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Abstract

This dissertation investigates the production of the vowels in Ningbo
Chinese from the acoustical, articulatory and aerodynamic perspectives. It
interprets the linguistic vowel features, such as vowel height, vowel
backness, lip rounding, nasality, and duration by examining the acquired
acoustic, articulatory, and aerodynamic data. The diphthongs in Ningbo
are investigated by examining the diphthong targets and the movement
between them in terms of their acoustical and articulatory characteristics.
Twenty speakers, ten female and ten male, provided the speech data for
acoustical analyses; seven speakers, three female and four male, provided
articulatory data; and six speakers, three female and three male, provided
aerodynamic data of the nasal vowels and vowel nasalization.

The acoustic results show that vowel height and backness can be best
interpreted in a perceptually scaled acoustic F1/F2 vowel plane. Ten
normal-length vowels in Ningbo form a pattern of four levels of vowel
height and three degrees of vowel backness. Results from the articulatory
study show that there is no clear correlation between linguistic vowel
height and tongue height based on the individual speaker’s data.
Nevertheless, a PARAFAC modeling of the lingual articulation
successfully decomposes the complicated tongue shapes into two
underlying lingual movement mechanisms, namely “retraction and back
raising” (retraction of the tongue body and raising of the tongue dorsum
towards the velum) and “front raising” (raising of the front part of the
tongue towards the hard palate). Using the extracted two tongue

movement mechanisms, the linguistic vowel backness and vowel height
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can thus be defined in a purely tongue-based and speaker-independent
representation of the vowels. Both the acoustic and articulatory data
suggest that there is a three-way distinction of lip rounding in Ningbo:
spread for [i], horizontal protrusion for [y], and vertical protrusion for [v].
The acoustic data show that the two apical vowels [] ] in Ningbo are in a
semi-high central position in the FI1/F2 plane, and the articulatory data
suggest that the Ningbo apical vowels are best understood as doubly
articulated vowels, i.e., being apex and dorsal simultaneously. The
acoustic data also show that Ningbo vowels, in particular the high,
mid-high, and low vowels, tend to be lowered when acquiring nasality. At
the same time, the articulatory data reveal that for most speakers lip
protrusion is involved during the production of nasal vowels, possibly
enhancing the difference in vowel quality between the nasal vowels and
their oral counterparts.

Results of formant frequency analysis of the diphthongs in Ningbo
show that in general, both the falling and rising diphthongs begin in an
onset frequency area close to their target vowels, whereas only the
normal-length rising diphthongs end in the frequency region close to the
offset targets. while the falling diphthongs and short rising diphthongs do
not reach the offset targets. The articulatory data are generally consistent
with the acoustic data. With respect to the dynamic aspects of diphthongs,
the acoustic data show that the Ningbo diphthongs can be characterized by
the formant (F2) rate of change if only the falling diphthongs are
concerned. But the F2 rate of change fails to distinguish the rising
diphthongs from the falling diphthongs. Meanwhile, the articulatory data
of tongue kinematics show that the average velocity and peak velocity can
be used to characterize Ningbo diphthongs, given that the falling and
rising diphthongs are considered separately. The time to peak velocity
serves as a better criterion in distinguishing the falling diphthongs from
the rising diphthongs. In short, peak velocities usually occur late in the

falling diphthongs, but early in the rising diphthongs. This is because the



Abstract

peak velocity of the lingual articulator occurs during the gestural change,
i.e. during the spectral transition from an acoustical point of view, from
diphthong onset to offset. The falling diphthongs in Ningbo have steady
states on both the onset and offset elements, while the rising diphthongs
only have steady states on the offset elements.

Both the acoustic and articulatory data suggest that the main
difference between a short and normal-length vowel or diphthong in
Ningbo is in duration, which differs from the tense/lax distinction in
English, where lax (short) vowels are mainly correlated with lower tongue
positions vis-a-vis their tense (long) counterparts.

The aerodynamic data reveal that nasality can be successfully
quantified using the acquired flow data. Results show that in Ningbo the
nasal vowel [3] has higher nasality than the other nasal vowel [a].
Regarding the three nasalized vowels, the high vowel [i] has the highest
nasality, followed by [0] and [3] in descending order.

In this study, in addition to searching for the physical and/or
physiological correlates for vowel features, attention was also paid to
examining articulatory mechanisms and articulatory-to-acoustic relations
in vowel production. The articulatory data show that jaw movements are
usually coordinated with lingual gestures during the vowel and diphthong
production. However, different speakers may employ different articulatory
strategies to achieve similar acoustic goals. The data also suggest that the
three Ningbo point vowels exhibit a quantal nature during production. It
should be noted that the relationship between speech articulation and
speech acoustics has been shown to be complex by the comparisons of the
articulatory and acoustic data of the diphthong targets in Ningbo. Further
studies are necessary in order to have a better understanding of the nature
of vowel production and the relationship between articulation and

acoustics.
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Chapter One: Introduction

1.1 General theoretical background of vowel production

Since its initiation by Bell (1867) during the mid nineteenth century,
it has been the tradition to describe vowels based on certain basic
articulatory features: high-low, front-back, and rounded-unrounded. This
descriptive model prescribes for each vowel a unique tongue position in
terms of the height and backness of the tongue arch in the vocal tract. This
model is widely accepted in the field and constitutes an essential base both
for the IPA vowel chart and for the distinctive features in phonological
theory (Chomsky & Halle, 1968). In the British phonetic tradition, the
vowel height and backness are explicitly described in terms of the highest
point of the tongue (Jones, 1909). For instance, according to Jones (1956),
Cardinal Vowels 1, 2, 3, and 4 ([i e € a]) are “vowels of the ‘front’ series”
and Cardinal vowels 5, 6, 7, and 8 ([a 2 o u]) are “vowels of the ‘back’
series”. In purely articulatory terms, he defines Cardinal vowel 1 ([i]) as
“the sound in which the raising of the tongue is as far forward as possible
and as high as possible consistently with its being a vowel” and Cardinal
Vowel 5 ([a]) as “a sound in which the back of the tongue is lowered as
far as possible and retracted as far as possible consistently with the sound
being a vowel” (p. 31). From Cardinal vowel 1 to 2 and to 3 and to 4, “the
tongue is lowered through approximately equal intervals”; similarly, from
Cardinal Vowel 5 to 6 and to 7 and to 8, “the tongue is raised through
approximately equal though smaller intervals” (p. 32).

However, this classical model of vowel description has never been
validated by any empirical articulatory data. In fact, it has been
contradicted by a large number of the lingual articulation data based on
various kinds of techniques in the literature. For example, as early as in
1910, Meyer found that [1] has an unexpected lower tongue position than [e]
based on his plastopalatogram data. More convincing is a massive X-ray
study from Russel (1928) which conclusively discredited the traditional
height/backness articulatory description of vowels. Based on a large
number of X-ray data of American English speakers, he found that the

1
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tongue position was often not as predicted according to Bell’s model. For
example, [1] might be lower than [e]; [u] was possibly a front vowel; the
articulation position for [a], [0] and [p] was rather in the pharynx cavity.

Russell’s work did not attract much attention from his contemporary
phoneticians. Several decades later, the problem was highlighted by
Ladefoged and his colleagues (Ladefoged, 1967, 1971, 1975, 1976;
Ladefoged, De Clerk, Lindau & Papgun, 1972). Like Russell, Ladefoged
pointed out that the traditional vowel descriptive model actually described
the auditory impressions of vowels but translated them into physiological
terms, because the traditional vowel articulation dimensions like high-low
and front-back did not correspond to the physiological reality; rather they
were correlated with vowels’ acoustic features. For instance, Ladefoged et
al. (1972) found that the tongue contour is almost identical for the vowels
[1 e €] in some American English speakers. Furthermore, Ladefoged (1975,
1976) pointed out that the highest points of the tongue in a set of Cardinal
Vowels produced by Jones “are not at all similar to the descriptions of that
have been given of these vowels”. And “there is not even a good
separation between front vowels and back vowels”; “and the relative
heights are wildly wrong” (1976: 10-12). Similar contradictions between
the traditional vowel descriptive model and actual vowel articulation were
also found in the cineradiographic data of Perkell (1969) (see Lieberman,
1976). The psycho-acoustical experiment in Ladefoged (1967) showed
that trained phoneticians could make fairly accurate judgments of the
vowel height and backness even when working from the recorded data,
which led him to believe that vowel height and backness has nothing to do
with what has done with the tongue; rather, it is just because these trained
phoneticians “could label the formant structure of the vowels they heard
and imitated” (Fromkin, 1985: 5). As illustrated in Ladefoged (1975,
1976), the traditional Cardinal Vowel chart correlates well with an
auditorily scaled acoustic F1/F2 (or F1/F2-F1) vowel chart.

Although to some phoneticians the criticism of the traditional vowel
descriptive system was an exaggeration (e.g., Catford, 1981;
Fischer-Jorgensen, 1985), the acoustical or acoustical-auditory proposal
for vowel description was widely accepted by phoneticians and there was
a broad consensus that traditional vowel parameters such as height and
backness should be better understood as acoustically or perceptually
defined than as articulatorily defined (e.g., Jakobson et al., 1952;
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Ladefoged et al. 1972; Lieberman, 1976; Lindau, 1978"; Nearey, 1978;
Wood, 1982). The apparent inconsistency found in the vowel articulation
led researchers to reconsider the articulatory dimensions used in vowel
description. As Wood (1979: 25) stated, the confusing pictures obtained
from X-ray studies of vowel articulation were due to “the wrong
articulatory variables (height and fronting) rather than to articulatory
irregularity”. In the modeling study of vowel production, Stevens & House
(1955) rejected height and backness and replaced them with a new
parameterization, namely the degree of vocal tract constriction and the
location of constriction relative to the glottis. These dimensions are
claimed to be more directly related to vowel acoustics, because the
constriction location determines the size of the front and back cavity in the
vocal tract and the degree of constriction affects the coupling of the two
cavities.

The proposed articulatory dimensions have become the basis of the
mainstream in the field of speech production studies. The proposal
completely changes the understanding of vowel articulation. While in the
general studies of speech production, the length of the vocal tract was
treated as a continuum of constriction locations (Stevens & House, 1955;
Fant, 1960; Lindblom & Sundberg, 1971), effort has been made to find the
explicit constriction locations in vowel production. In the quantal theory of
speech production, Stevens (1972, 1989) identified three constriction
regions where vowel spectra are relatively insensitive to moderate
variations of constriction location: at the palate for [i], at the velum for [u],
and in the pharynx for [a]. Based on both the empirical radiographic
analysis from many languages and the theoretical three-parameter
nomograms by Stevens and House (1955), Wood (1979) found there are
four constriction locations for vowels: along the hard palate for [i-€]-like

and [y-g]-like vowels, along the soft palate for [u-u-i]-like vowels, in the
upper pharynx for [0-0]-like and [¥ ]-like vowels, and in the lower
pharynx for [a-a-&]-like vowels (see also Gunnilstam, 1974, for a purely
theoretical inference of constriction locations from Fant (1960)’s
three-parameter nomograms). He stated that these four narrowly

! Lindau (1978) was somewhat different in that, based on some new cineradiographic
recordings, she claimed that vowel height and backness also correlate with the articulatory
data. So, from her point of view, the vowel features of High and Back can be accounted for
articulatorily and acoustically and auditorily. However, she admitted that other features
such as Peripheral should be best described in the acoustic domain.

3
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constricted locations are those places where F1 and F2 are least sensitive
to variations of constriction location and thus it supports Stevens’s
proposal of the quantal nature of vowels. The new constriction
location/degree model provides new dimensions for investigating speech
production and sheds light on the uninvestigated aspects of tongue
mechanism and even the underlying speech motor control system. In the
past several decades, development of new techniques such as x-ray
microbeam and electromagnetic articulograph makes it possible to collect
large-scale articulatory data, based on which theoretical aticulatory models
can be tested by the empirical data. Pilot studies of Perkell & Nelson
(1982, 1985) and Perkell & Cohen (1989), using articulatory data obtained
from x-ray microbeam, tested the articulatory stability of the production of
three quantal vowels [i a u]. Their results basically supported Stevens’s
quantal theory. More recently, following Perkell and his coworkers’ pilot
studies, Beckman et al. (1994), using a more quantifiable method, revealed
that many vowels, not just the point vowels [iua], “have target
articulatory constrictions and are more or less quantal, in the sense that
constriction degree seems to be controlled more precisely than constriction
location” (pp. 489). The palatal vowel [i] has the smallest variability, the
velar vowel [u] shows the next smallest variability, and the other vowels

[a ® o] are less quantal.

1.2 Purpose and the scope of this study

Developments in the field of speech production have shed new light
on the understanding of the underlying mechanisms of vowel production
and provided us with new insights for examining and reinterpreting the
linguistic vowel features. However, what should be pointed out is that
previous researches on vowel production are mostly theoretically
orientated. Little effort has been made to explore vowel production
thoroughly in a specific language. The articulatory mechanisms for vowel
distinctions are far from clear. For instance, it still remains unclear how
the primary vowel features such as vowel height and backness are
correlated with vowel articulation and can thus be interpreted from a
linguistic point of view. Although they have been well interpreted in the
acoustical or psycho-acoustical domain, vowel height and backness need
an explicit explanation in the articulatory domain as well, i.e., through
what kinds of articulatory mechanisms are these acoustical distinctions
achieved? Thus, a close examination of vowel production in a specific

4
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language is of great importance. On the one hand, it gives a complete
picture of vowel production in that particular language, making it possible
to interpret the linguistic vowel features in both acoustical and
physiological domains, and on the other hand, the empirical production
data can be used to test the validity of the current theories of vowel
production.

The present study is an acoustic and articulatory investigation of
vowel production in Ningbo Chinese. The purpose is twofold. On the one
First, the study is empirical, and aims to ascertain how the vowel system
of a language can be described in the acoustic or articulatory domain or
both. Second, it explores the relationship between the acoustic and
articulatory aspects of vowel production based on the observed empirical
dnta. As mentioned earlier, previous studies have shown that phonological
vowel description such as height and backness is based on acoustical or
psycho-acoustical characteristics, though it remains unclear how acoustic
goals are achieved with articulatory gestures. As only a few vowels (in
most cases, only the three point vowels) of a few languages (mainly
English or other a few European languages) were examined in past studies,
this study is intended to contribute to a more comprehensive knowledge of
the articulatory mechanisms and their acoustical consequences during
vowel production. The Ningbo Chinese has several advantages for
investigating vowel production. First, it has a rich inventory of
monophthongs and diphthongs. Second, most of the vowels in Ningbo can
constitute meaningful monosyllabic words by themselves and thus are free
from consonantal influences.

In addition to the questions concerning vowel features of height and
backness, the scope of the present study covers the following issues:

(1) Vowel distinction in lip gestures. In most languages of the
world, the lip gesture of vowels is either predictable (front
vowels are usually unrounded and back vowels are usually
rounded) or contrasts in roundedness. It is reported that there
is a three-way distinction of lip rounding for the high vowels
in Swedish (see 2.3.1.4 for discussion in length and
Ladefoged & Maddieson, 1990, for a review). Similarly, the
data suggest that the high front vowels in Ningbo contrast in
three ways of lip rounding. But unlike the Swedish case,
which distinguishes lip protrusion from lip compression (also
known as ‘inrounded’), Ningbo seems to distinguish in
horizontal vs. vertical lip protrusion.
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