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ABSTRACT

Acoustic analyses were conducted to identify the characteristics that differentiate the glides /j,w/ from
adjacent vowels. These analyses were performed on a recorded database of intervocalic glides,
produced naturally by two male and two female speakers in controlled vocalic and prosodic contexts.
Glides were found to differ significantly from adjacent vowels through RMS amplitude reduction, first
formant frequency reduction, open quotient increase, harmonics-to-noise ratio reduction, and
fundamental frequency reduction. The acoustic data suggest that glides differ from their cognate high
vowels /i,u/ in that the glides are produced with a greater degree of constriction in the vocal tract. The
narrower constriction causes an increase in oral pressure, which produces aerodynamic effects on the
glottal voicing source. This interaction between the vocal tract filter and its excitation source results in
skewing of the glottal waveform, increasing its open quotient and decreasing the amplitude of voicing.

A listening experiment with synthetic tokens was performed to isolate and compare the perceptual
salience of acoustic cues to the glottal source effects of glides and to the vocal tract configuration itself.
Voicing amplitude (representing source effects) and first formant frequency (representing filter
configuration) were manipulated in cooperating and conflicting patterns to create percepts of /V#V/ or
/V#HGV/ sequences, where Vs were high vowels and Gs were their cognate glides. In the responses of
ten naive subjects, voicing amplitude had a greater effect on the detection of glides than first formant
frequency, suggesting that glottal source effects are more important to the distinction between glides
and high vowels.

The results of the acoustic and perceptual studies provide evidence for an articulatory-acoustic mapping
defining the glide category. It is suggested that glides are differentiated from high vowels and fricatives
by articulatory-acoustic boundaries related to the aerodynamic consequences of different degrees of
vocal tract constriction. The supraglottal constriction target for glides is sufficiently narrow to produce a
non-vocalic oral pressure drop, but not sufficiently narrow to produce a significant frication noise
source. This mapping is consistent with the theory that articulator-free features are defined by aero-
mechanical interactions. Implications for phonological classification systems and speech technology
applications are discussed.

Thesis Supervisor: Kenneth N. Stevens
Title: Emeritus Professor of Electrical Engineering and Health Sciences and Technology
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Figure 41: Average glide ratings for subject S7 plotted as a function of AAV; AF1 is constant at one of
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(a) Average glide ratings for “see east”/”see yeast” as a function of AAV, for two values of AF1 (0 Hz and
80 Hz). (b) Average glide ratings for “see east”/”see yeast” as a function of AF1, for two values of AAV (0
dB and 16 dB). (c) Average glide ratings for “Sue oohs”/”Sue woos” as a function of AAV, for two values
of AF1 (0 Hz and 80 Hz). (d) Average glide ratings for “Sue oohs”/”Sue woos” as a function of AF1, for
two values of AAV (0 dB @and 16 AB). ....cooeeurureiiiiiiieiiieeieee ettt e eerette e e e e e e esaraeeeeeeeeeseasraaeeeseeeenns 115

Figure 43: Possible hierarchies of articulator-free distinctive features, based on principles of aero-
mechanical interactions, for the [+ sonorant] sounds. (a) Feature hierarchy proposed by Stevens &
Hanson (in press), including the feature [+ glide]. (b) Proposed modification of the feature hierarchy in
(a), with [ glide] replaced by [£ VOCAIIC]. ..ccviieciiiecieecee ettt e e s rae e ae e 130
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1 Introduction

1.1 Glides: /j/ and /w/

The research described in this thesis has as its focus a group of speech sounds that occupies a
somewhat ambiguous classification between vowels and consonants. This thesis accepts the common
practice of specifying this class of sounds using the term “glide”, a name which evokes the smooth
transitions between these sounds and adjacent sound segments, in terms of both production and
acoustics. Glides are always found in onset position within a syllable, and they directly precede the
vowel nucleus of the syllable to which they belong. In the time region between a glide and a vowel,
acoustic parameters such as formant frequencies and amplitudes change in a smooth and continuous
transition between the two segments (Sun, 1996). These smooth formant movements are directly
observable since the glides generally exhibit steady periodic voicing, exciting all of the

visible/perceptible vocal tract formant resonances.

In English, the generally accepted set of glide segments is composed of /j/ and /w/. Although other
glides besides these two have been reported cross-linguistically, they are not considered in this study,
since they do not occur in English and are relatively rare in other languages. Ladefoged & Maddieson
(1996) report that glides other than /j, w/ occur in less than 2% of the world’s languages; by contrast,
85% of languages use the palatal glide /j/, and 76% use the labial glide /w/. Thus, the glides /j, w/ are an
important and ubiquitous component of human language, and the fact that they have not received the
same depth of acoustic analysis as other types of sound segments is an inequity that deserves to be

rectified.

The glides are produced by raising the tongue dorsum in order to produce a constriction with the
palate (and also at the lips, for /w/). This constriction is narrow enough to weaken the spectrum
amplitude of the glide segment relative to the adjacent vowel, but not narrow enough to cause the type
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of acoustic discontinuity that is present in a consonant (Stevens, 2002). The articulatory difference
between glides and vowels or consonants is thus thought to be a matter of the degree of constriction in
the vocal tract; the constriction should be narrower than that of a vowel, but not as narrow as that of a

consonant.

The idea that glides occupy a phonological category of their own, especially as distinct from the
related high vowels /i/ and /u/, has not been accepted by all researchers. Some prefer the term
“semivowel” to that of “glide”, labeling them as vowel-like segments that only function like consonants
(Ladefoged & Maddieson, 1996). Others deny any difference between glides and vowels, other than
their relative positions in the syllable (e.g. Selkirk, 1984a). This thesis addresses the question of glide
characterization from an acoustic standpoint, highlighting cues in the speech signal that code for the

distinctive features of glides vs. other segments.

It is assumed in this study that sound segments are represented in the lexicon as bundles of binary
distinctive features (Jakobson, Fant, & Halle, 1952). A distinctive feature is the smallest categorical unit
which is capable of creating a contrastive distinction between words in a language. A change in the
value of a single distinctive feature within a single sound segment in a word has the potential to create a
different word; for example, the minimal pair “pat”/”bat” differs only in value of the feature [stiff vocal
folds], which labels the first consonant of the word as being either voiced ([-stiff vocal folds]) or
voiceless ([+stiff vocal folds]). The minimal pair “bat”/”bait” differs only in the value of the feature [low]
for the vowel, and the minimal pair “pat”/”pass” differs only in the value of the feature [continuant] for
the final consonant. Features such as [low] have been termed articulator-bound features, since they are
tied to the actions of particular articulators in the vocal tract, in this case the tongue body. Features
such as [continuant], on the other hand, are articulator-free features, since they specify the manner of

articulation, but not which articulator is being used (Halle, 1992). Articulator-free features divide the
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total inventory of sound segments into major phonological classes, such as vowels, fricatives, stops,
affricates, etc. If the glides in fact constitute a separate feature class from vowels, there should be an

articulator-free feature related to their manner of articulation that makes this distinction.

This thesis aims to investigate the case for a distinctive feature specification for glides, through
evidence gained from a study of the acoustics of glides in American English. The remainder of Chapter 1
provides a summary of current knowledge about the phonology, production, and acoustics of glides.
Chapter 2 describes a new set of acoustic analyses of glides produced naturally by American English
speakers, and Chapter 3 describes a perceptual study of the acoustic cues used by listeners to detect
glides in speech signals. A discussion of the conclusions drawn from this work is given in Chapter 4, and

Chapter 5 suggests avenues for future work and applications for the knowledge gained.

1.2 Phonology of glides

The vowel and consonant sound segments are widely accepted to inhabit very separate spaces in
the distinctive feature inventory. Each has its own defining feature: [+vocalic] (or some variation
thereupon) for vowels, and [+consonantal] for consonants. The glide class, however, is relegated to
some ambiguous space between the other two classes, defined not by its own feature but by the
negation of one or both of the others ([-vocalic, -consonantal], perhaps) (Jakobson & Halle, 1956;
Chomsky & Halle, 1968, Kenstowicz & Kisseberth, 1979). The exact space it occupies is a matter of some
debate among phonologists, since some characteristics of the glide class seem to overlap with the other
two classes. Although the glides occupy syllable boundary positions like consonants, they are not
normally considered to exhibit the [+consonantal] feature, for various reasons. For example, they are

III

not produced with a “radical” obstruction in the vocal tract (Chomsky & Halle, 1968), they do not
produce an abrupt discontinuity in the acoustic signal (Stevens, 1998), and they do not have any zeros in

their acoustic spectra (Jakobson, Fant, & Halle, 1952). Rather, the debate generally centers on whether
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glides are different enough from vowels to merit their own feature class, as evidenced by the fact that
glides are often termed “semivowels”. Some generative phonologists have argued that there is no need
for a feature distinction between the glides /j, w/ and the high vowels /i, u/, since they can be

differentiated instead by syllable theory alone (Selkirk, 1984a).

Jakobson et al. (1952), for example, do not postulate a separate feature class for the glides /j, w/.
Instead, they assume a rule in English, that unstressed /i, u/ become non-syllabic when adjacent to
another vowel, as in “ye” (phonemically /iii/) or “woo” (phonemically /uuu/). Catford (1988) describes
/i, w/ as vowels, but very short ones; in his view, a semivowel is formed when a vowel is not held, but is
merely approached and then immediately released. By these accounts, the glides may differ from
vowels in terms of syllable position or duration, but this does not constitute a difference of distinctive
features. Selkirk (1984a) advocates replacing all of the major class features with a “sonority index” that
ranks the high vowels /i, u/ as less sonorous than other vowels. In this system, a high vowel is perceived
as a glide if it is adjacent to a more sonorous vowel, and “glidehood and vowelhood are defined with
respect to context”. Again, according to this view there is no phonological ‘need’ for a glide class as

opposed to vowels.!

Despite some phonologists’ desire to eradicate the glide class in search of a simpler inventory of
features, several arguments have been raised in favor of categorizing glides separately from vowels.
Parker (2002) points out that the movement to differentiate between glides and high vowels based
solely on syllable position is circular reasoning, since syllabicity is currently only well defined based on
the prior classification of vowels and non-vowels. The claim that glides are differentiated from vowels

merely by their short duration is contradicted by the fact that geminate glides have been attested in a

! selkirk’s system’s handling of two adjacent high vowels is somewhat awkward, however. In the word “you”
(phonemically /iu/), for example, both high vowels are equally sonorous, and the choice of which to perceive as a
glide must be lexically specified.
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fair number of languages (Ladefoged & Maddieson, 1996). A recent survey of languages with
gemination found that over half of them permit glides to be geminated, and that these languages are
widespread geographically and linguistically (Maddieson, 2008). In Maddieson’s review of acoustic
studies, geminate glides display longer durations, steadier formant frequencies, and slower formant
transitions than corresponding single glides, with which they contrast phonologically. Aoyama & Reid
(2006) measured geminate glide durations in Guinaang Bontok averaging over 120 ms — well above the
duration of many vowels (Stevens, 1998). Thus, neither brevity nor rapid movement can be considered

an inherent property of the universal class of glides.

Chitoran (2002) showed that glide-vowel pairs and vowel-vowel diphthongs are perceptually
different in Romanian, in addition to patterning differently phonologically. She demonstrated
differences in duration and transition time between the glides and vowels, and also showed that glides
were produced using more tongue contact with the palate than vowels. Padgett (2008) argues that
glides are featurally different from vowels cross-linguistically, citing cases in which glides and vowels
contrast, and phonological processes that treat glides differently from high vowels. He notes that this
different treatment stems from differences in vocal tract constriction degree between glides and high
vowels, pointing to narrower constriction as the root of a featural distinction between glides and all
vowels. This is in agreement with Chomsky & Halle’s (1968) identification of the feature [-vocalic] with
any constriction greater than that in a high vowel. The [vocalic] feature has fallen into disuse since the
advent of modern theories of syllabicity; however, its reintroduction to distinguish between glides and
vowels has been advocated by phonologists such as Nevins & Chitoran (2008), who note that glides do

not pattern as vowels in some phonological processes because of their different degree of constriction.

This proposal finds support in an acoustic study of the glides /j, w/ and the vowels /i, u/ in Amharic,

Yoruba, and Zuni by Maddieson & Emmorey (1985), who found that glides are indeed produced with
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greater constriction degree than their corresponding vowels cross-linguistically. The narrower
constriction for the glides was evident acoustically from a lower frequency of the first formant (F1) for
both glides, a lower frequency of the second formant (F2) for /w/, and a higher frequency of the third
formant (F3) for /j/. The acoustic measurements in Maddieson & Emmorey’s study are somewhat
problematic, however, in that they were visually estimated from spectrograms, which present
challenges for the accuracy and repeatability of estimated formant values. The acoustic analyses
pursued in this thesis address this accuracy problem by using more objective spectral measurement
techniques, as described in the next chapter. A larger selection of acoustic measurements was also
carried out, in addition to formant frequency measurements, in order to evaluate as many potential

cues to the presence of glides as possible.

This thesis begins to remedy the dearth of detailed acoustic studies in the current literature on
glides. Acoustic analysis is relatively rare in phonological descriptions of the relationship between glides
and vowels, and where it does appear it is often limited to rough formant measurements from
spectrograms (e.g. Maddieson & Emmorey, 1985; Chitoran, 2002). A certain amount of “eyeballing” is
often required in this measurement method, since formant peaks may appear quite broad in
spectrograms, and the gray-scale representation of amplitude has inherent visual limitations. Any
attempt at spectral analysis is welcome, however; the majority of production and perception studies on
glides have focused only on duration and transition rate measurements (e.g. Lehiste & Peterson, 1961;
Miller & Liberman, 1979; Miller & Baer, 1983; Mack & Blumstein, 1983; Chitoran, 2002), and more of

these compare glides to stop consonants (i.e. /w/-/b/) than compare glides to vowels.

In addition to measurements of formant frequencies in glides and vowels, there is a need for
spectral studies of the acoustic cues generated by the interaction between the glottal source and the

vocal tract filter in these sound segments. As mentioned in Section 1.1, the distinctive feature
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differentiating glides from vowels (as well as that differentiating glides from other consonants) should
be an articulator-free feature, since it specifies the manner of vocal tract constriction without being
limited to the use of a particular articulator. According to a new aspect of feature theory proposed by
Stevens & Hanson (in press), articulator-free features arise from aero-mechanical interactions, the
aerodynamic consequences of airflows and pressure drops in a vocal tract with various constrictions
along its length. (Articulator-bound features, on the other hand, arise from acoustic resonator coupling,
including interactions among formant frequencies, according to this new aspect of the theory.) The
glide class feature should therefore be acoustically related to the aerodynamic effect of the narrow oral

constriction on the airflow from the glottis, as described in the next section.

In addition, the labels given to the distinctive features that distinguish between major classes of
sound segments should capture generalities about which classes are alike in terms of acoustics,
production, and phonology. For example, [-sonorant] groups stop consonants and fricatives together;
they are alike in their obstruent production, and they also often pattern together phonologically and in
opposition to [+sonorant] consonants. For glides, there is more than one option available, assuming
that a featural distinction from vowels is warranted. Stevens & Hanson (in press) include in their
inventory a feature [glide], which sets the glides completely apart from both vowels and consonants. In
their hierarchical feature system, vowels are [-glide], glides are [+glide], and all other consonants are
unspecified for that feature. Chomsky & Halle (1968) use the feature [vocalic] instead of [glide], creating
the possibility for glides to be grouped with other consonants in opposition to vowels. That is, the
feature [-vocalic] is shared by glides and all other consonants, while the feature [-consonantal] is shared

by glides and vowels. In Chomsky & Halle’s system, the double specification [-vocalic, -consonantal] is

shared only by glides and the laryngeal consonants /h, 7/. Glides have been known to pattern

phonologically with the laryngeal consonants in some languages (Parker, 2002); they have also been
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described as patterning with other sonorant consonants such as liquids (Levi, 2008). Ultimately, the
feature inventory chosen has most value when the available feature categories can be used to describe
the sets of sounds that participate together in various phonological processes. The acoustic data
gathered in this thesis may be brought to bear on the decision of which feature label is most appropriate
for glides, by comparison with the acoustics and inferred articulation for other sound segments with

which the glides might potentially be grouped.

1.3 Production and acoustics

The speech production stage of this research focuses on identifying and measuring potential
acoustic correlates of the glide feature class, as distinct from the vowel and consonant classes. Stevens
(1998) defines glides as “a class of consonants produced with a constriction that is not sufficiently
narrow to cause a significant average pressure drop across the constriction during normal voicing”. The
lack of a vocal tract closure producing a significant pressure drop is a clear distinction between glides
and other consonants; its acoustic correlate is a lack of abrupt discontinuity in the acoustic signal
(Stevens, 2002). The dividing line between glides and vowels (especially the closely related high vowels),
however, has heretofore been less clearly defined. Chomsky & Halle (1968) suggest that the [-vocalic]
feature that differentiates glides from vowels is defined by a constriction that is greater in degree than
that for a high vowel; but the threshold boundary required to create this category distinction along the
continuum of constriction degrees has not been established in terms of articulation and acoustics. The
span of constriction degrees that are slightly less narrow than those of full consonants may encompass
additional aerodynamic effects, short of significant pressure build-up with turbulence noise, whose

acoustic consequences should be investigated.

Both of the standard American English glides /j/ and /w/ are produced with relatively narrow

constrictions in the oral cavity which makes up the front part of the vocal tract. Figure 1 shows x-ray
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Figure 1: Midsagittal sections of the vocal tract for the glides /j/ (a) and /w/ (b), as well as the corresponding
high vowels /i/ (c) and /u/ (d). For /u/ and /w/, the frontal lip contour is also shown, to illustrate the lip
rounding. Note that, in these examples, the tongue body appears higher and closer to the hard palate in /j/ (a)
than in /i/ (c), and the lip opening appears smaller in /w/ (b) than in /u/ (d). From Bothorel et al. (1986).

tracings of the vocal tract configurations for both of these glides, as given in Bothorel et al. (1986). For

the palatal glide /j/, the tongue body is raised and fronted to create a long constriction with the hard
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palate. The configuration is similar to that for the high front vowel /i/, but with a narrower constriction
in the palatal region. For the labial glide /w/, the lips are rounded to create a narrow and extended
opening, and the tongue body is raised and backed to create a secondary constriction in the velar
region. The configuration is similar to that for the high back vowel /u/, but again with a narrower
primary constriction at the lips. Cross-sectional areas for constrictions in glides are expected to be in the

range of 0.2-0.4 cm?, while areas for vowels are larger (Stevens, 1998).

For both vowels and glides, there is a steady voicing source at the glottis, and it can be assumed that
there is no significant acoustic coupling to the subglottal or nasal cavities; therefore the sound output at
the mouth is the result of the filtering of the glottal source by an all-pole vocal tract transfer function.
The lowest resonant frequency (F1) of this transfer function for the glides /j, w/ and high vowels /i, u/

can be modeled as a Helmholtz frequency:

where:
F1’ = the first formant frequency neglecting the effect of yielding vocal tract walls
¢ = the speed of sound
V = the volume of the air cavity behind the constriction
I, = the length of the constriction

A. = the cross-sectional area of the constriction

For both the glides and the high vowels, the first formant frequency is made relatively low by creating a
large cavity behind a long constriction, causing the terms V and /. to be large. (In /w/ and /u/, both the
labial and the velar constrictions contribute to the lowering of F1 (Stevens, 1998).) Low first formant

frequency is a correlate of the articulator-bound feature [+high], which is shared by the high vowels and
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glides. For the glides, the constriction is narrower than for the high vowels, making the area term A,
smaller, and thus making F1’ smaller. The frequency of the first formant is therefore expected to be
somewhat lower for glides than for high vowels. However, vocal tract wall effects may limit the degree

to which F1 can be lowered in this range.

When the first formant frequency is approximated using the assumption that the vocal tract walls
are hard, it is possible for F1 to decrease to zero when a complete closure is made. This is not possible
in reality, however, since the vocal tract in fact has yielding walls. The first formant frequency with a

closed vocal tract is given by:

JA
F1, = N w
27'[ MSW CA
where:
A, = the surface area of the vocal tract walls

M., = the mass of the walls per unit area

C, = the acoustic compliance of the closed cavity

Fant (1972) and Fant et al. (1977) report typical values of F1.to be around 190 Hz for males and 220 Hz
for females. This represents the lower limit of the first formant frequency due to constrictions in the

vocal tract. It cannot reach zero because the mass term M., of the vocal tract walls cannot be infinite.

When a constriction is made in the vocal tract, but not a complete closure, the actual frequency of

the first formant is calculated as:

F1= /(F1)% + (F1,)?
where F1’is calculated as above, assuming hard walls. Figure 2 shows a graph of F1 vs. F1’, from
Stevens (1998, p. 159). The actual F1 approaches the limit F1. as the constriction is narrowed to bring

F1’ close to zero. Note that the yielding walls have greater effect as F1 becomes very low. In this low
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Figure 2: Natural frequency F1 for a constricted vocal tract with yielding walls, as a function of natural
frequency F1' computed on the assumption of hard walls (i.e., My, = ). Deviation of the curve from the
diagonal line is a measure of the effect of the walls. From Stevens (1998).

region, F1 is less sensitive to changes in the constriction or vocal tract characteristics, and the curve in
Figure 2 becomes relatively flat. Although the absolute lower limit of F1 may be around 190 Hz (for
males), such a low frequency is only achieved by constricting the vocal tract to such a degree that
pressure is built up behind the constriction, and turbulence noise may be generated. Stevens (1998)
estimates that F1 for glides may only lower to about 260 Hz before generating significant pressure build-
up. If F1is made lower, the intraoral pressure may become so large as to generate turbulence noise at

the constriction.

The effects of the yielding vocal tract walls become more pronounced as a constriction is narrowed
and F1 becomes lower, suggesting that wall effects will be more apparent in glides than in vowels.
There may be a range of constriction degrees for which F1 remains relatively unchanged, as the oral

constriction is narrowed slightly more than in a high vowel. Another effect of the walls is their
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contribution to the bandwidth (B1) of the first formant peak. Since the walls do not have infinite
impedance, some acoustic energy is lost through them, leading to increased formant bandwidths. The
bandwidth contribution of the walls of a constriction tube can be calculated as (Stevens, 1998, p. 157):

B = Gy, Spc?
v 2mA

where:
Gsw = the specific acoustic conductance of the walls
(This term is larger around F1 than at higher frequencies.)
S = the cross-sectional perimeter of the tube
p = the density of air
¢ = the speed of sound in air

A =the cross-sectional area of the tube

Another cause of increased first formant bandwidth in glides is the kinetic pressure drop due to the
acoustic resistance of the constriction. As F1 for glides is modeled as a Helmholtz resonance, this

bandwidth contribution can be calculated as (Stevens, 1998, p. 163):

where:
U = the volume velocity of air traversing the constriction
| = the length of the constriction

A. = the cross-sectional area of the constriction

This bandwidth contribution is comparable to those from other sources, such as the vocal tract walls,
and increases as the constriction is narrowed, decreasing the area term A.. Adding together the

bandwidth contributions from the yielding walls and the pressure drop across the narrow constriction,
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Figure 3: "Bandwidth values for the first formant plotted against the formant frequency. Each closed circle
represents a vowel sample of one of three male subjects, and an open circle represents a sample of one of
three female subjects. Representative values are estimated by visual inspection of the plots, and curves are
drawn for male and female subjects separately. Bandwidth values for articulations with bilabial closures by
a male subject are also added in this graph (closed triangles).” (Fujimura & Lindqvist, 1971)

the overall bandwidth (B1) of the first formant for glides is expected to be around 100-150 Hz, which is

larger than that for most vowels (Stevens, 1998).

Fujimura & Lindqvist (1971) used an external sweep-tone signal and an analysis-by-synthesis
procedure to collect data on first formant frequencies and bandwidths in vowels for male and female
speakers. Their data are given in Figure 3. Note that B1 increases in both curves as F1 is made lower for
more constricted vowels. Fujimura & Lindqvist also collected data from one male speaker for the stop

consonant /b/, with full closure in the vocal tract. These data points lie at the upper left end of the F1-
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B1 curve for male subjects. The F1-B1 relationship for glides is expected to fall along the curve between
the /b/ data points and the adjacent points for high vowels, since the constriction for glides is

intermediate between that of a vowel and that of an obstruent consonant.

An additional effect of the pressure drop across the narrow constriction in a glide is to change the
shape of the waveform of the acoustic source at the glottis. Since the total pressure drop from the lungs
to the output at the mouth must be equal to the sum of the pressure drops across individual vocal tract
elements, the following equation can be written (Stevens, 1998, p. 93):

AP = R,U; + My dU,/dt + R U,
where:

AP = the pulmonary or alveolar pressure

R; = the resistance of the voicing constriction at the glottis

U, = the volume velocity of air traversing the glottis

M, = the acoustic mass of the air in the vocal tract

R. = the resistance of the vocal tract constriction

The increased narrowing of the constriction in a glide (relative to a vowel) causes increases in both the
mass term M, and the resistance term R.. If AP is assumed to be constant, then these increases must be
balanced by changes in the glottal volume velocity U,. These changes are illustrated in Figure 4, from
Stevens (1998, p. 519). The narrowing of the vocal tract constriction causes a decrease in the peak
amplitude of each glottal pulse, as well as an airflow delay in the open phase which skews the waveform
to the right (Fant, 1983). In addition, the high airway impedance causes pressure fluctuations
immediately above the glottis, which influence the mechanical motion of the vocal folds. The result is
an increase in open time of about 10% during the glottal pulse (Bickley & Stevens, 1986). The combined

effects on the glottal waveform reduce the overall spectrum amplitude during the constricted interval.
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Figure 4: The solid line shows the typical shape of a pulse of glottal volume velocity for an open vowel. The
dashed line indicates schematically the modification of this pulse for a glide which is produced with a
relatively narrow constriction in the vocal tract. From Stevens (1998).

Bickley & Stevens (1986) found an additional effect on the glottal source, from the increased vocal
tract impedance due to a narrow constriction in the vocal tract, in a decrease in the fundamental
frequency of phonation (FO). They found that the increase in glottal open time was not completely
offset by an equal decrease in closed time, resulting in an increase in the glottal period. This effect has
been modeled in recent studies of acoustic loading on the vocal folds (Zafiartu et al., 2007; Titze, 2008),
which predict that FO becomes more decreased as the reactance of the vocal tract becomes more
inertive. Figure 5, from Titze (2008), shows that the greatest FO decrease occurs when the intended
phonation frequency corresponds with the frequency of the peak in the vocal tract inertance, which
occurs just below the frequency of the first formant. Titze et al. (2008) observed this effect in natural
speech, which demonstrated FO perturbations when FO crossed F1. This supports Bickley & Stevens’
(1986) finding that FO decreases more for females than for males with the same vocal tract constriction
area, since females’ baseline FO is higher and closer to F1 than males’. Such effects on FO may be

expected in glides produced with narrow constrictions and low F1 that may come close to FO.
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Figure 5: (top) Vocal tract reactance curve. (bottom) The difference between the fundamental frequency FO
and its frequency in the absence of vocal tract loading. From Titze (2008).

Some of the disparate acoustic consequences of forming glides with constrictions narrower than
those in vowels may have cooperating contributions toward a combined acoustic cue for glides. For
instance, reduction of the first formant frequency (F1), increase of the bandwidth of the first formant
peak (B1), and reduction of the amplitude of the glottal pulse could all contribute to the reduction of the
overall amplitude of the acoustic signal during the glide segment. Decreasing F1 reduces the amplitude
of all higher formants, since they ride on the “skirt” of the frequency response of the lower pole.
Increasing B1 reduces the amplitude of the first formant peak, since the amplitude of any formant peak

is inversely proportional to its bandwidth. Reducing the amplitude of the glottal waveform causes a
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direct reduction of the overall signal amplitude, and Stevens (1998) suggests that this may be the

principal cause.

1.4 Summary of potential acoustic cues

The acoustic analyses in this research investigate several potential acoustic correlates of the
[-vocalic] feature that differentiates glides from related vowels, as motivated by the acoustic theory
described in Section 1.3. These acoustic correlates are expected to relate to the production mechanism
of a narrow constriction, which is of a greater degree than that found in a high vowel but not great
enough to produce a consonantal pressure drop. The following are examples of potential acoustic cues

for glides:

Arvs:  Proponents of the idea that the glide-vowel distinction is based on a lack of syllabicity or
sonority tend to agree that the most likely perceptual correlate is a lack of intensity or loudness
as compared to the adjacent vowel (Parker, 2002; Padgett, 2008; Selkirk, 1984). Glides,
inhabiting the syllable boundaries, should have a weaker intensity than the vowels at the
syllable nuclei; RMS amplitude (Arws) provides a quantitative measure of this intensity
relationship. From a production standpoint, the decrease in amplitude of the acoustic signal
during the glide segment may have more than one contributing factor. Constricting the oral
cavity causes a decrease in the first formant frequency (F1), which contributes to the overall
amplitude reduction due to the transfer function characteristics of the formants (Stevens, 1998;
Fant, 1962). Producing a narrow constriction also causes a reduction in the transglottal pressure
during the rising phase of the glottal pulse, modifying its shape to one of reduced amplitude
(Fant, 1997; Stevens, 1998). Losses from the yielding vocal tract walls also cause an increase in

the bandwidth of the first formant (B1), contributing to the reduction in overall amplitude of the
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signal. Stevens (1998) suggests that reduced low-frequency amplitude before a vowel is the

principal acoustic requirement for a glide segment.

The narrow constriction in the front part of the vocal tract for a glide has the effect of
decreasing the frequency of the first formant peak (F1) relative to that of a vowel. This decrease
in F1 contributes to the decrease in overall amplitude of the glide segment, accentuating the
loudness contrast with the following vowel. The vocal tract configurations for the palatal glide
/i/ and the rounded labial glide /w/ are such that F1 may be made as low as possible, since both
create a Helmholtz resonance with a large cavity volume behind a long narrow constriction. For
the labial glide /w/, a velar constriction is also formed, contributing to the lowering of F1.
Because of the finite acoustic mass of the vocal tract walls, there is a limit to the lowest
frequency that F1 can achieve in a glide configuration; Stevens (1998) estimates this frequency
to be about 260 Hz for an adult male. The value may be slightly higher for females, but the wall

loss effects cause reduced sensitivity to differences in vocal tract dimensions for F1.

The bandwidth of the first formant (B1) is expected to be larger for glides than for vowels, again
because of the narrower constriction in the vocal tract for the glide segments. One contributing
factor is the loss caused by the acoustic resistance due to the kinetic pressure drop across the
narrow constriction. Another is the vocal tract wall losses, which come into play when F1 is low.
Losses at the glottis will also contribute, resulting in an expected bandwidth of 100-150 Hz (as

compared to about 80 Hz for high vowels) (Stevens, 1998).

Open quotient (0Q) is the percentage of the glottal vibratory cycle during which the vocal folds
are open and do not touch each other. It is expected to be larger for glides than for vowels, due
to the skewing of the glottal waveform that is caused by the increased airway impedance from

the narrow constriction in the oral cavity (Bickley & Stevens, 1986; Stevens, 1998). The acoustic
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consequence of an increase in OQ is an increase in the magnitude difference between the first

two harmonics (H1 — H2) of the speech spectrum (Klatt & Klatt, 1990; Sundberg et al., 2005).

Several researchers have identified frication noise or turbulence as a negative correlate of
sonority (Parker, 2002), suggesting that a less sonorous sound segment (such as a glide) might
exhibit more of a noise component in its acoustic signal than a more sonorous sound segment
(such as a vowel). Padgett (2008) claims that the tendency toward frication noise due to a
narrow vocal tract constriction is a key featural distinction between glides and vowels.
Palatalizing mutations (similar to “that you” becoming “thatchoo” in English) partly arise
because “a stop release through a narrow constriction (such as that of a glide) is turbulent, and
can be perceptually reanalyzed as affrication.” Turbulence noise may be allowed into the
acoustic signal of a glide as a side effect of narrowing the vocal tract constriction to achieve a
first formant frequency lower than the minimum vocalic threshold. Stevens (1998) estimates
that F1 cannot be lowered beyond about 260 Hz if pressure build-up is to be avoided, but the
allowance of some turbulence noise may permit further lowering of F1, enhancing the low-
frequency contrast between the glide and the following vowel. In addition, the increased open
guotient of the glottal waveform, skewed by the aerodynamic effects of the narrow oral
constriction, could possibly manifest acoustically in additional aspiration noise during the glide
segment. A measure targeting both of these turbulence contributions is the harmonics-to-noise
ratio (HNR), the ratio of the power in the voicing component of the sound signal to that of the

noise component.

The aerodynamic effects of the oral constriction on the glottal source may also have the effect
of decreasing the fundamental frequency of phonation (F0) in a glide relative to that in an

adjacent vowel (Bickley & Stevens, 1986). Acoustic modeling suggests that this effect will be
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most pronounced when FO and F1 are close together. Because FO is strongly affected by
prosodic considerations, this source effect may be variably present in different prosodic

environments.

1.5 Approaches to study

The main objective of this thesis is to complete a detailed and comprehensive acoustic analysis of
canonically produced glides in American English, focusing specifically on those characteristics which
separate them from the closely related high vowels. The study is novel in the breadth of potential
acoustic cues to glidehood covered, and the detailed analysis which each cue is given. Continuous
spectral measurements are taken over the entire duration of each glide, such that the glide landmarks
and their acoustic targets can be located with the maximum degree of temporal precision. In addition,
the database of natural recordings created (to be described in Chapter 2) contains glides in combination
with all of the English tense vowels, in a balanced set of controlled prosodic contexts. The perceptual
experiment presented in Chapter 3 provides a ranking for the glides’ acoustic cues in terms of
perceptual salience, as well as insights into the relationships between glides and other sound segments.
Finally, a large set of acoustic evidence can be brought to bear on the issue of glide identity, with
applications for phonology, recognition, synthesis, and general understanding of speech production and

perception.
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2 Acoustic analyses of intervocalic glides

2.1 Database of recordings

The acoustic analyses presented in this chapter were performed on a database of recordings of
natural speech created specifically for this study. The database contains tokens of intervocalic glides
produced by four native speakers of American English, two female (labeled ‘F1’ and ‘F2’) and two male

(‘M21’ and ‘M2’). Each target nonsense token consisted of one of the two glides /j, w/ flanked on both
sides by one of the six English tense vowels /i, u, e, 0, &, a/. These six vowels represent all possible

combinations of the vowel features [high], [low], and [back], as illustrated in Table 1. The same vowel
context was used on either side of the glide in each target token, resulting in vowel-glide-vowel (VGV)

tokens such as /ojo/, /awa/, etc. The inclusion of all six vowel contexts in this study represents a

significant increase in completeness and complexity over previous analyses of glide production. For

example, Chitoran (2002) was only able to investigate glides preceding the vowel /a/, due to the desire

to compare minimal pairs with corresponding vowel-vowel diphthongs in real Romanian words.

Maddieson & Emmorey (1985) included three vowel contexts /i, 0, u/ in their study of glide production

in three different languages, but they were essentially only able to draw cross-linguistic conclusions
from the tokens of glides flanked by their “cognate vowels” (i.e., from the /iji/ and /uwu/ tokens), due to
the inability to control for the effects of coarticulation between glides and vowels of differing height and
backness. The present study investigates the complete set of vowel place distinctions in an effort to
catalogue the coarticulatory effects of different vowel contexts on adjacent glides, as well as to identify

acoustic cues which may be less sensitive to such coarticulation.
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Table 1: Distinctive feature specification of the six tense vowels in English. The horizontal categories
correspond with the high/mid/low height distinction, and the vertical categories correspond with the front/back
distinction among vowels.

[+ high, - low] (high) | [- high, - low] (mid) [ high, + low] (low)
[- back] (front) /i/ /e/ Jee/
[+ back] (back) Ju/ /o/ /a/

An additional level of complexity is added and controlled in this study by specifying the prosodic
contour in which the target glide occurs. Five different prosodic contexts, varying based on the location
and type of pitch accent with respect to the target glide, were created by embedding the target tokens
within specific carrier phrases. The statement carrier phrase, “He said /VGV/ again,” was used to elicit a
high pitch accent within the target token. The location of the pitch accent was controlled by directing
the subject to emphasize either the first or second vowel in the target token. The question carrier
phrase, “He said /VGV/ again?” was used to elicit a low pitch accent within the target token, again with
the pitch accent location controlled by directing the subject to emphasize either the first or second
vowel. A fifth prosodic context, in which no pitch accent occurred during the target token, was elicited
using the carrier phrase, “PLEASE don’t say /VGV/ again.” Instructions to the subject to emphasize the
word “PLEASE” ensured that the single pitch accent in this phrase was located three syllables earlier
than the target token. This distance is required for the target token not to demonstrate the effects of
any pitch accent, since accent-related acoustic effects have been found to spread across two
neighboring syllables (Okobi, 2006). Throughout this thesis, the five prosodic contexts produced in this

study will be abbreviated as follows:
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H1: High pitch accent located on the vowel preceding the target glide, e.g., “He said /aja/ again.”

H2: High pitch accent located on the vowel following the target glide, e.g., “He said /aja/ again.”

L1: Low pitch accent located on the vowel preceding the target glide, e.g., “He said /qja/ again?”

L2:  Low pitch accent located on the vowel following the target glide, e.g., “He said /aja/ again?”

NP: No pitch accent during the target token, e.g., “PLEASE don’t say /aja/ again.”

To the author’s knowledge, this is the first acoustic study of glides to consider multiple controlled

prosodic contexts and their effects on glide production.

All combinations of the 2 glides /j, w/ x 6 vowel contexts /i, u, e, 0, &, a/ x 5 prosodic contexts (H1,

H2, L1, L2, NP) were elicited from each of 4 speakers (F1, F2, M1, M2), for a total of 240 tokens in the
database. Recordings were made in a sound-attenuating chamber in the laboratory of the Speech
Communication Group at MIT, with the subject seated with a fixed microphone approximately six inches
from the lips. The subject was prompted by text appearing on a computer monitor to read the phrases
that were displayed on the screen. Incorrect vowel or prosodic productions were corrected through
verbal instructions from the experimenter and immediately re-recorded. Recordings were made in five
consecutive blocks, corresponding to the five prosodic contexts elicited. The decision was made to
record each prosodic context in a separate block, because preliminary experiments showed that
subjects had difficulty correctly producing the desired vowel and pitch accent combinations when both
were varied simultaneously and cued textually on the computer monitor. Within each prosodic block,
the glide and vowel combinations were elicited in random order. The recorded speech was low-pass
filtered and digitized at a sampling rate of 10 kHz, and the target /VGV/ tokens were excised from their
carrier phrases for the acoustic analyses to be described in the following sections.
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2.2 RMS amplitude (Arwus)

2.2.1 Method

Most of the acoustic measurements presented in this chapter were made using the xkl software
developed by Dennis Klatt for the Speech Communication Group at MIT. The software provides for
simultaneous viewing of the full-scale and zoomed-in waveform, spectrogram, and spectral slices from
Hamming-windowed segments of a speech recording. For most measurements, the length of the
analysis window was set to be equal to the length of a single pitch period, since this has been shown to
be the preferred window length for quasistationary analysis of speech signals with rapidly varying
spectral characteristics (Smits, 1994). Spectral analysis using short-time Fourier transforms makes the
assumption that the speech segment within the analysis window is essentially stationary; for sound
segments with rapid transitions such as glides, the window must be relatively short in order to provide
accurate measurements. In addition, we are interested in charting the exact time-course of the
movements of various acoustic characteristics through the transitions into and out of glides; therefore
very fine time resolution is desirable. In order to pinpoint and describe the target of maximum
articulatory excursion in a glide, ideally the window length should be as short as possible to maximize
temporal precision. However, the length of one glottal cycle is the minimum period of interest, since
the acoustic variations between the closed and open phases within each cycle add confounding effects

to measurements using shorter windows.

The analysis window was therefore maintained at an optimal length equal to the length of the pitch
period under analysis. For each /VGV/ token, repeated measurements were taken over a continuous
interval spanning from the midpoint of the first vowel, through the glide segment, to the midpoint of
the second vowel. One measurement was made at each pitch period during that interval, and the

analysis window was updated before each measurement to equal the length of that pitch period. The
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Figure 6: Measured Agys for a token of /aejae/ with high pitch accent on the second vowel, produced by

speaker F1. Measurement points from individual pitch periods (black diamonds) are connected by straight
lines to form a continuous contour. The measurement interval extends from the midpoint of the first vowel

/e/, through the midpoint of the glide /j/ (around time 240ms), to the midpoint of the second vowel /22/.

The red line represents the AAg,,s measurement, calculated as the difference between the minimum
amplitude of the glide segment and the maximum amplitude of the adjacent vowel.

pitch period lengths were calculated as the distance between the waveform zero-crossings just before
the maximum amplitude excursions of the pitch periods, corresponding to the time between the
beginnings of the closed phases of the glottal cycles. For each pitch period, the analysis window was
centered on the closed phase of the cycle, in order to achieve maximum accuracy in capturing the
excitation of the vocal tract by the glottal source (Smits, 1994). The RMS amplitude (Agvs) of the signal

segment under the analysis window was calculated automatically by the xkl software.

Figure 6 shows an example of Agus measurements made from a single token of /aejae/ produced by

female speaker F1. The individual measurements from consecutive pitch periods are connected with

straight lines to form a continuous contour. Note the decrease in amplitude that occurs from the first
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vowel segment to the glide at around 240 ms, and the matching increase in amplitude returning to the
following vowel. The magnitude of this amplitude excursion was quantified for each token in a single
measurement AAgys, calculated as the difference between the minimum amplitude of the glide segment

and the maximum amplitude of the adjacent vowel.

2.2.2 Results

The results of Agms measurements from all of the tokens in the /VGV/ recordings database show that
a decrease in amplitude is a very consistent acoustic characteristic of glides in relation to adjacent
vowels. The average amplitude decrease from vowel to glide across all four speakers and all contexts is
14.6 dB. 95% of the glides in the database were produced with an amplitude decrease of 5 dB or more.
90% were produced with an amplitude decrease of 7 dB or more. In fact, two of the speakers (F1 and

F2) produced all their glides with an amplitude decrease of 7 dB or more.

Figure 7 shows the average AAgys for each speaker, averaged across both glides and all vowel and
prosodic contexts. Significant inter-speaker differences are clear from these data, with speaker F1
producing the largest average AAgvs, and speaker M2 producing the smallest average AAgys. Since the
minimum AAgys was at least 3 dB for speakers F1, F2, and M2, it is clear that their typical glide
production involved significant amplitude decrease from the vowel to the glide. Speaker M2 produced a
few glides without visible amplitude decrease, but a t-test confirms that his average AAgys was
significantly above zero (t(59)=14.12; p =.000). Glides thus exhibit significantly decreased amplitude

compared to their adjacent vowels for all four speakers.

Analyses of variance were conducted to determine the effects on AAgys of the various factors
controlled in this study: glide segment /j, w/, vowel height context (high, mid, low), and prosodic context
(H1, H2, L1, L2, NP). Since significant interactions were found between speaker and all other factors,

separate ANOVAs were conducted for each speaker’s data. To compensate for the artificially increased
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Figure 7: Measured AAgys for each speaker in the /VGV/ database, averaged across glide segments, vowel
and prosodic contexts. Error bars represent standard error of the mean.

likelihood of Type | errors arising from the use of multiple statistical tests in this study, a conservative
threshold level (a = .01) was selected a priori to determine significance throughout this thesis. No

significant interactions between factors other than speaker were observed for the AAgys measure.

Average AAgys was larger for the glide /w/ than for the glide /j/ for all four speakers, although this
difference was statistically significant only for speakers F1 (F(1,30)=22.579; p=.000) and M1
(F(2,30)=15.48; p=.000). Figure 8 shows the average AAgys for each speaker, separated by glide segment
/i, w/. The difference in amplitude reduction between /j/ and /w/ tokens is likely due to the difference
in spectral tilt between the two different glide segments. In /w/, the backed tongue body has the effect
of lowering the second formant frequency (F2), which reduces the overall spectrum amplitude in the
same way that lowering F1 does (the higher formants riding on its “skirt” are reduced in amplitude by
the frequency reduction of F2). The lowering of F2 for /w/ adds yet another source of amplitude

reduction to those already mentioned in Section 1.3 for glides in general. In /j/, by contrast, the fronted
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Figure 8: Measured AAgys for each speaker in the /VGV/ database, separated by glide segment /j, w/, and
averaged across vowel and prosodic contexts. Error bars represent standard error of the mean.

tongue body has the effect of raising F2, which boosts the amplitude of the higher formants and
decreases spectral tilt, causing /j/ to experience less amplitude reduction than /w/. Overall, however,
the movement of F2 is outweighed by several other factors, and both types of glide segments

demonstrate some degree of amplitude reduction in comparison with the adjacent vowel.

The main effect of vowel height context on AAgys was significant only for speaker M1
(F(2,30)=5.652; p=.008), indicating that the degree of amplitude reduction in glides is in general
unaffected by the surrounding vowel context. This is also clear from Figure 9, which shows the average
AAgvs for each speaker, separated by vowel height context. Note that the differences between vowel
height contexts are not significant for most of the speakers, and the differences between the means are
not in the same direction across speakers. Tukey pairwise comparisons show that the only significant
difference is between the mean of the high vowel context /i, u/ and the mid vowel context /e, o/ for

speaker M1 (p=.009). This isolated pairwise difference is unlikely to be related to generalizable aspects
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Figure 9: Measured AAgy;s for each speaker in the /VGV/ database, separated by vowel height context, and
averaged across glide segments and prosodic context. Error bars represent standard error of the mean.

of the production of glides, especially since a comparison of the high and low vowel contexts, which are

the most dissimilar in terms of articulation, does not show a significant difference (p=.05).

There was a significant main effect of prosodic context on AAgy;s for all four speakers
(F(4,30)=19.423,4.318,10.329,12.047; p<.007). Figure 10 shows the average AAgys for each speaker,
separated by prosodic context, and Table 2 shows the results of Tukey pairwise comparisons of the
factor level means. For most of the speakers, glides preceding a low-pitch-accented vowel (L2) are
produced with significantly greater amplitude reduction than glides following either type of pitch-
accented vowel (L1 or H1). In addition, glides preceding a high-pitch-accented vowel (H2) are produced
with significantly greater amplitude reduction than one or both types of post-pitch-accent glides (L1 or
H1) for speakers F1 and M2. The non-pitch-accented glides (NP) do not follow a consistent pattern
across speakers; for speakers M1 and M2, they pattern with the post-pitch-accent glides, and are

produced with significantly less amplitude reduction than one or both types of pre-pitch-accent glides
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Figure 10: Measured AAgy;s for each speaker in the /VGV/ database, separated by prosodic context, and
averaged across glide segments and vowel contexts. Error bars represent standard error of the mean.

(L2 or H2); for speaker F1, they pattern with the pre-pitch-accent glides, and are produced with

significantly greater amplitude reduction than glides following low-pitch-accented vowels (L1). Overall,

the general conclusion that can be drawn from these data is that glides tend to be produced with

greater amplitude reduction when preceding pitch-accented vowels than when following pitch-accented

vowels.

Table 2: Results of Tukey pairwise comparisons of AAgys means by prosodic context. Only significant
differences (a = .01) are shown.

Speaker F1 Speaker F2 Speaker M1 Speaker M2

12 -H1 p =.001 p=.01 p =.000 p =.005
L2-11 p =.000 p=.01 p =.006

L2 - NP p =.000 p =.000

H2 - H1 p =.001 p =.006
H2-11 p =.000

H2 - NP p =.000

NP - L1 p =.001
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2.2.3 Discussion

The results of RMS amplitude measurements on /VGV/ tokens in natural speech show that glides are
very consistently produced with a significant reduction in amplitude compared to the adjacent vowel.
This amplitude reduction has been described as arising from a number of acoustic effects of the
articulation of glides, involving a narrow constriction target in the oral region of the vocal tract. The
effects of such a narrowing may include reduced first formant frequency (F1), increased first formant
bandwidth (B1), decreased transglottal pressure and concomitant weakening and skewing of the glottal
source waveform, all of which contribute to reduction of the overall amplitude of the speech signal

during the glide segment (see Section 1.3).

Analyses of variance show little effect of the surrounding vowel context on the magnitude of the
amplitude reduction in glide segments. If the AAgys measure is regarded as an indication of the relative
strength of a particular glide segment, as reflected in the degree to which the oral tract is constricted
during its production, then this result indicates that glide segments are produced with relatively equal
strength in different vowel contexts. This makes amplitude characteristics a good possible candidate for

a relatively invariant acoustic cue to the presence of glides in differing contexts.

By contrast, the effect of prosodic context was highly significant in the analysis of AAgys. Pairwise
comparisons show that the amplitude reduction is generally greater in pre-pitch-accent glides than in
post-pitch-accent glides. Since intervocalic glides are known to syllabify with the following vowel,
especially when they occur word-medially (Gick, 2003), these data suggest that the glide constriction
gesture is stronger in pitch-accented syllables than in non-pitch-accented syllables. This is in agreement

with similar studies of other sound segments; for example, Pierrehumbert & Talkin (1992) found that

the articulatory gesture for laryngeal consonants /h, ?/ is also strengthened when beginning a pitch-

accented syllable. Interestingly, their study also observed the strengthening effect through the
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magnitude of amplitude reduction from the adjacent vowel into the consonant; this is indicative of an
articulatory and acoustic similarity between glides and laryngeals which will be discussed in greater

detail in later chapters.

2.3 First formant frequency (F1)

2.3.1 Method

Accurate measurement of the first formant frequency (F1) is quite difficult for speech signals with
varying fundamental frequency (F0). Since the vocal tract filter is excited by a periodic glottal source,
only the energy at harmonic multiples of FO can be seen in the resulting acoustic spectrum. If the first
formant does not exactly line up with one of the harmonics, its frequency and amplitude will not be
accurately represented in a long-window DFT. The perceptual system’s recognition of formant quality is
known not to be affected by changing FO and harmonic location, however. Thus, accurate measurement
of F1is desirable for our understanding of the perception of speech. (See Klatt (1986) for a discussion of

the difficulties of F1 measurement and various solutions.)

Pitch-synchronous short-window analysis was chosen for this study, since it is capable of producing
more accurate F1 results in the face of varying FO than other analysis methods such as linear prediction.
Limiting the analysis window to the length of a single pitch period allows the natural response of the
vocal tract transfer function to be observed without the harmonic glottal excitation. However, great
care must be taken in determining the correct placement of the window during the closed phase of each

glottal cycle, as misplacement within the pitch period can result in very irregular spectra.

In order to determine the optimal placement of the analysis window for this study, a short
experiment with synthetic vowel formant frequencies was undertaken. The position of a pitch-period-

length Hamming window was systematically varied along a glottal cycle of the synthetic waveform, and
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the measured formant frequencies were recorded at each position. The position was measured with
respect to the zero-crossing just before the maximum amplitude excursion of the waveform (the
assumed moment of glottal closure), as a percentage of the length of the pitch period. The optimal
match with the specified formant frequencies used in the synthesis was found when the center of the
analysis window was placed 30%-40% of the pitch period length later than the identified zero-crossing.
This window placement was used in all of the pitch-synchronous acoustic analyses undertaken in this

study.

Measurements of the first formant frequency (F1) were taken pitch-synchronously from each of the
/VGV/ tokens in the recordings database, using the xkl software. The software’s peak-picking function
was used on pre-emphasized DFT spectra, with placement of the pitch-period-length analysis window as
described above. One measurement was taken from each pitch period over an interval starting at the
midpoint of the first vowel, continuing through the glide segment, and ending at the midpoint of the
second vowel, as in Section 2.2.1. The length of the analysis window was updated before each

measurement, to be equal to the length of the current pitch period.

2.3.2 Results

Figure 11 shows an example plot of measured F1 contours, in which the individual measurement
points are connected by straight lines to form continuous curves. The plot combines the F1 contours for
all six vowel contexts, for a single glide /j/ produced in a single non-pitch-accented (NP) prosodic context
by a single speaker F1. The curves are temporally aligned by setting the time of minimum amplitude
during the glide segment (measured in Section 2.2) to be time zero, since this is the likely temporal
location of the glide landmark in perception and lexical access (for an overview of landmark theory, see
Stevens (2002) and Slifka et al. (2004).) Note that in general the time of the minimum F1 during the

glide lines up with the time of the minimum Agys. This is to be expected, since both are acoustic effects
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Figure 11: Time contours of the first formant frequency (F1) during the non-pitch-accented (NP) glide /j/,
produced by speaker F1. The different curves correspond to the six vowel contexts /i, u, e, 0, &, a/. Time is

shown in relation to the point of minimum amplitude during the glide segment (time zero on the x-axis).

of the same vocal tract constriction gesture essential to the production of the glide, and in fact the F1

decrease contributes to the Agys decrease.

In Figure 11 it can be seen that the reduction in F1 is greatest between adjacent low vowels /e, a/

and the glide, and less large between the mid vowels /e, o/ and the glide. In order for the same
minimum F1 target to be reached during the glide, the first formant must travel a greater distance from
its higher frequency position in low vowels. In the high vowel contexts /i, u/, F1 hardly changes at all
from the vowel to the glide; this suggests that the minimum F1 target for a glide is not in fact lower than

the high vowel F1 for this speaker.

The minimum F1 target is not always the same for glides in different vowel contexts, however.

There is often significant coarticulation between the F1 of an adjacent vowel and the minimum F1 of a
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Figure 12: Time contours of the first formant frequency (F1) during the non-pitch-accented (NP) glide /w/,
produced by speaker M1. The different curves correspond to the six vowel contexts /i, u, e, o, &, a/. Time

is shown in relation to the point of minimum amplitude during the glide segment (time zero on the x-axis).

glide segment, such that the glide’s F1 target appears to migrate in the direction of the vowel’s F1. An
example can be seen in Figure 12, which shows the F1 contours for the glide /w/ produced in the non-

pitch-accented (NP) prosodic context by speaker M1. The effect of vowel height coarticulation is clear in

this example, as the minimum F1 reached during the glides in low vowel contexts /ae, a/ is higher than

that of mid vowel contexts /e, o/, which in turn is higher than that of high vowel contexts /i, u/.

The coarticulatory effect on F1 was confirmed across the /VGV/ database through analyses of
variance, which found a significant main effect of vowel height context for all speakers
(F(2,30)=8.652,17.71,44.422,117.52; p<.001). (Again, due to the presence of significant interactions
between speaker and other factors, separate ANOVAs were run for each speaker. No interactions
between factors other than speaker were significant.) Figure 13 shows the average F1 minimum during

glides (F1,,,) for each speaker, separated by vowel height context, and Table 3 gives the results of Tukey
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Figure 13: Measured F1 minimum (F1,,,) during glides for each speaker in the /VGV/ database, separated
by vowel height context, and averaged across glide segments and prosodic context. Error bars represent
standard error of the mean.

pairwise comparisons of the factor level means. F1,,, is significantly higher in low vowel contexts than
in high vowel contexts for all speakers, and is significantly higher in mid vowel contexts than in high
vowel contexts for three of the four speakers. The difference between low vowel contexts and mid
vowel contexts is significant only for speaker M2. From Figure 13, it is clear that the coarticulatory
spread is largest for speaker M2 and smallest for speaker F1; however, all four speakers show spreading

of the F1,,, target according to vowel height context to some degree.

Table 3: Results of Tukey pairwise comparisons of F1,,;, means by vowel height context. Only significant
differences (a = .01) are shown.

Speaker F1 Speaker F2 Speaker M1 Speaker M2
low — high p=.001 p =.000 p =.000 p =.000
mid — high p =.006 p =.000 p =.000
low — mid p =.000
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Figure 14: Measured F1,,,, for each speaker in the /VGV/ database, separated by prosodic context, and
averaged across glide segments and vowel contexts. Error bars represent standard error of the mean.

The analysis of variance also investigated the effects of the type of glide segment and prosodic
context factors. The main effect of glide segment was significant only for speaker M2 (F(1,30)=21.505,
p=.000), with /j/ having a lower average F1,,, than /w/. This appears to correspond with this speaker’s
production of the “cognate” high vowels; his F1 for /i/ was consistently lower than his F1 for /u/. It
seems that this speaker produces narrower palatal constrictions than labiovelar constrictions, whether
in vowels or glides. Other studies support this difference between /i/ and /u/ across speakers (e.g.
Stevens, 1998, p. 288; Maddieson & Emmorey, 1985, p. 167); however, the difference is too slight to

carry over into glides for any of the other speakers in this study.

The main effect of prosodic context was significant for speakers F1, M1, and M2. Figure 14 shows
the average F1,,, for each speaker, separated by prosodic context, and Table 4 gives the results of Tukey
pairwise comparisons of the factor level means. For three of the speakers, glides preceding a low-pitch-

accented vowel (L2) are produced with significantly lower minimum F1 than glides following one or both
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Table 4: Results of Tukey pairwise comparisons of F1,,;, means by prosodic context. Only significant
differences (a = .01) are shown.

Speaker F1 Speaker F2 Speaker M1 Speaker M2
H1-12 p =.002 p =.000 p=.001
L11-12 p =.000 p =.002
NP -2 p =.000 p=.001
H2 -1L2 p =.003
L1 -H2 p=.01

types of pitch-accented vowel (L1 or H1). In addition, F1,,, for pre-low-pitch-accent glides (L2) is
significantly lower than for non-pitch-accented glides (NP) for speakers M1 and M2, and it is significantly
lower than for pre-high-pitch-accent glides (H2) for speaker M1. F1.,, for pre-high-pitch-accent glides
(H2) is significantly lower than for post-low-pitch-accented glides (L1) only for speaker F1. Overall, the
general conclusion that can be drawn from these data is that glides are sometimes produced with lower

target F1 when preceding low-pitch-accented vowels than in other prosodic contexts.

2.3.3 Discussion

The effect of prosodic context on the minimum first formant frequency (F1.,) reached during a
glide segment is similar to the effect observed in Section 2.2 on the magnitude of amplitude reduction.
Glides beginning pitch-accented syllables, especially low-pitch-accented syllables, seem to have a
tendency to be produced with a strengthened articulatory gesture. The strengthened oral constriction
gesture has the effect of lowering both F1 and Agys during the glide segment, as compared to the

adjacent vowel.

F1 and Agys measurements differ, however, in terms of the effect of the surrounding vowel height
context. No consistent effect of vowel height context was found for the AAgyus measure; however, the

effect of vowel height context on the minimum F1 reached during the glide segment (F1,,,) was highly
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significant. Coarticulation with the adjacent vowel caused F1,,, to be significantly higher in glides next
to low vowels than in glides next to high vowels. The extent of this coarticulation was such that F1,,, in
glides next to low vowels was often higher than the F1 of many high vowels. This indicates that glides
are not always produced with a vocal tract constriction that is narrower than that of a high vowel.
When adjacent to a low vowel with a very open oral cavity and high F1, a glide may be produced with a

constriction that is only about as narrow as that of a mid vowel.

Although the constriction degree and resulting F1 may vary widely between glides in different vowel
height contexts, the fact that AAgyws does not vary significantly across these different contexts shows that
at least one acoustic characteristic of the glide-vowel distinction remains invariant. In low vowel
contexts, the movement between the high F1 of the vowel and the coarticulated F1,,, of the glide is
already large enough to reduce the overall spectral amplitude by the same amount that it is reduced in
other contexts, without constricting the oral cavity to a greater degree than in any vowel. On the other
hand, in high vowel contexts, a similar degree of amplitude reduction is obtained, even though it was
seen in Section 2.3.2 that F1 does not change appreciably from the high vowel to the glide. Since the
amplitude is reduced in the absence of F1 change, it must be hypothesized that the oral constriction is
made narrower than the point at which the wall effects begin to inhibit the further lowering of F1, as
schematized in Figure 2 on page 24. In this scenario, the amplitude reduction arises from sources other
than lowered F1, such as increased first formant bandwidth or decreased transglottal pressure. The
latter possible sources will be tested in other acoustic measures to follow in this chapter. It is important
to note, though, that although the specific source of the effect may differ between vowel contexts, the
amplitude reduction characteristic of glides does not differ significantly between them. Thus, AAgys may
provide a measure of acoustic invariance that can be exploited in the perception/recognition of glides in

spite of variation in F1,,, across contexts.
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2.4 Open quotient (0Q)

2.4.1 Method

Open quotient (0OQ) measurements are of interest in order to determine whether the narrow oral
constriction in a glide produces aerodynamic effects on the glottal source. As described in Section 1.3, if
the glide constriction is sufficiently narrow, some pressure will be built up in the oral cavity behind it,
and the transglottal pressure drop will decrease if the subglottal pressure remains constant. The
increased oral pressure and decreased transglottal pressure have the effect of skewing the glottal cycle
toward a larger percentage of time with the vocal folds open (increased 0Q). As this study did not have
access to direct physical measures of OQ, the correlated acoustic measure H1* - H2* was investigated in

the /VGV/ recordings database.

H1 and H2 are the amplitudes of the first and second harmonics, respectively, that can be measured
from the spectrum of an acoustic speech signal using an analysis window covering multiple pitch
periods. When the spectrum is taken from the glottal volume velocity source without vocal tract
filtering, the difference between the two harmonics (H1 — H2) is proportional to the value of OQ, as
shown in panels (a) and (c) of Figure 15 from Hanson (1995). Greater positive differences H1 — H2
correspond to larger percentage values of OQ. However, the acoustic spectrum accessible from the
radiated speech has the glottal source filtered by the vocal tract transfer function, resulting in changes
to the harmonic amplitudes H1 and H2, as shown in panels (b) and (d) of Figure 15. Inverse filtering
calculations must be performed in order to accurately uncover the OQ relationships between speech
segments with different formant frequencies. For inverse filtering of H1 — H2, it is sufficient to subtract
the effect of the first formant peak of the vocal tract transfer function, in order to arrive at the corrected

measure H1* - H2* (Hanson, 1995).
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Figure 15: Waveforms and spectra of a synthetic glottal volume-velocity source corresponding to different
manipulations of open quotient (0Q). The fundamental frequency is in the range for an adult female speaker.
Panels (a) and (c) show spectra and derivatives of the volume-velocity sources, while panels (b) and (d) show the

spectra of the vowel /a&/ synthesized using those volume-velocity sources. (a)-(b) 0Q is 30%; (c)-(d) 0OQ is 70%.
From Hanson (1995).
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For glides and vowels, the vocal tract can be modeled as an all-pole transfer function of the

following form:

o~ () =) e
w) =
(5= 5s1)(s— 1)/ \(s— s2)(s — 82)/  \(s —sp)(s — $,")
where s = jw, s, = (o, + jw,), Sy = (an, — jwy), and n is the number of vocal tract resonant frequencies

(formants) under consideration. The transfer function for the isolated first formant is thus given by:

(a1 + jwi) (g — jwq)

T. =
() (o — (a1 + jw))(jw — (a1 — jwy))

where w = 2ntf, and w; = 2i(F1). Substituting a; = (B1) and simplifying gives:

(F* + (5)?
(F1)?* = (f +J7)?

T (f) =

The corrections to the amplitudes of the first two harmonics can then be made by converting the
magnitude of the “boost” of the first formant transfer function to dB and subtracting it from the
measured harmonic amplitude, thus:

H1* = H1 — 201log|T; (FO)|

H2* = H2 — ZOIOglolTl(ZFO)l

As can be seen from the above equations, the calculations to derive H1* - H2* from the measured
H1 and H2 require estimates of the first formant frequency (F1) and the first formant bandwidth (B1).
For this study, F1 measurements for all of the tokens in the /VGV/ database have already been
presented in Section 2.3, leaving o