.385 5.767 47.756 <2e-16 xRk
boundarywd | -130.066 6.691 -19.44 <2e-16 HAx
targetnanina -7.729 6.691 -1.155 0.252
Coefficients | Estimate | Std. Error | tvalue Pr(>|t)) sig.annt
15 (Intercept) 239.567 5.3 45.204 <2e-16 xRk
boundarywd | -76.164 6.12 -12.446 <2e-16 xRk
targetnanina -9.142 6.12 -1.494 0.14
16 Coefficients | Estimate | Std. Error | tvalue Pr(>|t)) sig.annt
(Intercept) 215.155 5.546 38.797 <2e-16 otk
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boundarywd | -90.245 6.344 -14.225 <2e-16 Hokk
targetnanina -3.702 6.344 -0.583 0.562
Coefficients | Estimate | Std. Error | tvalue Pr(>t]) sig.annt
. (Intercept) | 286.743 4.407 65.059 | <2e-16 ok
boundarywd | -134.129 5.089 -26.355 <2e-16 oAk
targetnanina -10.563 5.089 -2.076 0.0417 *
Coefficients | Estimate | Std. Error | tvalue Pr(>t]) sig.annt
18 (Intercept) 249.782 4.547 54.93 <2e-16 kK
boundarywd | -107.76 5.227 -20.615 <2e-16 *Hk
targetnanina -8.6 5.227 -1.645 0.104
Coefficients | Estimate | Std. Error | tvalue Pr(>[t)) sig.annt
19 (Intercept) | 262.982 6.769 38.852 | 2.00E-16 ok
boundarywd | -107.497 8.006 -13.427 | 2.00E-16 *oxk
targetnanina | -27.619 7.971 -3.465 0.00098 ok
Coefficients | Estimate | Std. Error | tvalue Pr(>t]) sig.annt
20 (Intercept) 257.942 3.349 77.017 <2e-16 Hokk
boundarywd -95.113 3.886 -24.477 <2e-16 Hokk
targetnanina -5.134 3.886 -1.321 0.191
Coefficients | Estimate | Std. Error | tvalue Pr(>t]) sig.annt
21 (Intercept) 247.639 4.773 51.883 | 2.00E-16 ok
boundarywd | -100.425 5.512 -18.219 | 2.00E-16 ok
targetnanina -14.64 5.514 -2.655 0.00984 woE
Coefficients | Estimate | Std. Error | tvalue Pr(>t]) sig.annt
- (Intercept) | 259.319 2.952 87.835 | 2.00E-16 ok
boundarywd | -124.566 3.392 -36.724 | 2.00E-16 *Hk
targetnanina | -19.096 3.395 -5.625 | 4.07E-07 *Hk
Coefficients | Estimate | Std. Error | tvalue Pr(>t]) sig.annt
23 (Intercept) 215.117 4.043 53.213 <2e-16 oAk
boundarywd | -81.009 4.668 -17.354 <2e-16 oAk
targetnanina -14.924 4.668 -3.197 0.0021 woE
Coefficients | Estimate | Std. Error | tvalue Pr(>t]) sig.annt
24 (Intercept) 203.708 4.084 49.875 | 2.00E-16 *Hk
boundarywd -58.959 4716 -12.501 2.00E-16 ook
targetnanina -14.91 4.716 -3.161 0.00233 *x
Coefficients | Estimate | Std. Error | tvalue Pr(>|t)) sig.annt
o5 (Intercept) 236.351 5.79 40.824 | 2.00E-16 HAx
boundarywd -67.174 6.685 -10.048 | 3.83E-15 ook
targetnanina -18.151 6.685 -2.715 0.00836 ok
Coefficients | Estimate | Std. Error | tvalue Pr(>t]) sig.annt
26 (Intercept) 236.002 3.553 66.425 2.00E-16 HoAx
boundarywd -67.752 4.103 -16.515 | 2.00E-16 HoAx

132




targetnanina | -23.692 4.103 -5.775 2.02E-07 kK
Coefficients | Estimate | Std. Error | tvalue Pr(>t]) sig.annt
97 (Intercept) 227.968 3.742 60.924 | 2.00E-16 *Hk
boundarywd | -102.627 4.361 -23.531 2.00E-16 oAk
targetnanina -21.557 4.363 -4.941 5.47E-06 oAk
Coefficients | Estimate | Std. Error | tvalue Pr(>[t)) sig.annt
o8 (Intercept) 280.587 5.864 47.845 <2e-16 oAk
boundarywd | -137.027 6.772 -20.235 <2e-16 *ork
targetnanina | -14.879 6.772 -2.197 0.0314 *
Coefficients | Estimate | Std. Error | tvalue Pr(>|t)) sig.annt
2 (Intercept) | 213.368 4.581 46.576 | <2e-16 ok
boundarywd | -73.163 5.27 -13.883 <2e-16 Hokk
targetnanina -9.939 5.265 -1.888 0.0637 .
Coefficients | Estimate | Std. Error | tvalue Pr(>t]) sig.annt
30 (Intercept) 234.576 4.206 55.774 <2e-16 xRk
boundarywd | -115.347 4.932 -23.389 <2e-16 ol
targetnanina -7.479 4.932 -1.516 0.134
Coefficients | Estimate | Std. Error | tvalue Pr(>t]) sig.annt
31 (Intercept) 175.022 4.167 41.998 | 2.00E-16 ok
boundarywd | -18.155 4.835 -3.755 0.00036 xRk
targetnanina | -25.783 4.835 -5.332 1.19E-06 HAx
Coefficients | Estimate | Std. Error | tvalue Pr(>t]) sig.annt
- (Intercept) | 311.483 4.635 67.205 | 2.00E-16 Aok
boundarywd | -156.599 5.277 -29.676 | 2.00E-16 oAk
targetnanina | -25.626 5.277 -4.856 | 7.35E-06 *Hk

Table C16. Structure and output of the individual models testing the effect of boundary on S3
duration.

2.1.4. S4 duration

Participant Fixed Effects
Coefficients | Estimate | Std. Error | tvalue Pr(>t]) sig.annt
1 (Intercept) 91.7326 5.0765 18.07 <2e-16 otk
boundarywd -4.4119 5.8076 -0.76 0.45
targetnanina 0.0312 5.8052 0.005 0.996
Coefficients | Estimate | Std. Error | tvalue Pr(>t]) sig.annt
) (Intercept) 76.704 6.826 11.236 2.00E-16 ook
boundarywd 25.668 7.925 3.239 0.00196 *x
targetnanina 18.175 7.925 2.293 0.02535 *
3 Coefficients | Estimate | Std. Error | tvalue Pr(>|t)) sig.annt
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(Intercept) 68.484 6.532 10.485 | 9.95E-15 *Hk
boundarywd 33.251 7.458 4.458 4.11E-05 *ork
targetnanina 9.72 7.458 1.303 0.198
Coefficients | Estimate | Std. Error | tvalue Pr(>|t)) sig.annt

. (Intercept) | 85.457 4.685 18239 | <2e-16 ok
boundarywd 2.652 5.62 0.472 0.639
targetnanina 3.16 5.615 0.563 0.576
Coefficients | Estimate | Std. Error | tvalue Pr(>t]) sig.annt
5 (Intercept) 61.451 4.931 12.462 <2e-16 Hokk
boundarywd 28.126 5.778 4.868 1.13E-05 oAk
targetnanina 14.366 5.774 2.488 0.0162 *
Coefficients | Estimate | Std. Error | tvalue Pr(>t]) sig.annt
6 (Intercept) 82.341 8.914 9.237 2.17E-12 Hokk
boundarywd 16.001 10.071 1.589 0.118
targetnanina 10.535 9.927 1.061 0.294
Coefficients | Estimate | Std. Error | tvalue Pr(>t]) sig.annt
. (Intercept) 87.229 7.586 11.499 <2e-16 Hokk
boundarywd 14.76 8.266 1.786 0.0783
targetnanina 11.576 8.283 1.398 0.1664
Coefficients | Estimate | Std. Error | tvalue Pr(>t]) sig.annt
8 (Intercept) 64.01 5.568 11.497 <2e-16 ok
boundarywd 16.56 6.367 2.601 0.0114 *
targetnanina 15.669 6.369 2.46 0.0165 *
Coefficients | Estimate | Std. Error | tvalue Pr(>t]) sig.annt
9 (Intercept) 58.31 5.428 10.743 | 2.24E-16 xRk
boundarywd 22.67 6.267 3.617 0.00056 ok
targetnanina 15.54 6.267 2.48 0.0156 *
Coefficients | Estimate | Std. Error | tvalue Pr(>t]) sig.annt
10 (Intercept) | 85.038 5.88 14.463 | 2.00E-16 Aok
boundarywd 25.493 6.789 3.755 0.00036 oAk
targetnanina -6.971 6.789 -1.027 0.30814
Coefficients | Estimate | Std. Error | tvalue Pr(>t]) sig.annt
" (Intercept) | 75.474 5.1 148 | 2.00E-16 ok
boundarywd 20.367 5.855 3.479 0.00096 otk
targetnanina -3.906 5.861 -0.666 0.50777
Coefficients | Estimate | Std. Error | tvalue Pr(>|t)) sig.annt
12 (Intercept) 68.439 4.991 13.713 2.00E-16 ook
boundarywd 47.989 5.819 8.247 8.65E-12 ook
targetnanina -1.382 5.819 -0.237 0.813
13 Coefficients | Estimate | Std. Error | tvalue Pr(>|t)) sig.annt
(Intercept) 48.58 41.14 1.181 0.242
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boundarywd 76.51 47.74 1.603 0.114
targetnanina 42.14 47.74 0.883 0.38
Coefficients | Estimate | Std. Error | tvalue Pr(>t]) sig.annt
14 (Intercept) 125.07 6.413 19.502 2.00E-16 oAk
boundarywd -4.93 7.441 -0.663 0.50985
targetnanina -23.125 7.441 -3.108 0.00275 ok
Coefficients | Estimate | Std. Error | tvalue Pr(>t]) sig.annt
15 (Intercept) 78.131 6.942 11.254 | 2.00E-16 oAk
boundarywd 31.209 8.016 3.893 0.00025 *Hk
targetnanina 3.329 8.016 0.415 0.67936
Coefficients | Estimate | Std. Error | tvalue Pr(>[t)) sig.annt
16 (Intercept) 59.159 4.705 12.574 <2e-16 Hokk
boundarywd 14.436 5.382 2.682 0.0092 o
targetnanina 18.366 5.382 3.412 0.0011 ok
Coefficients | Estimate | Std. Error | tvalue Pr(>t]) sig.annt
. (Intercept) | 62.218 5.048 12.326 | 2.00E-16 ko
boundarywd 34.798 5.829 597 9.20E-08 Hokk
targetnanina 15.96 5.829 2.738 0.00785 ok
Coefficients | Estimate | Std. Error | tvalue Pr(>t]) sig.annt
18 (Intercept) 56.168 5.082 11.051 | 2.00E-16 ok
boundarywd 28.671 5.842 4.907 5.80E-06 ok
targetnanina 11.545 5.842 1.976 0.0521
Coefficients | Estimate | Std. Error | tvalue Pr(>t]) sig.annt
19 (Intercept) 70.475 5.898 11.948 <2e-16 oAk
boundarywd 11.097 6.976 1.591 0.1169
targetnanina 13.697 6.946 1.972 0.0531
Coefficients | Estimate | Std. Error | tvalue Pr(>t]) sig.annt
20 (Intercept) 78.294 6.242 12.544 <2e-16 oAk
boundarywd 22.741 7.242 3.14 0.0025 *x
targetnanina 9.88 7.242 1.364 0.177
Coefficients | Estimate | Std. Error | tvalue Pr(>t]) sig.annt
21 (Intercept) 56.244 6.205 9.065 2.28E-13 *Hk
boundarywd 27.071 7.166 3.778 0.00033 ook
targetnanina 4.313 7.168 0.602 0.54937
Coefficients | Estimate | Std. Error | tvalue Pr(>|t)) sig.annt
99 (Intercept) 58.998 5.336 11.056 | 2.00E-16 ok
boundarywd 24.14 6.131 3.937 0.0002 ook
targetnanina 7.129 6.136 1.162 0.24946
Coefficients | Estimate | Std. Error | tvalue Pr(>t]) sig.annt
23 (Intercept) 59.017 4.986 11.836 2.00E-16 HoAx
boundarywd 19.716 5.757 3.424 0.00104 ok
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targetnanina 9914 5.757 1.722 0.08958 .

Coefficients | Estimate | Std. Error | tvalue Pr(>t]) sig.annt
24 (Intercept) 106.034 6.842 15.496 <2e-16 *Hk

boundarywd -9.086 7.901 -1.15 0.254

targetnanina -1.772 7.901 -0.224 0.823

Coefficients | Estimate | Std. Error | tvalue Pr(>[t)) sig.annt
o5 (Intercept) 98.859 7.668 12.892 <2e-16 *Hk

boundarywd 10.454 8.854 1.181 0.242

targetnanina 3.867 8.854 0.437 0.664

Coefficients | Estimate | Std. Error | tvalue Pr(>|t)) sig.annt
26 (Intercept) | 81.617 5.667 14.403 | <2e-16 ok

boundarywd 13.638 6.543 2.084 0.0408 *

targetnanina 7.039 6.543 1.076 0.2858

Coefficients | Estimate | Std. Error | tvalue Pr(>t]) sig.annt
97 (Intercept) 44.554 4.519 9.859 1.14E-14 oAk

boundarywd 29.156 5.267 5.535 5.59E-07 Hokk

targetnanina 15.974 5.269 3.031 0.00346 ok

Coefficients | Estimate | Std. Error | tvalue Pr(>t]) sig.annt
o8 (Intercept) 87.349 7.638 11.436 <2e-16 oAk

boundarywd 5.029 8.82 0.57 0.57

targetnanina 4.069 8.82 0.461 0.646

Coefficients | Estimate | Std. Error | tvalue Pr(>t]) sig.annt
29 (Intercept) 67.795 5.099 13.296 | 2.00E-16 oAk

boundarywd 16.091 5.866 2.743 0.00794 roH

targetnanina 6.596 5.86 1.126 0.26471

Coefficients | Estimate | Std. Error | tvalue Pr(>t]) sig.annt
30 (Intercept) 83.71 4.456 18.786 <2e-16 xRk

boundarywd 13.687 5.225 2.62 0.0109 *

targetnanina 1.572 5.225 0.301 0.7645

Coefficients | Estimate | Std. Error | tvalue Pr(>t]) sig.annt
31 (Intercept) 64.503 4.656 13.854 | 2.00E-16 *Hk

boundarywd 22.227 5.402 4.115 0.00011 *Hk

targetnanina 1.611 5.402 0.298 0.76642

Coefficients | Estimate | Std. Error | tvalue Pr(>|t)) sig.annt
32 (Intercept) 58.551 4.614 12.69 2.00E-16 HAx

boundarywd 27.856 5.253 5.303 1.34E-06 otk

targetnanina 11.314 5.253 2.154 0.0348 *

Table C17. Structure and output of the individual models testing the effect of boundary on S4
duration.
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2.2.

fO maximum difference

Participant Fixed Effects
Coefficients Estimate | Std. Error | tvalue Pr(>|t)) | sig.annt
1 (Intercept) 12.918 4.212 3.067 0.0031 i
boundarywd -11.326 5.873 -1.928 0.058
Coefficients Estimate | Std. Error | tvalue Pr(>|t)) | sig.annt
2 (Intercept) 31.526 5.434 5.801 | 2.52E-07 falaled
boundarywd -35.396 7.747 -4.569 | 2.44E-05 falaled
Coefficients Estimate | Std. Error | tvalue Pr(>|t)) | sig.annt
3 (Intercept) 5.904 4.563 1.294 0.201
boundarywd -8.855 6.453 -1.372 0.175
Coefficients Estimate | Std. Error | tvalue Pr(>|t|)) | sig.annt
4 (Intercept) 18.602 1.196 15.55 <2e-16 il
boundarywd -17.604 1.749 -10.06 | 1.68E-14 folalal
Coefficients Estimate | Std. Error | tvalue Pr(>|t)) | sig.annt
5 (Intercept) -16.433 5.831 -2.818 0.0069 *x
boundarywd 10.932 7.947 1.376 0.175
Coefficients Estimate | Std. Error | tvalue Pr(>|t)) | sig.annt
6 (Intercept) 10.858 7.166 1.515 0.136
boundarywd -16.092 9.28 -1.734 0.0891
Coefficients Estimate | Std. Error | tvalue Pr(>|t)) | sig.annt
7 (Intercept) 16.57 3.58 4.628 | 1.52E-05 falaled
boundarywd -17.317 4.907 -3.529 | 0.000716 falaled
Coefficients Estimate | Std. Error | tvalue Pr(>|t)) | sig.annt
8 (Intercept) 0.1868 9.6083 0.019 0.985
boundarywd -17.6917 17.1542 -1.031 0.307
Coefficients Estimate | Std. Error | tvalue Pr(>|t)) | sig.annt
9 (Intercept) 33.746 4.488 7.519 | 1.51E-10 falaled
boundarywd -39.089 6.303 -6.201 | 3.60E-08 falaled
Coefficients Estimate | Std. Error | tvalue Pr(>|t)) | sig.annt
10 (Intercept) 15.0536 6.0295 2.497 0.0149 *
boundarywd 0.4252 8.4676 0.05 0.9601
Coefficients Estimate | Std. Error | tvalue Pr(>|t)) | sig.annt
11 (Intercept) 0.9633 1.4026 0.687 0.495
boundarywd -1.0842 2.0001 -0.542 0.59
Coefficients Estimate | Std. Error | tvalue Pr(>|t)) | sig.annt
12 (Intercept) 56.396 5.548 10.166 | 2.78E-15 falaled
boundarywd -70.084 7.845 -8.933 | 4.46E-13 falaied
13 Coefficients Estimate | Std. Error | tvalue Pr(>|t|) | sig.annt
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(Intercept) 45.057 9.491 4.748 1.10E-05 folalal
boundarywd -49.36 13.618 -3.625 | 0.000554 Fokk
Coefficients Estimate | Std. Error | tvalue Pr(>|t|) | sig.annt

14 (Intercept) 0.7488 5.9802 0.125 0.9007
boundarywd -17.3628 8.5175 -2.038 0.0453 *
Coefficients Estimate | Std. Error | tvalue Pr(>|t)) | sig.annt

15 (Intercept) 3.459 14.648 0.236 0.814
boundarywd 16.464 20.523 0.802 0.426
Coefficients Estimate | Std. Error | tvalue Pr(>|t)) | sig.annt

16 (Intercept) 62.176 2.006 31 <2e-16 Fokk
boundarywd -80.84 2.754 -29.35 <2e-16 Fokk
Coefficients Estimate | Std. Error | tvalue Pr(>|t)) | sig.annt

17 (Intercept) 56.04 15.93 3.518 0.00106 *x
boundarywd -84.26 18.12 -4.65 | 3.29E-05 falaied
Coefficients Estimate | Std. Error | tvalue Pr(>|t)) | sig.annt

18 (Intercept) 40.44 9.5 4.257 | 0.000101 Fokk
boundarywd -58.76 11.29 -5.206 | 4.40E-06 falaied
Coefficients Estimate | Std. Error | tvalue Pr(>|t)) | sig.annt

19 (Intercept) 4.462 6.748 0.661 0.511
boundarywd -8.599 9.707 -0.886 0.379
Coefficients Estimate | Std. Error | tvalue Pr(>|t)) | sig.annt

20 (Intercept) 12.229 8.843 1.383 0.173
boundarywd -26.862 10.675 -2.516 0.0152 *
Coefficients Estimate | Std. Error | tvalue Pr(>|t)) | sig.annt

21 (Intercept) 131.457 9.244 14.221 <2e-16 folakel
boundarywd -114.794 13.073 -8.781 | 8.39E-13 Fokk
Coefficients Estimate | Std. Error | tvalue Pr(>|t)) | sig.annt

22 (Intercept) 17.272 3.76 4594 | 2.19E-05 okl
boundarywd -15.442 5.159 -2.993 | 0.00396 il
Coefficients Estimate | Std. Error | tvalue Pr(>|t)) | sig.annt

23 (Intercept) 36.866 4.19 8.799 | 6.93E-13 falaled
boundarywd -44.936 5.884 -7.637 | 9.21E-11 Fokk
Coefficients Estimate | Std. Error | tvalue Pr(>|t)) | sig.annt

24 (Intercept) 37.439 1.846 20.28 <2e-16 faleka
boundarywd -37.519 2.24 -16.75 <2e-16 faleka
Coefficients Estimate | Std. Error | tvalue Pr(>|t)) | sig.annt

25 (Intercept) 12.649 1.208 10.474 | 8.32E-15 Fkk
boundarywd -13.435 1.652 -8.132 | 4.68E-11 falaled
Coefficients Estimate | Std. Error | tvalue Pr(>|t)) | sig.annt

26 (Intercept) 15.31 16.35 0.937 0.356
boundarywd -18.2 17.75 -1.025 0.313
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Coefficients Estimate | Std. Error | tvalue Pr(>|t)) | sig.annt

27 (Intercept) 33.59 15.28 2.198 0.0347 *
boundarywd -41.01 15.72 -2.61 0.0133 *
Coefficients Estimate | Std. Error | tvalue Pr(>|t)) | sig.annt

28 (Intercept) 87.047 8.536 10.198 | 6.59E-14 Fokk

boundarywd -92.443 10.357 -8.925 | 5.36E-12 falaled
Coefficients Estimate | Std. Error | tvalue Pr(>|t)) | sig.annt

29 (Intercept) 2.084 23.708 0.088 0.931
boundarywd 28.101 29.57 0.95 0.361
Coefficients Estimate | Std. Error | tvalue Pr(>|t|) | sig.annt
30 (Intercept) 24.35 15.84 1.537 0.1344
boundarywd -36.88 16.34 -2.257 0.0312 *
Coefficients Estimate | Std. Error | tvalue Pr(>|t)) | sig.annt
31 (Intercept) -8.294 5.959 -1.392 0.169
boundarywd 4.033 8.047 0.501 0.618
Coefficients Estimate | Std. Error | tvalue Pr(>|t)) | sig.annt
32 (Intercept) -9.293 1.057 -8.792 | 2.54E-12 falalel
boundarywd 11.607 1.395 8.318 | 1.59E-11 Fokk

Table C18. Structure and output of the individual models testing the effect of boundary on f0
maximum difference.
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APPENDIX D

Figures Representing the Boundary-related Effect of TG1 TYPE on Syllable Durations
for Individual Speakers
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Figure D.1. Effect of TG1 type on S1 duration for 32 individual participants.
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Figure D.2. Effect of TG1 type on S2 duration for 32 individual participants.
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Effect of TG1 type on S3
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Figure D.3. Effect of TG1 type on S3 duration for 32 individual participants.

142



= NS g se mm o == NS
I s pm=s e e =

I 8
400-

cemes W M e omm e

19

S4 durati
&

TN e e—— L

300-
200-
Fy :
—— Ly = == ===
0 0 0 0 0 0 0 T 0
3 | mamima  nanina mamima  nanina mamima  nanina mamima ~ nanina

400-
v * * ﬁ =

marr‘nma naH\na man‘nma nanina

TG type
TG1 Type BA mallima ES nahina
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APPENDIX E

Figure Representing the Significant Effect of TG1 TYPE on f0 Maximum Difference (Af0; in
Hz) for Individual Speakers
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Figure E.1. Effect of TG1 Type on f0 maximum difference in five participants.
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APPENDIX F

Visual Stimuli for the Perception Study

Figure F1. Visual Stimuli for the Perception Study.
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