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ABSTRACT

An abstract of the thesis of Becky Jean George for the Master of Arts in TESOL

presented July 2, 1996.

Title: Investigating Vowel Duration as a Perceptual Cue to Voicing in the English of

Native Spanish Speakers.

Researchers in the cognitive sciences, and in particular those in acoustic
phonetics, investigate the acoustic properties in the speech signal that enable listeners to
perceive particular speech sounds. Temporal cues have been found to convey
information about the linguistic content of an utterance. One acoustic characteristic that
is particularly well documented in American English is the difference in vowel duration
preceding voiced and voiceless consonants, which has been found to play a role in the
perception of the voicing of postvocalic word-final consonants. Research on vowel
duration and its role in the perception of the voicing distinction of the following
consonant has primarily involved data from native English speakers.

The purpose of the present study was to investigate the vowel durations
preceding word-final voiced and voiceless stops in the English production of four native
Spanish speakers. This study sought to determine if differences in vowel duration are
exhibited preceding voiced and voiceless consonants in the English production of the
native Spanish speakers, and to determine if the vowel durations affected the perception

of the voicing distinction of the postvocalic stop by four native English speakers.



2
A significant effect of voicing on the vowel durations in the English production

of the native Spanish speakers was found. However, the degree of variation in the vowel
lengths with respect to voicing was much less than the degree of difference exhibited in
native English, and similar to the variation produced in native Spanish. The average
mean difference in length with respect to the voicing of the following consonant was
17.8 msec. in the present study. In native English the mean difference between vowels
preceding voiced and voiceless consonants ranges from 79 msec. to 92 msec. and in
Spanish the average mean difference is 18 msec. Statistical analysis performed to
quantify the contribution of vowel duration on the perception of the voicing distinction
found only minimal affect. It was concluded that although the cue of vowel duration
variation was present in the speech signal of this data, the listeners generally did not

utilize it as a cue to the voicing distinction of the following stops.
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CHAPTER 1]

INTRODUCTION

Humans engage in conversation and typically understand each other without
much effort. Yet, the speech signal is a complex one that varies with regard to the
speaker, the rate of speech, and even environmental noise. Given this variation, how is it
that speech is consistently and reliably recognized? Researchers in the cognitive
sciences, and in particular those in acoustic phonetics, have investigated the acoustic
properties in the speech signal that enable listeners to perceive particular speech sounds.
Temporal cues, such as the pattern of durations of individual phonetic segments, among
other acoustic cues, have been found to convey information about the linguistic content

of an utterance.

Statement of the Problem

One acoustic characteristic that is particularly well documented in American
English is the difference in vowel duration preceding voiced and voiceless consonants
(House, 1961; House & Fairbanks, 1953; Peterson & Lehiste, 1960). The length of the
vowel in words ending in a voiced consonant is longer than the length of the vowel in
words ending in the voiceless consonant counterpart. This effect is most pronounced in

phrase-final position or in single syllable words (Klatt, 1976; Oller, 1973), and various



researchers have found that the vowel duration can play a significant role in the
perception of the voicing of postvocalic word-final consonants (Denes, 1955, Klatt,
1976; Malecot, 1970; Raphael, 1972).

Research on vowel duration and its role in the perception of the voicing
distinction of the following consonant has primarily involved data from native English
speakers. A few studies have investigated whether differences in vowel duration occur
cross-linguistically. However, there is a lack of studies in the literature that have
examined vowel duration in the English production of nonnative speakers. Do nonnative
speakers of English exhibit the same degree of vowel duration differences preceding
voiced and voiceless consonants that native English speakers exhibit? And how, if at all,
might this affect perception of the target sounds?

This research investigates the vowel durations in the English production of native
Spanish speakers (hereafter NSSs) and how the vowel durations may affect the
perception of the voicing of the following consonants. Specifically, this research
analyzes the vowel durations preceding target word-final voiced and voiceless stops in
the English production of NSSs, and investigates the perception of the voicing

distinction of the adjacent stops by native English speakers.

Background
The search for acoustic correlates to phonetic segments continues to be a live
issue in speech perception and acoustic phonetics, and a current topic of inquiry. There

is still much debate over which particular acoustic cues, or complex of cues, may signal
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any given phonetic segment. Researchers have investigated both spectral and temporal

cues present in the speech wave in an attempt to determine the relative contribution of
these various cues to a listener’s perceptual judgments. Denes (1955) notes:

In the past the tendency was to relate phonemic differences solely with spectral

characteristics of the speech sound wave. It is recognized more and more that

some nonspectral physical characteristics of the speech wave and context will

also influence phonemic judgments. (p. 764)

The vowel duration differences in English preceding voiced and voiceless word
final consonants are well documented in the literature, but the importance of these
differences in vowel duration with regard to the perception of the voicing of the
following consonant is debated. Many researchers have found the vowel duration to be a
primary acoustic cue to the voicing distinction in the word-final or phrase-final position
(Denes, 1955; Klatt, 1976, Malecot, 1970, Raphael, 1972). However Wardrip-Fruin
(1982) argues, “A review of the literature indicates that, although vowel duration
differences are very reliably produced, their role in perception is not as predictable” (p.
187).

More commonly, researchers have suggested that vowel duration is one acoustic
cue among a number of different cues that contribute to the voicing distinction of the
following consonant (Hillenbrand, Ingrisano, Smith & Flege, 1984; Hogan & Rozsypal,
1980; Wolf, 1978). However, Luce and Luce (1978) suggest that vowel duration cues
may be the most consistently and reliably produced of the various cues that have been
found to play significant roles in the perception of voicing of a postvocalic consonant. In

addition, Wardrip-Fruin (1982) reports evidence of a trading relationship between the

acoustic cues that signal the voicing of final stops. If one or more cues are missing,



which is often the case in natural connected speech, Wardrip-Fruin suggests the
remaining cue or cues will be given more weight in the listener’s judgment of the voicing
distinction. Whether the vowel durations are a primary or secondary cue to the voicing
distinction in postvocalic, word-final consonants, it is nevertheless clear that this
temporal correlate of voicing plays some role in the perception of voicing, especially
when other cues are missing or ambiguous.

Taken together, the research suggests that native English speakers utilize the
vowel duration cue in some capacity to judge voicing of final consonants. Investigating
the English production of nonnative speakers of English to determine if this cue is
present or lacking in the acoustic signal is important, since this may have some bearing
on the perception of the voicing distinction of the postvocalic consonants by native
English speakers. It is also germane to investigate whether the lengthening-before-
voicing effect occurs in other languages, particularly Spanish.

A few studies have investigated the vowel duration differences exhibited cross-
linguistically (Chen, 1970; Delattre, 1962; Zimmerman & Sapon, 1957). Chen reports
that there is a tendency across languages for the vowel to become longer before voiced
consonants and shorter before voiceless ones. But he notes that “...the voicing of the
adjacent consonant influences its preceding vowel to different degrees in different
languages” (p. 138). In fact, the research suggests that the vowel duration differences
preceding voiced and voiceless consonants are much more pronounced in English than in
other languages examined. For example, in his study Chen (1970) reported that the

mean difference between the vowel durations before voiced and voiceless consonants in



English was 92 milliseconds (hereafter msec.), but in Spanish the mean difference
reported by Zimmerman and Sapon (1957) was just 18 msec.

In light of this, it is useful to examine the English production of native Spanish
speakers (NSSs) to determine if they utilize this temporal cue as native English speakers
do. If NSSs do not exhibit the same degree of vowel duration differences as native
English speakers do, it could result in perception errors or ambiguities by the listener
with respect to the voicing of the following consonant.

Results of this type of research are useful in teaching pronunciation to nonnative
speakers of English, or more specifically in the field of accent reduction. Accent
reduction is important for many speakers of another language since the degree of accent
a nonnative speaker exhibits is often a determining factor in the first impression

conveyed by that speaker.

Purpose of This Study

This study has two major goals. One is to investigate the English productions of
NSSs to determine if they exhibit the same degree of vowel duration differences, if any,
preceding voiced and voiceless consonants that native English speakers exhibit. An
examination of the vowel durations preceding voiced and voiceless consonants in the
English production of NSSs may provide insight as to the strategies that these NSSs
utilize to cue their listeners to the target sounds.

Another aim of this study is to examine how native English speakers perceive the

postvocalic voiced and voiceless stops in the English production of NSSs. This research
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will attempt to determine if there is a correlation between the vowel durations produced

and the perceived voicing of the target stops. This may provide insight as to whether the
strategies that the NSSs employ to cue their listeners to the voicing distinction of the
final consonants are effective. The information obtained for both the production and
perception components of this study may be useful in ESL pedagogy, as well as in the

field of accent reduction.

Research Questions

This study investigates both production and perception of speech by examining
the English productions of NSSs and the perception of that speech by native speakers of
English. In particular, this study focuses on the vowel durations produced and the
following stop consonants and how they are perceived. The specific research questions
addressed by this study are:

1. Is there a difference in the vowel durations preceding word-final voiced and
voiceless stops in the English production of NSSs, and if so, what degree of
difference is exhibited?

2. Isthere a correlation between the vowel durations and the nativé English
speakers’ perception of the voiced/voiceless distinction of the stops in the

English speech of NSSs?



Definition of Terms

The following terms used throughout this study are more specifically defined

below:

Native English Speaker:

Native Spanish Speaker:

Nonnative Speaker:

Vowel Duration:

Voiced:

Voiceless:

A speaker whose native language is English. (NES)

A speaker whose native language is Spanish. (NSS)

A speaker whose native language is other than English.
The length of a vowel (in msec.) as measured by standard
criteria using digital acoustic analysis instrumentation.

A segment is said to be voiced if the vocal cords are
vibrating during an articulation of the segment. The
notion of voiced also includes a measure of voice onset
time (VOT) for stops. VOT refers to the span of time
between the release of stop closure when the vocal folds
are open, to the onset of voicing, when the vocal folds
start vibrating. A short VOT indicates a voiced stop
because the vocal folds start vibrating before full release of
the closure.

A segment is voiceless if pronounced without vibration of
the vocal cords. As with voiced stops, the notion of a
voiceless stop includes a measure of VOT. A longer VOT

1s associated with voiceless stops. The voicing starts at



Stop:

Prepausal lengthening:

Digitization:

Waveform:

Sampling Rate:

the moment of release of the closure, or later, which
indicates an aspirated voiceless stop.

A speech sound characterized by a complete obstruction
of the vocal tract that is usually followed by an abrupt
release of air. Also referred to as plosives.

Lengthening of a vowel in the syllable preceding a phrase
boundary or a pause.

The process of converting an analog continuous signal to a
digital discrete form. A digital signal is represented as a
sequence of numbers and can be stored in a digital
computer.

A graph showing the amplitude versus time function for a
continuous signal such as the acoustic speech signal.

Also referred to as an oscillogram or oscillographic
display.

The number of times an analog signal is sampled per
second during analog-to-digital conversion. The sampling
occurs at periodically spaced points along the signal. A
sampling rate of 10 kHz means that the analog signal is
sampled 10,000 times per second. A sampling rate of
twice the frequency range is required to completely

represent a signal within that range. For example, to



reconstruct a 5kHz range, a sampling rate of 10 kHz is

necessary.



CHAPTER II

REVIEW OF THE LITERATURE

This chapter provides an overview of the research on vowel durations in
American English, particularly in the environment preceding voiced and voiceless
consonants. Factors other than voicing that influence vowel duration are discussed in
order to provide a proper perspective for the current study. A section on speech
perception is included to provide background for the discussion on research investigating
the perceptual significance of vowel duration. In addition, research on the cross-
linguistic validity of vowel duration is examined because of its relevance to this study

involving nonnative speech.

Vowel Duration Preceding Voiced/Voiceless Consonants

A large body of acoustic research has established that in American English, the
vowel nucleus is longer preceding a voiced consonant in word-final position than the
vowel nucleus preceding its voiceless cognate. This phenomenon has been found
across a wide variety of studies and phonetic environments.

House and Fairbanks (1953) reported that vowel duration varied
systematically with the voicing of the following consonant. Their study compared the

duration, fundamental frequency, and relative power of vowels. The stimuli in their
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analysis, read by ten subjects, consisted of 72 bisyllabic items consisting of 12

consonants, including the voiced and voiceless stops, fricatives and nasals, paired
with six vowels. Each item had only one consonant, and was prefixed with the
unstressed syllable [hA] to render items such as 'hupeep'. House and Fairbanks
found that the consonant environment significantly influenced all the acoustical
characteristics examined. However, when all three characteristics were compared, the
effects of voicing were greatest. The vowels preceding voiced consonants were
longer than those preceding the voiceless consonants in every case. When the values
were pooled with respect to voicing, there was a statistically significant difference of
.079 sec between the two means. In addition, the mean difference between the
vowels lengths preceding stops, with respect to voicing, was 83.3 msec., and the
mean difference overall, including all the consonants, was 79 msec. In a subsequent
study, House (1961), confirmed that "The average duration of vowels varies as a
function of the phonetic environment. The primary influence is contributed by the
voicing characteristic of the following consonant" (p. 1175).

Denes (1955) examined the vowel durations preceding the fricatives in the
words [jus] and [juz] produced by a number of speakers. The range of vowel
durations preceding the voiceless and voiced final consonants support the claims of
House and Fairbanks (1953) and House (1961). Malecot (1969) investigated vowels
preceding word-final consonants in connected speech and found the duration
differences to be consistent with the previously discussed studies as well. In addition,

he discovered that the duration of vowels varied inversely with the amount of energy
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the subjects perceived was needed to articulate the consonant. Voiceless consonants

were reported by subjects to require more energy to produce, and the vowels
preceding them were consistently shorter than their voiced counterparts. Malecot
reported vowel duration to be a significant indicator at .01 for consonant class in
word-final position.

Peterson and Lehiste (1960) also found evidence that the voicing contrast of
consonants influenced the preceding vowel duration. They recorded and acoustically
analyzed two sets of data consisting of natural connected speech in order to examine
the characteristics of vowel duration in English. The read data was embedded in a
carrier sentence to provide for uniform stress and intonation pattern and included
more than 130 minimal pairs of consonant-vowel-consonant (CVC) structure between
both data sets. They compared the minimal pairs differing with respect to voicing in
the final stop consonant, and found the average length of the vowel before voiceless
stops to be only 66 % of the average length of the vowel before voiced stops: a ratio
of 2:3. Peterson and Lehiste report, “The durations of all syllable nuclei in English
are significantly affected by the nature of the consonants that follow the syllable
nuclei...” (p. 200).

Evidence in support of the conclusions by Peterson and Lehiste is provided in
a study by Klatt (1973). Klatt analyzed 40 monosyllabic and 40 bisyllabic words
spoken in a carrier sentence by three adult males. His findings for average vowel
durations of the monosyllabic words also reveals a ratio of 2:3 preceding the voiceless

and voiced consonants. The mean difference in the vowel lengths preceding voiced



13
and voiceless consonants, averaged across the three speakers, was 66 msec. for the

single syllable words and less for the bisyllabic words.

Zimmerman and Sapon’s (1958) findings were similar to those already
mentioned. Their English data consisted of read speech of monosyllabic word
containing the vowel /i/ and ending in all possible consonants. On the basis of their
findings, they concluded that the vowels preceding voiced consonants are longer that
vowels preceding unvoiced consonants. The mean difference between the vowel
durations, with all the consonants pooled by voicing, was 83.2 msec. A number of
other studies, complied over three decades, report findings consistent with those
discussed, with longer vowel durations preceding voiced consonants as opposed to the
voiceless cognate (Chen, 1970; Halle, Hughes & Radley, 1957, Klatt, 1976; Wang,
1969).

The lengthening of vowels preceding a voiced word-final stop in English is
well documented in the literature. However, there are several factors other than
voicing that influence the vowel durations preceding stop consonants that any study
investigating vowel duration must take into consideration. In order to provide a
complete overview of vowel durations, and to provide context for the present study,
the research regarding the influence of the factors other than voicing on vowel

durations is reviewed in the following section.
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Other Factors Influencing Vowel Duration

Many studies examining vowel duration in English have also investigated
factors other than voicing that may influence the vowel lengthening effect before
voiced consonants in English (Klatt, 1976; Luce & Luce, 1985; Oller, 1973; Umeda,
1975). Kent and Read (1992) report:

Among the factors that influence vowel duration are: tense-lax (long-short)

feature of the vowel, vowel height, syllable stress, speaking rate, voicing of

a preceding or following consonant, place of articulation of a preceding or

following consonant, and various syntactic or semantic factors such as

utterance position or word familiarity. (p. 95).

The discussion in this section will be limited to those factors, aside from voicing of
the following consonant, that are particularly relevant to the scope of the present
study. These include (1) position in word; (2) sentence position (nonphrase-final
versus phrase-final); and (3) inherent durations of individual vowels.

With regard to the vowel position in a word, Oller (1973) and Klatt (1976)
both report that word-final syllables are somewhat longer in duration than non-final |
syllables, even in non-phrase-final positions. In addition, Oller’s data indicates that
single syllable vowel durations behave consistently like the vowels in word-final
syllables with regard to the lengthening effect. Furthermore, Oller observed the final-
syllable vowel lengthening in both stressed and unstressed syllables alike. He
reported that 100 msec was the average difference between final-syllable vowels and

non-final syllable vowels for both stressed and unstressed vowels. This vowel

lengthening in word-final position is not to be confused with the lengthening effect of
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lexical stress patterns, but is rather considered a lengthening at word boundaries,

which is a syntactic, not phonetic factor (Klatt 1976).

Umeda (1975) reports that in her study of connected speech, there is no
significant difference between the durational behavior of the vowels in single syllable
words and the stressed vowel in the final syllable. of polysyllabic words in non-phrase
final position. This is similar to Oller’s (1973) findings. Umeda also found that the
lengthening effect of the following consonant on the vowel durations in single syllable
words and word-final syllables in running speech was greatly reduced when compared
to the effect on phrase-final vowels. It was however detected, which supports the
findings by Oller (1973) and Klatt (1976).

The position in the sentence or phrase of the vowel and following consonant is
an additional factor that influences the vowel durations preceding voiced and voiceless
consonants. Both Klatt (1976) and Umeda (1975) report that the vowel lengthening
effect before voiced consonants becomes more pronounced in phrase-final position.
This effect is also referred to as prepausal lengthening (Crystal & House, 1988;
Umeda, 1975). Findings by Crystal and House (1988) support those by Klatt and
Umeda. In their study with informal connected speech Crystal and House reported
that “The average durations of vowels preceding prepausal word-final consonants are
considerably greater than those of vowels preceding word-final consonants in general
or, in particular, those preceding nonprepausal word-final consonants” (p. 1559).

The identity of the particular vowel is yet another factor that affects the vowel

duration preceding voiced and voiceless stops. Different vowels have different
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inherent durations. Peterson and Lehiste (1960) computed the intrinsic durations of

all the English vowels in stressed syllables and found that the four vowels [I, €, A, U]
are intrinsically shorter than the other English vowels. Therefore, in their analysis of
the data, they compared vowel durations between minimal pairs with like vowels,
such as beat-bead and duck-dug, rather than measuring all the vowel durations that
occurred with a particular voiced or voiceless consonant. Otherwise, they noted, the
results would have been weighted by the number of occurrences of intrinsically short
or long vowels paired with the particular consonant.

Klatt (1976) also reports “Differences in inherent duration account for much
of the variation in segmental timing in speech” (p. 1213). Not only do vowels have
different inherent durations, Klatt notes, but inherent differences in consonant length
are also observed for place of articulation. Crystal and House (1982) found that the
vowel durations in their data of connected speech showed strong lengthening before
voiced stops for the long (tense) vowels, but very minimal lengthening for the short
(lax) vowels preceding voiced stops. They suggested that some unaccounted for
parameters in connected speech modified the expected voicing influence on the vowel
durations for the short vowels.

This discussion has been limited to only those factors that are particularly
relevant to the present study. Other influences, such as vowel height, place of
articulation of the postvocalic consonant, sentential stress and intonation all have been
found to influence vowel duration as well, but consideration of these is beyond the

scope of this study. Given that the vowel duration differences preceding voiced and
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voiceless consonants are reliably produced, and taking into consideration the various

other factors that influence the vowel durations, it then becomes useful to ask what
the perceptual importance of this acoustic cue may be to the voiced/voiceless
distinction of the following consonant. In order to provide a context for the
discussion on the role that vowel duration may play as an acoustic correlate to the
voicing distinction of following consonénts, a brief discussion on speech perception is

provided.

Speech Perception

Speech perception involves recoding of the acoustic signal into a phonetic
representation. The most straightforward view of speech perception would hold that a
set or series of acoustic features corresponds to a particular phoneme in the language,
and those phonemes are recognized by the listener directly in the speech wave and
then recoded by some mechanism into words and phrases. This view was stated early
on by Jakobson, Fant, and Halle (1952), who developed the universal distinctive-
feature system by which phonemes are described in terms of acoustic distinctive
features.

But the process of speech perception has been found to be much more complex
than a simple mapping from acoustic features to phonetic segments. This is due in
large part to the way speech is produced. Coarticulation, or the overlapping of

adjacent articulations, complicates the recoding from acoustic to phonetic levels in
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two basic ways (Liberman, Cooper, Shankweiler, & Studdert-Kennedy, 1967). It

results in the segmentation and the invariance problems of the speech signal.
Segmentation refers to the parallel transmission of information for different
phonemes in any given acoustic segment. This results in the overlapping of
information for any given phonetic segment over that of adjacent or nearby segments.
The invariance problem refers to the multiple and varied acoustic properties that
identify a phonetic segment. There is no one single invariant property in the acoustic
signal that corresponds uniquely to a given phonetic segment. To further complicate
the process of perception, the acoustic properties used for phonetic identification will
systematically vary depending on the linguistic context. On the basis of research with
synthetic speech, Liberman, Cooper, Shankweiler, & Studdert-Kennedy (1967)
concluded that:
The acoustic cues for successive phonemes are intermixed in the sound stream
to such an extent that definable segments of sound do not correspond to
segments at the phoneme level. Moreover, the same phoneme is mostly
commonly represented in different phonemic environments by sounds that are
vastly different. There is, in short, a marked lack of correspondence between
sound and perceived phoneme (p. 432).
This lack of one-to-one correspondence between attributes of the acoustic signal and
the phonetic percept is well documented in the literature, and it has lead to a
fundamental debate among researchers in speech perception about what necessary and
sufficient cues exist in the speech signal and what kind of mechanism is required to
recover those cues (Segalowitz & Gruber, 1977).

On one side of the debate, many researchers argue that some important cues

for phoneme recognition do not occur in the acoustic signal at all, due to the
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complexities of the relation between the acoustic signal and the phonetic percept

(Delattre, Liberman and Cooper, 1955; Liberman, Cooper, Harris, MacNeilage &
Studdert-Kennedy, 1967; Liberman, Cooper, Shankweiler & Studdert-Kennedy,
1967, Liberman & Mattingly, 1985). This viewpoint holds that the acoustic signal
alone does not supply the sufficient and necessary information for speech perception,
and hypothesizes that deeper cues exist in underlying, abstract structures.

In contrast to this view, other researchers focus on the surface aspects of the
speech signal and argue that sufficient cues do exist in the acoustic signal which
enable the listener to directly perceive speech (Blumstein & Stevens, 1979; Cole,
1977; Cole & Scott, 1974a; Cole & Scott, 1974b; Fant, 1967; Jakobson, Fant, &
Halle, 1952). This viewpoint holds that although no single invariant acoustic feature
signals the identity of any given phoneme, a cluster of features may form an invariant
pattern for given phonemes in different contexts. Cole (1974) argues that speech
perception involves the simultaneous identification of both invariant spectral cues for
a given phoneme and context-conditioned cues that vary with the context. Various
clusters of cues, according to Cole, interact to provide an invariant pattern for a given
phoneme in a given context.

This theoretical debate in speech perception regarding whether the necessary
and sufficient cues for perception actually exist in the acoustic signal is a fundamental
one that continues to be investigated. Central to the debate is the issue of exactly
which acoustic cues provide essential information to the listener for the identification

of a phoneme. This study investigates just one cue, vowel duration, that may be used
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to signal a distinctive feature of a given phoneme in a given context; that of voicing.

The following discussion of the research on the perceptual role of vowel duration as
an acoustic correlate to the voicing distinction in postvocalic consonants reveals that
there is even considerable debate regarding this one small piece of the much larger

puzzle that is speech perception.

Vowel Duration as a Perceptual Cue to Voicing

Although the vowel duration differences with regard to the voicing of the
following consonant are well established in English, the perceptual importance of this
acoustic cue to the voicing distinction of the following consonant is debated by
researchers. Numerous researchers maintain that vowel duration is a primary cue in
word- final position, (Denes, 1955; Klatt, 1976; Malecot, 1977; Raphael, 1971)
while others argue that it should be considered as just one of many cues that may be
used by the listener to perceive speech ( Hogan & Rozsypal, 1980; Port & Dalby,
1982; Slis & Cohen, 1969; Wardrip-Fruin, 1981; Wolf, 1977).

Denes (1955) was one of the first to investigate the effect of vowel duration on
the perception of voicing. In his study, 33 listeners were asked to discriminate the
final consonant in the synthetically produced minimal pair [jus, juz], in which the
vowel and consonant durations were varied. Denes found that the final consonant was
perceived as voiced more often as the vowel duration lengthened and the consonant

duration became shorter. Therefore, he suggested that the effect on perception for
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word-final /s/ and /z/ was a function of the ratio of the duration of the vowel and

following consonant. He states:
The duration of the vowels and of the final consonants have a definite and
consistent influence on the perception of “voicing.” The effect of the duration

of the vowel on the perception of “voicing” is not independent of the duration
of the consonant, and vice versa. (p. 763)

Further experimental evidence on the importance of vowel duration to
perception of the voicing distinction is supplied by Raphael (1972). Raphael
investigated the effect of varying the vowel duration before synthetic word final stops
and fricatives in minimal pairs. A series of voiced consonants was produced,
accompanied by varying vowel lengths, and then an identical voiceless series was
produced by eliminating the final 50-msec of the first formant transition.

Raphael (1972) reported that regardless of the first formant transition cues,
the final consonants were perceived as voiceless when preceded by shorter vowels and
as voiced when preceded by longer vowels. He concluded “The preceding vowel
duration is a sufficient (and for the types of stimuli employed here, a necessary) cue to
the perception of the voicing characteristic of a word-final stop, fricative, or cluster"
(p. 1301). Further, he concedes that vowel duration is not the only potential cue to
the voicing distinction, but argues that it is the most consistently present of all the
cues, and therefore may be a primary one. He argues that cues such as voicing
during stop closure is inconsistent, and that the stop release burst is often absent in
American English.

Malecot (1970) also argues that vowel duration has become a major cue for

voicing of consonants in word final position, although other cues may be available.
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type to determine if the vowel durations differed significantly with respect to the

voicing of the following consonant. The level of significance was set at .05, or a
95% level of confidence, for all statistical tests.

For analysis of the perceptual results, the perceived voicing of the word-final
stops by each transcriber was categorized. Each stop was labeled as voiced (1) or
voiceless (0) with respect to the transcribers’ labels. A logistic regression was
performed by vowel type for each transcriber and then by vowel type using an
aggregate. This analysis determined if the vowel duration affected the perceived
voicing of the postvocalic stops for individual transcribers, or if the vowel lengths

affected the transcribers’ perceptions as a group.



CHAPTER IV

RESULTS

This chapter reports the results of the vowel measurements, the transcriptions
and the relationship between the duration measurements and the transcriptions, in that
order. The first sections in this chapter address the questions regarding the
differences in vowel duration produced by the subjects, the inherent vowel durations
exhibited, and the reliability of the vowel measurements. The next sections report
how the transcribers perceived the voicing of the stops in the data, and examine the
reliability of the results. The final section addresses the question of the effect of
vowel duration in this data on the perception of the transcribers with respect to the

voicing distinction of the stops.

Vowel Duration and the Voiced-Voiceless Influence

A significant difference in the vowel durations was found preceding the voiced
and voiceless stops as a function of the voicing distinction, for every vowel type (p <
0.05). These findings thus replicated the well documented evidence that vowels are
longer preceding voiced consonants than preceding voiceless consonants (Chen, 1970;
House & Fairbanks, 1953; Peterson & Lehiste, 1960). The analyses of variance were

performed by vowel type, since any differences in inherent vowel lengths could
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confound the results (Peterson & Lehiste, 1960). Each subject produced 24 tokens of

each of the four vowels, resulting in 96 cases for each vowel type. The findings of the

analyses of variance are summarized in Table 2.

TABLE 2
Analysis of Variance for Vowel Duration - Effect of Voicing

Vowel Source Degrees of Sum of F Ratio P Value
Type Freedom Squares
Y Voicing 1 8715.37 25.39 .000*
IA/ Voicing 1 6303.42 11.09 .001*
[/ Voicing 1 6306.66 10.88 .001*
/a/ Voicing 1 9178.72 15.43 .000*
*p < 0.05

The subjects in this study, therefore, did exhibit significantly different vowel
durations preceding the voiced and voiceless stops, as do native English speakers.
However, the degree of difference in the vowel durations produced by these subjects
was very different from the degree of difference in vowel durations exhibited by
native English speakers. In this data, the mean differences in length with respect to
the voicing of the following consonant ranged from 16.2 msec. for the vowels /A/
and /&/ to 19.5 msec. for /a/. The mean durations of the vowels preceding voiced

and voiceless stops, for the four subjects combined, are listed in Table 3 by vowel
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type. For each vowel type investigated, 48 cases occurred before a voiceless stop and

48 cases occurred before a voiced stop.

TABLE 3
Combined Mean Duration of Vowels in Msec. Before Voiced-Voiceless Stops

Vowel Number Before  Standard Before Standard Mean Ratio
Type Voiceless Deviation Voiced Deviation Difference
Stops Stops
Y 96 128.8 36.5 147.9 31.5 19.1 .87
IA/ 96 171.4 30.2 187.6 32.4 16.2 91
/&l 96 167.3 36.0 183.5 39.6 16.2 91
/a/ 96 154.5 347 174.0 29.7 19.5 .89
All 398 155.5 173.3 17.8 .90

For all vowel types combined, the average vowel duration preceding a

voiceless stop is 155.5 msec. and preceding a voiced stop is 173.3 msec. This

represents an average mean difference of 17.8 msec. and an average ratio between

vowel preceding voiced and voiceless siops of 0.90. Therefore, the differences in

vowel duration exhibited by the subjects in this study are much less than those

normally exhibited in English (Chen, 1970; House & Fairbank, 1953; Peterson &

Lehiste, 1960; Zimmerman & Sapon, 1958). In English Chen (1970) reported a

mean difference of 92 msec. between vowels preceding voiced and voiceless

consonants. House and Fairbanks (1953) found a mean difference of 79 msec., and
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Zimmerman and Sapon (1958) noted a similar mean difference of 83.3 msec.

Peterson and Lehiste (1960) reported the ratio of vowel before voiceless consonant to
vowel before voiced consonant was approximately 0.66. These findings indicate that
the difference in vowel duration produced in English by native speakers is much
greater than that produced by the subjects in this study.

However, the difference in vowel duration found in this study is similar to the
difference in vowel durations exhibited in Spanish (Chen, 1970; Zimmerman and
Sapon, 1958). Zimmerman and Sapon reported a mean difference in vowel durations
of 18 msec. in Spanish preceding voiced and voiceless consonants, and Chen reported
a vowel ratio difference of 0.86 for Spanish, based on the findings of Zimmerman
and Sapon. The findings in this study, of a mean difference in vowel durations of
17.8 msec. preceding voiced and voiceless stops, and an average ratio between vowel
durations of 0.90 is consistent with what was found in Spanish. Since the subjects in
this study are native Spanish speakers (NSSs), these findings are not surprising. A
comparison of the difference in vowel durations before voiced and voiceless
consonants in English from Chen (1960), in Spanish from Zimmerman and Sapon

(1957) and in English by NSSs from this study are shown in Figure 4.
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Figure 4. Mean vowel length variation by voicing of the following consonant.

The differences in vowel duration produced in English by the NSSs preceding
the voiced and voiceless stops are clearly similar to the differences in vowel durations
exhibited in Spanish. However, it is interesting to note that the mean lengths of the
vowels preceding voiceless consonants in the English by NSSs (155.5 msec.) are
similar to those in English (146 msec.), and are much longer than those in Spanish
(109 msec.). The vowels preceding voiced consonants in the English by the NSSs are
also markedly longer than in Spanish, but much shorter than those produced in
English by native speakers. It is possible that the native Spanish speakers have learned
to lengthen their vowels overall in English, but have not learned to increase their
vowel durations even more when preceding voiced consonants.

Another explanation is that the vowel durations in the test words in the data

were affected by “word prominence” (Umeda, 1975). It is possible that the subjects
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lengthened their vowels overall because of the importance of the word in the carrier

sentence; the test words obviously carried the information load in the phrase. Even
though the subjects were instructed to produce the carrier phrase as naturally as
possible, they were still aware that the test words were the important words in the
sentence since only the test words differed in each utterance. It is also likely that the
subject lengthened the vowels in any words that were unfamiliar to them. Umeda
(1975) reports “Unpredictable or important words take more exaggerated acoustic
attributes than more predictable or less important words. The vowel duration may be

included among attributes which are affected by this factor” (p. 436).

Inherent Vowel Duration

In addition to investigating the differences in vowel lengths with respect to
voicing in the data, the inherent vowel durations were also examined. The analysis of
variance provided comparisons of the mean duration of each vowel type that was
produced by individual subjects, as well as averages for all the subjects combined.
The mean durations calculated are the average duration of the vowels measured from
minimal pairs differing in the voicing of the final stop consonant. This assumes that
the voiced consonant has a lengthening influence on a vowel that is comparable to the
shortening influence of a voiceless consonant (Peterson & Lehiste, 1960). Table 4
presents the mean durations and standard deviations found for each vowel type in the

data.
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TABLE 4
Mean Duration of Vowels in Msec. by Vowel Type

Mean for

Vowel 4 Speakers Subject1  Subject2  Subject3  Subject 4
Type n=96 n=24 n=24 n=24 n=24
1/ 138.3 125.5 180.2 143.0 104.8
(35.3) (15.9) (22.0) (26.8) (21.9)
IA/ 179.6 161.4 214.4 168.6 173.9
(32.2) (21.8) (20.0) (34.8) (20.8)
/ae/ 175.4 163.6 225.0 164.4 148.5
(38.5) (16.3) (28.8) (31.7) (20.0)
/a/ 164.2 152.5 199.2 158.1 147.3
(33.6) (24.1) (20.7) (27.0) (34.0)

Note. Standard deviation in parentheses.

The information in Table 4 reveals that the mean duration of the vowels varied

by subject, which is to be expected (Peterson & Barney, 1952). Subject 2

consistently produced longer vowels for every vowel type, and Subject 4 generally

produced the shortest vowels. Also, the average durations in Table 4 indicate that for

every subject, the /I/ vowel was inherently shorter than the other vowels This is

consistent with findings that the /I/ vowel is one of the intrinsically shorter vowels in

English (Peterson & Lehiste, 1960). However, the shortest vowel, /1/, did not result

in the smallest duration difference due to voicing, as has been found in English

(Crystal & House, 1982; Luce & Luce, 1985). The mean difference in vowel length

for /1/ preceding voiced and voiceless stops was 19.1 msec. and for both the vowels
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/A/ and /®/, which are longer, the mean duration difference due to voicing was just

16.2 msec. (see Table 3).

In addition, for three out of the four subjects, the central vowel /A/ was
inherently longer than the other vowels. This also is not consistent with findings from
English data that report the vowel /A/ to be intrinsically shorter than both /&/ and /a/
(Peterson & Lehiste, 1960). It is notable that this vowel does not occur in Spanish.
One possible explanation is the length of the vowel /A/ was affected by the fact that
the vowel was less familiar to the subjects, and therefore it took on exaggerated
prominence and was lengthened. Umeda (1975) discusses this effect for vowels
within unfamiliar words in connected speech. The other vowel in the data that does
not occur in Spanish, /&/, was the second longest vowel produced for each subject.
Notably, the two vowels that do not occur in Spanish were the two longest vowels

produced by each subject.

Reliability of Vowel Measurements

Both intra-rater and inter-rater reliability of the vowel measurements were
evaluated. To provide for intra-rater reliability, the vowel durations in approximately
10% of the utterances were measured a second time using the files stored on disk. A
representative sample of 10 utterances from each subject’s data were randomly
chosen, resulting in a total of 40 measurements for comparison. There was
approximately a week long interval between the original and second measurements.

To provide for inter-rater reliability, another person trained in acoustic analysis



procedures measured the same representative sample of 40 vowels for comparison

with both the original measurements and the second measurements. The vowel

durations obtained from the original measurement (Time 1), from the second

measurement (Time 2) and from another person, (Time X) are presented in Table 5.

TABLE 5

Vowel Durations at Time 1, Time 2 and Time X

Subject | Time1 Time2 TimeX Subject Timel Time2 TimeX

1 179.8 185.8 180.3 3 113.8 113.6 117.8
170.7 172.9 177.8 182.5 170.3 179.9
105.8 106.4 105.7 119.5 123.2 119.6
153.7 158.2 153.6 160.3 163.6 169.0
144 .4 171.0 169.4 137.4 132.1 131.2
164.8 166.0 165.1 137.5 142.4 1392
183.4 200.8 183.7 170.9 170.6 167.4
108.7 118.7 1243 160.3 146.7 151.6
167.0 167.7 171.1 160.7 167.4 151.2
129.5 135.2 144.8 131.9 131.7 127.0

2 221.8 219.1 219.9 4 158.9 170.9 162.1
204.5 205.7 200.3 144.2 149.1 139.2
210.7 210.9 211.1 116.4 136.9 119.5
190.1 188.9 180.0 154.9 1559 154.6
233.0 233.1 2279 196.8 196.6 190.2
203.8 216.8 197.1 155.9 157.4 155.5
198.6 202.5 194.9 110.3 109.5 112.0
2163 216.1 215.7 11703 1173 113.9
182.9 198.0 183.1 139.3 137.7 140.2
198.6 198.2 196.8 100.6 100.2 91.2

57
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To evaluate the intra-rater reliability of the results, the range of differences

between the first two sets of vowel measurements (T1 and T2) were examined. Three

different ranges of proximity between the measurements were calculated. The ranges

are given in Table 6. For example, within each group of 10 utterances measured for

each subject, 8 vowel measurements were within 10 msec. of the first values

obtained. The variation in measurements therefore, was evenly distributed across the

data.

TABLE 6
Range of Vowel Measurements Between Time 1 and Time 2

Number Range of Number Within Percentage of
Compared Measurements Range Total
40 Within 5 Msec. 27 68%
40 Within 10 Msec. 32 80%
40 Within 15 Msec. 37 93%

In order to determine a score for the degree of consistency between the vowel

measurements obtained at Time 1 and Time 2, a Pearson product-moment correlation

value was calculated between the two sets of vowel durations. The values for a

Pearson coefficient range from -1.0 to 1.0, with perfect positive correlation

represented by a score of 1. A high correlation score (r = 0.9795) was obtained
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between the original vowel measurements and the second measurements. Figure 5

illustrates the correlation between the two sets of measurements.
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Figure 5. Correlation of vowel measurements between Time 1 and Time 2.

For inter-rater reliability, the results of the measurements at Time X were
compared to both the original measurements (Time 1) and the second measurements
(Time 2) obtained. Again, the range of differences between the three sets of data
were examined. The results between Time 1 and Time X were compared, as well as

the results between Time 2 and Time X. The range of the measurements are listed in

Table 7.
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Range of Vowel Measurements Between T1 and TX and T2 and TX

Measurements Number Range of Number Percentage
Compared Compared Measurements Within of Total
Range

T1 and TX 40 Within 5 Msec. 27 68 %
Within 10 Msec. 36 90%
Within 15 Msec. 37 93%

T2 and TX 40 Within 5 Msec. 22 55%
Within 10 Msec. 36 90 %
Within 15 Msec. 37 93 %

To determine the degree of correlation between the sets of measurements

compared in Table 7, Pearson product-moment correlation scores were calculated.

High correlation values were obtained between both Time 1 and Time X (r =

0.9804), and between Time 2 and Time X (r = 0.9819). These values are consistent

with the correlation found between Time 1 and Time 2 (r = 0.9795). Figure 6

illustrates the correlation between Time 1 and Time X and figure 7 illustrates the

correlation between Time 2 and Time X.
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Figure 6. Correlation of vowel measurements between Time 1 and Time X.
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Figure 7. Correlation of vowel measurements between Time 2 and Time X.
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Both the intra-rater and inter-rater reliability found for the vowel duration

measurements in this study indicate a high degree of consistency in the segmentation

procedures used.

Transcription Analysis-Perception of the Stops
The results of how the transcribers perceived the voicing of the final stops is
summarized in Table 8. There were 384 stops in the data, and 192, or 50% were

voiced and 50% were voiceless, according to the target.

TABLE 8
Perception of the Voiced-Voiceless Distinction by Tramscribers

Transcriber # Perceived % of Total # Perceived % of Total
as Voiceless as Voiced
1 218 57% 166 43%
2 227 59% 157 41%
3 264 69 % 120 31%
4 240 63 % 144 37%

It is evident from the information in Table 8 that all the transcribers perceived
voiceless stops more often than voiced stops, even though there were an equal amount
of each in the data. The percentages range from Transcriber 3 who heard 69% of the
stops as voiceless to Transcriber 1 who heard 57% of the stops as voiceless. On

average, the transcribers perceived 62% of the stops as voiceless and 38 % of the stops
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as voiced. When the vowel durations produced in the data are considered, it is

interesting to note that the mean duration before the target voiceless stops is 155.5
msec. and before the target voiced stops it is 173.3 msec. This is very similar to the
range of vowel durations produced in English before voiceless consonants. Chen
(1970) reports a mean vowel duration of 146 msec. before voiceless consonants.
House and Fairbanks (1958, cited in Chen, 1970) found a mean vowel duration of
174 msec. before voiceless consonants and Peterson and Lehiste (1960, cited in
Chen, 1970) found a mean duration before voiceless consonants of 197 msec.

That is, the mean vowel durations produced in this study before both target
voiced and voiceless stops fall within the range of mean vowel durations produced
before only thé voiceless consonants in English. The mean vowel durations produced
before voiced consonants in English are much greater (Chen, 1970; House &
Fairbanks, 1958; Peterson & Lehiste, 1960). Therefore, it may be that the
transcribers heard voiceless stops more often because the vowel lengths produced
were within the range of those normally found in English preceding a voiceless
consonant rather than a voiced one. The transcribers may have utilized the vowel
duration cue to signal the majority of the stops as voiceless, especially if the voicing
was ambiguous. It is notable that all the transcribers exhibited the same tendency to

hear voiceless stops more often than voiced stops.
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Reliability of Transcriptions

As with the segmentation results, both intra-rater and infer-rater reliability of
the transcriptions were examined. To provide for intra-rater reliability, a
representative sample of the utterances was transcribed a second time by the
investigator. There was a two week interval between transcriptions. The
representative sample consisted of 10% of the utterances for each subject, resulting in
40 utterances transcribed twice for comparison. Only the perceived voicing of the
word-final stops were compared for reliability.

Of the 40 utterances transcribed the second time, 37 out of 40, or 93 %, agreed
with the first transcription on the voicing of the word-final stop. All three
disagreements were in the data of one subject. In addition, to determine a measure of
agreement between the two transcriptions a Cohen’s Kappa value was calculated.
Cohen’s Kappa is similar to the Pearson’s product-moment correlation, but is used for
categorical information. Kappa values range from O to 1 where 1 represents complete
agreement and O represents chance agreement. The categories compared were voiced
(1) or voiceless (0) as perceived by the transcriber. A Kappa measure of agreement
of 0.827 was obtained between the first and second transcriptions.

To measure the inter-rater reliability of the results, the transcriptions were
compared among the four individual transcribers. Only the perceived voicing of the
word-final stops were compared, and Kappa values between each pair of transcribers
were calculated by vowel type and also with the vowels combined. The range of

agreement between all transcribers by vowel type showed no consistent pattern.
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Pairwise comparisons between transcribers also showed no consistent pattern, except

that Transcriber 4 had lower agreement overall with the other transcribers. Table 9
gives a summary of the Kappa values obtained between each pair of transcribers. The

investigator is represented by T1.

TABLE 9
Kappa Values of Agreement Obtained between Transcribers

Between Transcribers Kappa Value of Agreement
T1 and T2 .51405
T1 and T3 .55007
T1 and T4 .36388
T2 and T3 40182
T2 and T4 .20873
T3 and T4 .49425

Overall, the inter-rater reliability among all pairs of transcribers was low. The
highest agreement obtained was .55007 between Transcriber 1 and Transcriber 3.
The lowest agreement obtained was .20873 between Transcriber 2 and Transcriber 4.
Confusion over the word-final stops in the test utterances was expected and these
results are consistent with that expectation. There is little agreement between any pair
of transcribers as to the voicing distinction of the word-final stops. Some of the

variance in perception among the transcribers could be due to the different equipment
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that each transcriber used to listen to the data. However, other research on labeler

agreement (Cole, Oshika, Noel, Lander & Fanty, 1994; Lander, Oshika, Cole &
Fanty, 1995) suggests that “there is no single “correct” transcription of an utterance”
(p- 3). Cole et al. (1994) and Lander et al. (1995) investigated transcriber agreement
involving expert transcribers using waveform and spectrogram analysis tools for the
labeling of the segments. For native English speakers transcribing fluent English,
they obtained 89% and 83 % agreement respectively. In the study presented here, the
transcribers were transcribing accented English speech, and had no analytic tools for
assistance.

Kappa values for transcriber agreement with respect to the voicing of the

target was also determined. Table 10 presents the results of the comparisons.

TABLE 10
Kappa Values of Agreement Between Transcribers and Target

Transcriber with Target Kappa Value of Agreement
Transcriber 1 0.552
Transcriber 2 0.526
Transcriber 3 0.323
Transcriber 4 0.229

As shown in Table 10, Transcribers 1 and 2 agreed with the target to an extent

similar to their agreement with each other (see Table 9). Transcribers 3 and 4 have
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much lower agreement with the target, and, in general, had similarly low agreement

with the other transcribers and with each other. That is, the values of agreement
between each transcriber and the target are consistent with the values obtained
between the transcribers. This indicates that the perception of the voicing distinction

reflects actual choices and not merely convergence on “expected” target values.

Effect of Vowel Duration on Perceived Voicing of Stops

The results reported in the first part of this chapter established that the subjects
in this study varied the length of their vowels with respect to the voicing of the
following stop. The second part of this chapter established how the transcribers
perceived the voicing of the word-final stops. In this section, the question regarding
the effect of the vowel durations on the perception of the voicing distinction is
addressed.

A logistic regression analysis was performed to determine if the differences in
the vowel durations had a significant effect on the perceived voicing of the stops.
This analysis was used to quantify the contribution of the vowel duration as an
independent variable to the variation in the perception of the voicing of the stops as
the dependent variable. Because of the variability of the perceived voicing of the
stops among transcribers, it was decided to perform the analysis for individual
transcribers by vowel type first. In effect, this determined if any one of the
transcribers utilized vowel duration as a cue to the voicing distinction of the stops. In

addition to the analysis with respect to each individual transcriber, the four
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transcribers were treated in the aggregate, using the target voicing as a tie breaker

when the transcribers were split evenly on the voicing distinction. This determined
any general trends of the group with respect to the effects that vowel duration had on
the perceived voicing of the stops.

For the individual transcribers, the vowel duration was found to be a
significant variable in the perception of voicing for two transcribers with two vowels
(p < .05). The data indicated a significant effect of vowel duration on the perceived
voicing for Transcriber 1 for vowel /1/, (p < .0006), and for Transcriber 4 for vowel
/&, (p < .0143). That is, for Transcriber 1 and vowel /I/, every 10 msec. increase
in vowel length increased the probability of perceiving the stop as voiced by
- approximately 70%. The contribution of the vowel duration for Transcriber 4 and
vowel /&/ was considerably lower, yet statistically significant. In this case, every 10
msec. increase in vowel length increased the probability of Transcriber 4 perceiving
the stop as voiced by approximately 20%.

However, for 14 of the 16 transcriber/vowel combinations (4 transcribers
times 4 vowels) no significant effect of vowel duration on voicing was found. In
other words, approximately 88% of the time, the perceived voicing of the stops was
not affected by the vowel durations produced. This would seem to indicate that,
generally, the transcribers were not using the vowel duration differences as an
acoustic cue to the voicing distinction of the following stops. The results of the

logistic regression are presented in Table 11.
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TABLE 11
Logistic Regression Analysis of Effects of Vowel Duration on Perception of
Voicing by Transcriber

Transcriber/ | Independent B Standard Exp(B)
Vowel Variable Deviation
T1 1 Vowel Msec .0540 .0158 1.0555*
2 -.0051 .0077 .9949
3 .0037 .0068 1.0037
4 -.0116 .0083 .9005
T2 1 .0115 .0075 1.0116
2 .0058 .0077 1.0058
3 .0084 .0071 1.0084
4 .0041 .0079 1.0042
T3 1 .0114 .0078 1.0115
2 .0066 .0072 1.0067
3 .0014 .0058 1.0014
4 .0058 .0087 1.0058
T4 1 .0126 .0072 1.0127
2 .0179 .0073 1.0181*
3 .0015 .0056 1.0015
4 .0053 .0070 1.0053

Note: Vowel types are 1-/1/, 2-/A/, 3-/®/, 4-/a/, *p < .05

The logistic regression performed with the aggregate had similar results.
Vowel duration, as an independent variable, did not have a significant effect on the
perceived voicing of the stops for the group, for every vowel type. Table 12 gives

the findings for the analysis by aggregate.
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TABLE 12
Logistic Regression Analysis of Effects of Vowel Duration on Perception of
Voicing by Aggregate
Vowel Type Independent V B Standard Error Exp(B)
1/ Vowel Msec .0190 .0100 1.0192
IA/ -.0019 .0081 .9981
|/ .0056 .0074 1.0056
/a/ .0053 .0096 1.0053

Summary

The main finding regarding the vowels produced in this data was a significant
effect of voicing on the vowel durations. However, the degree of variation in the
vowel lengths with respect to voicing was much less than the degree of difference
exhibited in native English. A mean difference of 17.8 msec. was found between
vowels preceding voiced and voiceless stops in the English production of these native
Spanish speakers. In native English, the mean difference in vowel length ranges from
79 msec. to 100 msec. (House & Fairbanks, 1953; Peterson & Lehiste, 1960, cited in
Chen, 1970). Furthermore, the mean difference in vowel length exhibited in this data
was very similar to the mean difference of 18 msec. found in Spanish preceding
voiced and voiceless consonants (Zimmerman & Sapon, 1958).

The results of the transcriptions revealed that all transcribers perceived more
voiceless stops than voiced stops. On average, the transcribers perceived 62% of the

stops as voiceless and 38% as voiced. It is notable that the durations of all the vowels
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produced in the data were within the range of the mean durations of vowels preceding

voiceless stops in native English. In addition there was fairly low agreement as to the
perceived voicing of the stops among transcribers, ranging from approximately 20%
to 55%, but the variability was consistent between transcribers and between
transcribers and the target.

A logistic regression performed by transcriber and by vowel type to quantify
the contribution of vowel duration on the perception of the voicing distinction found a
significant effect for only two transcriber/vowel combinations. For the other
transcriber/vowel combinations, no effect of vowel duration on perception of voicing
was found. From the statistical analysis, it appears that although the cue of vowel
duration variation was present in the speech signal of this data, the listeners generally

did not utilize it as a cue to the voicing distinction of the following stops.



CHAPTER V

DISCUSSION AND CONCLUSIONS

This chapter begins with a discussion of the results and conclusions to be
drawn from the findings. A discussion of the implications of the results is presented
next, followed by an overview of the limitations of the study. Finally, some

suggestions for future research are offered.

Discussion and Conclusions

This study had two major goals. One was to investigate whether a well known
acoustic cue in English that is used by listeners to make perceptual judgments is also
present in the English production of native Spanish speakers. The other goal was to
investigate what effect this same acousfic cue, if present, has on the perceptual
judgments of native English speakers. The specific research questions addressed by

this study were:

1. Is there a difference in the vowel durations preceding word-final voiced
and voiceless stops in the English production of NSSs, and if so, what

degree of difference is exhibited?
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2. Is there a correlation between the vowel durations and the native English

speakers’ perceptions of the voiced/voiceless distinction of the stops in the

English speech of NSSs?

An analysis of variance showed that the vowel durations in this data do vary
significantly with respect to the voicing of the following consonant. These findings
thus replicate the well documented evidence that vowels are longer preceding voiced
consonants than preceding voiceless consonants (Chen, 1970; House & Fairbanks,
1953; Peterson & Lehiste, 1960). However, the degree to which the vowel
durations differ is quite disparate from the degree of variation exhibited by native
English speakers. The native Spanish speakers in this study vary the length of their
vowels an average of just 17.8 msec before voiced and voiceless stops, while an
average range in variation of 79 msec. to 100 msec. is reported for native English
speakers (House and Fairbanks, 1953; Peterson & Lehiste, 1960, cited in Chen,
1970).

These findings seem to support those of Chen (1970) with regard to the vowel
duration differences preceding voiced and voiceless consonants as a language
universal phenomenon, but one that varies with the language-specific phonological
structure. The variation in vowel duration in this data with regard to voicing is much
more like the mean difference of 18 msec. found in Spanish (Zimmerman & Sapon,
1958) than the variation normally produced in English. A possible explanation is that

the subjects have not learned the degree of vowel duration differences that are
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language-specific to English, and thus they produce the degree of difference that is

specific to their native language of Spanish as a result of language transfer.

Once it was established that the differences in vowel duration are produced in
the data, the affect that this cue has on the perception of the transcribers was
investigated. A logistic regression analysis was used to determine if there is a
correlation between the differences in vowel duration exhibited by the native Spanish
speakers and the perceived voicing of the stops by the native English speakers. The
results of the analysis indicate that, with the exception of two transcribers with two
vowels, the vowel durations do not significantly affect the perceived voicing of the
stops by the transcribers. In short, although the acoustic cue is present, the
transcribers, in general, did not use it to judge the voicing of the stops. These
findings differ with those that report the vowel duration cue to have a significant
effect on the perception of voicing for native English data (Denes, 1955; Luce &
Luce, 1985; Malecot, 1977; Raphael, 1971).

One explanation for these findings is that the subjects do not exhibit a large
enough difference in their vowel durations to make it a meaningful or useful acoustic
cue to the native English speakers. Wang (1959) states:

The perception of speech in its everyday form involves at least two sets of

variables: the physical information present in the acoustical wave and the

linguistic code with which the listener interprets the physical information. (p.

66).

Although statistically, minimal significant effect of vowel duration on

perception of voicing was found, the results of the transcriptions reveal an interesting

trend among the transcribers. All the transcribers perceived voiceless stops more
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often than voiced stops, even though there were an equal amount of each in the data.

On average, the transcribers perceived 62% of the stops as voiceless and 38% as
voiced. When the vowel durations produced in the data are considered, it is
interesting to note that the mean vowel durations in this data before both voiced and
voiceless stops fall within the range of mean vowel durations produced before the
voiceless consonants in native English. These findings indicate that the vowel
durations may have some bearing on the transcribers’ perceptions of the voicing

distinction. Further investigation, however, was beyond the scope of this study.

Implications

The findings of this study may be applied in several contexts. For instance, in
the broad context of speech perception research, this study provides another example
of variation in vowel duration produced with respect to the voicing of the following
consonant. Therefore, in a small way, the findings add to the body of knowledge
concerning acoustic cues in the speech signal and possible language universals.

In a more specific context, the results of this study may be applied in the field
of English as a Second Language (ESL) pedagogy. In particular, the findings of this
study can be incorporated into the teaching of English pronunciation. The results
indicate that although native Spanish speakers may vary their vowel durations with
respect to voicing, the degree of vowel duration differences may carry over, or

transfer, from the native language. This may be true for other language groups as
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well. Variation in vowel duration is an acoustic characteristic of English that can be

taught, which may improve pronunciation for ESL students.

In another specific context, acoustic analysis of the speech of nonnative
English speakers is also useful in the field of accent reduction. This study provides
specific acoustic information regarding the English production of NSSs. The
identification of acoustic properties in the speech of nonnative speakers of English that
are similar to or different from native English provides information which can be used
to reduce perceived accents. Accent reduction is important for many nonnative
speakers of English since the degree of accent produced by a speaker is often a

determining factor in the first impression conveyed by that speaker.

Limitations of the Study

This study investigated only one acoustic cue that has been found to signal the
voicing distinction of following consonants in English. Other cues are present in the
speech signal that contribute to the voicing distinction as well. However, to make this
topic more manageable, this study was limited to the acoustic analysis of the vowel
durations only.

Other limitations of this study include the number of subjects used and the
phonetic context investigated. For both the speech production and perception, only
four subjects were used. Although a small number of subjects is common in this field
of research, it limits the generalization of the results for a larger population. Also,

nonnative English speakers from only one language background are represented,
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which limits the applicability of the results to only native Spanish speakers. This

could be resolved by investigating various languages and including several subjects
from each language group.

The phonetic context of this study is very specific. The variation in vowel
duration examined was limited to only four vowels and to only the stop consonants, in
order to make the study more tractable. However, it is well known that variation in
vowel duration occurs across a much broader spectrum of phonetic environments.
Further studies could examine the vowel duration variation preceding fricatives and
nasals for example. In addition, the corpus generated for this research was relatively
small, and involved only read data. Therefore, the findings of this research may not
apply to other contexts, such as spontaneous conversational speech. However, in a
comparison between measurements of various studies involving nonsense syllables,
read discourse and spontaneous speech, Klatt (1976) reports that the “similarities are
greater than the differences” (p. 1209).

Finally, the transcriptions were not done in a controlled environment, which
may have contributed to the variability in the results of the perceived voicing by
transcribers. Each transcriber used different mechanical equipment to listen and
transcribe. This could be resolved by requiring all transcribers to transcribe in the

same setting on the same equipment.
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Directions for Future Research

There are many issues in the area of speech production and perception, related
to the English produced by nonnative English speakers, that are open for future
research. This section discusses only a few possibilities that closely pertain to this
study.

A possible continuation of this study could involve digitally editing the vowel
lengths to determine if changing the degree of difference in the vowel durations to
more closely resemble that of native English would change the results of the
perceptual tests. For example, it would be interesting to discover if lengthening the
vowels before the voiced consonants increased the percentage of stops perceived as
voiced, or if vowel duration was found to have a more significant effect on the
voicing distinction if the degree of difference preceding voiced and voiceless stops
was increased. Another approach might involve equalizing the vowel lengths to
determine if the disagreement or confusion among the transcribers as to the voicing
distinction increased due to the lack of the vowel duration cue.

Another related study could involve an attempt to determine at what point the
vowel length cue begins to affect the perception of the voicing. The vowel durations
preceding both the voiced and voiceless stops could be equalized and then
incrementally increased to determine at what point the transcribers begin to use the
vowel length as a cue to the voicing distinction. In other words, at what vowel length

do the transcribers begin to hear voiced rather than voiceless stops?
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Yet another approach might be to take only those perceptions that all the

transcribers agree on and determine if the vowel duration plays a more significant role
in the perception of the voicing distinction in this subset of data.

The notion of voicing and what that consists of was not explored in this study.
However, voice onset time, in addition to the vibration of the vocal cords, contributes
to the notion of voicing of a stop. The voice onset time refers to the period of
voicelessness following the release of the stop before voicing starts (Ladefoged,
1993). The length of the voice onset time has a bearing on whether a stop is
perceived as voiced or voiceless: the shorter the voice onset time, the more fully
voiced a stop is perceived. Another possible continuation of this study could include
an acoustic analysis of the voice onset times of the stops in the data, to determine if
there is some kind of correlation between the voicing of the stops with respect to
voice onset time, and the perception of the voicing by the transcribers. It would be
interesting to investigate whether the voice onset time was a cue that the transcribers
utilized to perceive the voicing of the stops rather than the vowel duration differences
in this data.

Further research investigating many aspects of the English production of
speakers of various different language background could provide information useful in
ESL pedagogy and in the field of accent reduction. For example, related to this
study, an investigation of whether nonnative speakers learn to use the vowel duration

cue more like native English speakers over time could be conducted by comparing the
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present findings with a similar investigation involving more advanced nonnative

speakers of English.

And finally, an open area for research is the question regarding the cause of
the vowel length variation. There is much debate in the literature as to what inherent
physiological basis might exist that causes the vowel duration differences (Belasco,
1953; Chen, 1970; Wang & Fillmore, 1961). If this phenomenon is language-

universal, as it seems to be, what is the source of the variation?
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APPENDIX A

Note;: T = Transcriber

Subject 1 Data I

Word Vowel (ms) Voicing T1 Voicing T2 Voicing T3 Voicing T4
cab 165.4 1 1 0 0
dug 196.3 1 1 0 0
bag 169.5 1 1 0 0
sob 127.3 1 1 0 0
pick 102 0 0 0 1
mob 127.5 0 0 0 0
bud 138.9 0 1 0 0
hid 116.2 0 1 0 0
hog 171.7 1 1 1 1
nap 135.8 0 0 0 0
duck 179.2 0 0 0 0
sad 163.4 1 1 0 0
dip 147.6 0 0 0 0
hock 155.5 0 0 0 0
sip 104 0 0 0 0
hat 136.1 0 1 0 0
fig 1292 1 1 1 1
hag 170.1 0 1 0 0
mop 126 0 0 0 0
bug 191.8 1 1 1 1
dib 140.7 1 1 0 0
dock 162.6 0 0 0 0
kid 116.3 0 0 0 0
not 1573 0 1 0 0
cub 161 0 1 0 0
hack 160.7 0 0 0 0
nod 165 0 0 0 0
cap 165.1 0 1 0 0
pub 159.6 1 1 0 0
cup 165.1 0 0 0 0
pig 1145 0 1 0 1
sick 107.9 0 0 0 0
buck 170 0 0 0 0
hit 123.9 0 0 0 0
mutt 1448 0 0 0 0
cod 157.2 0 1 0 0
pup 140.9 0 0 0 0
back 1743 0 0 0 0

fib 132 1 1 0 0
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Subject 1 Data l

Word Vowel (ms) Voicing T1  Voicing T2 Voicing T3 Voicing T4
sat 153.8 0 0 0 0
but 162.7 0 0 0 0
dog 182.5 1 1 1 1
kit 147.4 0 0 0 0
had 161.9 0 1 0 0
mud 181.6 1 0 0 0
cot 157.1 0 0 0 0
nab 172.1 1 1 0 0
sop 141.7 1 1 0 0
cab 164.7 1 1 0 0
dug 128.1 0 1 1 0
bag 144.1 1 1 0 1
sob 167.7 1 1 0 0
pick 106.4 0 0 0 0
mob 171 0 1 0 0
bud 180.3 1 1 0 0
hid 116.2 0 1 0 0
hog 152.5 1 1 1 1
nap 1435 0 0 0 0

duck 111.8 0 0 0 0
sad 185.8 1 1 1 0
dip 150.3 0 1 0 0

hock 70.7 0 0 0 0
sip 111 0 0 0 0
hat 158.2 0 1 0 0
fig 119 1 1 1 0
hag 200.8 1 1 0 0

mop 141.9 0 0 0 0
bug 175.6 1 1 1 0
dib 150.7 0 1 0 0

dock 183.8 0 1 1 0
kid 135.2 1 1 0 0
not 169 0 1 0 0
cub 152.1 0 0 0 0

hack 164.6 0 0 0 0
nod 172.9 0 1 0 0
cap 1493 0 0 0 0
pub 173.4 1 1 0 0
cup 142.4 0 0 0 0
pig 119 0 0 0 1
sick 118.7 0 0 0 0
buck 193.4 0 0 0 1
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Subject 1 Data |

Word Vowel (ms) Voicing T1 Voicing T2 Voicing T3 Voicing T4
hit 144.2 0 1 0 0
mutt 130.5 0 1 0 0
cod 168.7 0 1 0 0
pup 166 0 1 0 0
back 196.2 0 0 0 1
fib 1154 1 1 1 0
sat 164.7 1 0 1 0
but 161.5 0 0 0 0
dog 142.7 1 1 1 1
kit 143.9 0 1 0 0
had 1523 0 1 0 0
mud 167 1 1 0 0
cot 152.2 0 1 0 0
nab 175.1 1 1 0 0
sop 134.4 1 1 0 0
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Subject 2 Data |

Word Vowel (ms) Voicing T1  Voicing T2  Voicing T3 Voicing T4
cab 241.7 1 1 1 1
dug 207.8 1 1 0 1
bag 279.8 1 1 0 1
sob 196.7 1 1 1 1
pick 168.4 0 0 0 1
mob 195.4 1 1 0 1
bud 238.6 1 1 1 1
hid 188.8 1 1 1 0
hog 185.4 0 0 0 0
nap 189.2 0 1 1 1

duck 2283 0 0 0 1
sad 277.6 1 1 1 1
dip 236.2 1 0 0 0

hock 205.8 0 0 0 1
sip 157.3 0 0 0 0
hat 163.9 0 0 0 0
fig 176.5 1 1 1 1
hag 258.4 0 1 0 0

mop 193 0 0 0 0
bug 236.5 1 1 1 1
dib 211.2 1 1 0 0

dock 228.7 0 0 0 1
kid 182.3 1 1 1 1
not 198.4 0 0 0 0
cub 220.8 0 1 0 0

hack 208.2 0 0 0 0
nod 2194 0 0 0 0
cap 245 0 1 0 0
pub 2245 1 0 0 0
cup 2217 0 1 0 0
pig 166.8 1 1 1 1
sick 177.6 0 1 0 1

buck 2393 0 0 0 1
hit 162.7 0 1 0 0

mutt 202.9 0 1 0 0
cod 193.8 0 0 0 0
pup 215.1 0 0 0 0

back 214.6 0 0 0 1
fib 179.6 1 1 1 1
sat 219.1 0 0 1 0
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Subject 2 Data l

Word Vowel (ms) Voicing T1  Voicing T2  Voicing T3 Voicing T4
but 205.7 0 0 1 0
dog 210.9 0 0 0 1
kit 188.9 0 0 0 0
had 233.1 1 1 1 0
mud 216.8 0 0 0 0
cot 202.5 0 0 0 0
nab 216.1 0 0 0 0
Sop 198 0 0 0 0
cab 215.5 1 0 0 0
dug 219.1 0 0 0 1
bag 248.7 1 1 0 1
sob 171.7 1 1 0 0
pick 173.8 0 0 1 1
mob 195.3 0 0 0 0
bud 2533 1 1 1 1
hid 152.5 1 0 0 0
hog 154.8 0 0 0 0
nap 216 0 0 0 0

duck 204 0 0 0 1
sad 244.6 1 1 1 0
dip 165.5 0 0 0 0

hock 168.9 0 0 0 0
sip 144.4 0 0 0 0
hat 234.1 0 0 0 0
fig 208.3 1 0 1 1
hag 198.1 0 0 0 0
mop 169.5 0 0 0 0
bug 240.1 0 0 0 1
dib 198.2 1 0 0 0

dock 209.7 0 0 0 0
kid 203.7 1 1 0 0
not 229.8 0 0 0 0
cub 187.5 0 0 0 0

hack 185.4 0 0 0 0
nod 238.4 0 1 1 0
cap 202.7 0 0 0 0
pub 174.7 1 0 0 0
cup 208.4 0 0 0 0
pig 193.6 1 1 1 1
sick 184.1 0 0 0 0

buck 229.7 0 0 0 1
hit 157.8 0 1 0 0
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Subject 2 Data

Word Vowel (ms) Voicing T1  Voicing T2  Voicing T3 Voicing T4
mutt 190.2 1 0 0 0
cod 201.3 1 1 0 0
pup 197.9 0 0 0 0
back 258.4 0 0 0 1

fib 1514 1 1 1 1
sat 2274 1 1 1 0
but 190.5 0 0 0 0
dog 2285 0 1 0 1
kit 195 1 1 0 0
had 197.4 0 1 0 0
mud 191.3 0 1 0 0
cot 192.3 0 0 0 0
nab 2229 0 0 0 0
sOp 192.5 0 0 0 1
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Subject 3 Data }

Word Vowel (Ms) Voicing Tl Voicing T2 Voicing T3 Voicing T4
cab 145.5 0 0 0 1
dug 218.2 ] 1 ] 1
bag 183.5 1 1 1 1
sob 187 1 0 1 1
pick 127.1 0 0 1 1
mob 1533 1 0 0 1
bud 165.8 1 0 1 1
hid 147.8 0 0 0 0
hog 172.7 1 1 1 1
nap 148 0 0 0 1
duck 175.7 1 0 0 1
sad 180.5 1 0 1 0
dip 113.2 0 0 0 0
hock 127.8 0 0 1 1
sip 111.6 0 0 0 0
hat 178.1 0 0 1 0
fig 175.3 1 1 1 1
hag 152.8 1 1 1 1
mop 132.3 1 0 0 1
bug 186.9 1 1 1 1
dib 137.4 0 0 0 0
dock 122.8 0 0 0 1
kid 129.1 1 0 0 0
not 116.7 0 0 0 0
cub 123.1 1 0 0 1
hack 105.8 0 0 0 1
nod 166.4 0 0 0 0
cap 129 0 0 0 0
pub 1422 1 0 0 0
cup 113.6 0 0 0 1
pig 170.3 1 1 1 1
sick 123.2 0 0 0 0
buck 163.6 0 0 0 1
hit 132.1 0 0 0 0
mutt 142.4 1 0 0 0
cod 170.6 0 0 0 1
pup 146.7 1 0 0 0
back 167.4 1 0 0 1
fib 131.7 1 0 1 1
sat 998 0 0 1 0
but 123.2 1 0 1 1
dog 173.9 1 1 1 1
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Subject 3 Data |

Word Vowel (Ms) Voicing T1  Voicing T2  Voicing T3 Voicing T4
kit 101.6 0 0 0 0
had 177.8 1 0 1 1

mud 239.2 0 0 1 0
cot 145 0 0 0 0
nab 143.6 0 0 0 0
sop 155.5 1 0 1 1
cab 157.7 1 0 0 1
dug 2103 1 1 1 1
bag 180.9 1 1 1 1
sob 183.2 0 0 1 1
pick 175.4 1 0 1 1
mob 170.6 0 0 0 1
bud 185.6 1 0 1 0
hid 173.7 1 0 0 0
hog 168 1 1 1 1
nap 167.4 0 0 0 1

duck 183.4 1 0 1 1
sad 232.7 1 1 1 1
dip 119 0 0 0 0

hock 138.8 0 0 0 1
sip 116.4 0 0 0 0
hat 2114 1 0 1 1
fig 191.8 1 0 1 1
hag 203.3 1 1 1 1

mop 145.6 0 0 0 0
bug 248.7 1 1 1 1
dib 174 1 0 0 0
dock 163.2 0 0 0 1
kid 134.1 1 0 0 0
not 165.7 0 0 0 0
cub 139.9 0 0 0 1
hack 165 1 0 1 1
nod 186.1 0 0 0 0
cap 166.5 0 0 0 1
pub 157.3 1 0 0 0
cup 1329 0 0 0 0
pig 191.8 1 1 1 1
sick 1433 0 0 0 0
buck 1742 0 0 1 1

hit 1292 0 0 0 0
mutt 168.3 0 1 0 1
cod 161.3 0 0 0 1
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Subject 3 Data

Word Vowel (Ms) Voicing T1  Voicing T2  Voicing T3 Voicing T4
pup 164 1 0 0 0
back 151.9 0 0 0 1

fib 160.2 1 0 0 0
sat 142.1 0 0 1 1
but 170.9 1 0 1 0
dog 2343 1 1 1 1
kit 120.7 1 0 0 0
had 2122 1 0 1 1
mud 169.5 1 0 0 0
cot 139.5 0 0 0 0
nab 143.8 0 0 0 0
sop 113.2 0 0 0 1
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Subject 4 Data |

Word Vowel (Ms) Voicing T1 _ Voicing T2  Voicing T3 Voicing T4
cab 123.1 1 1 1 1
dug 181.1 1 1 1 0
bag 173.9 1 1 1 1
sob 121.1 1 1 1 1
pick 77.1 0 0 0 0
mob 153 1 1 1 1
bud 2142 1 1 1 1
hid 114.1 0 0 0 0
hog 139 1 1 1 0
nap 145.9 0 0 0 0
duck 160.7 0 0 0 1
sad 164 1 1 1 1
dip 100.2 0 0 0 0
hock 98 0 0 0 0
sip 93.4 0 0 0 0
hat 128.1 0 0 0 0
fig 139.5 1 1 1 1
hag 1293 1 1 1 1
mop 1349 0 0 0 0
bug 185.4 1 1 1 1
dib 108.3 1 1 1 0
dock 151.7 0 0 0 0
kid 975 0 0 0 0
not 162.7 0 0 0 0
cub 160.1 1 1 1 0
hack 128 .4 0 0 0 0
nod 2348 1 1 1 1
cap 138.2 0 0 0 0
pub 160.5 1 1 1 1
cup 139.1 0 0 0 0
pig 105.8 1 1 1 1
sick 74 .4 0 0 0 0
buck 145.8 1 1 1 1
hit 953 0 0 0 0
mutt 157.6 0 0 0 0
cod 156.7 0 0 0 0
pup 167.3 1 1 0 0
back 173.7 1 1 1 1
fib 1323 1 1 1 1
sat 154.4 1 0 1 0
but 174.5 0 0 1 0
dog 174.9 1 1 1 0
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Subject 4 Data [

Word Vowel (Ms) Voicing Tl  Voicing T2 Voicing T3 Voicing T4
kit 89.7 0 0 0 0
had 149.7 1 1 1 0
mud 189.7 1 1 0 1
cot 1513 0 0 0 0
nab 176.8 1 1 1 0
sop 112 0 0 0 0
cab 117.3 1 1 1 1
dug 199 1 1 1 1
bag 187.8 1 1 1 1
sob 126.5 1 1 1 1
pick 90 0 0 1 1
mob 148.3 1 0 0 1
bud 197.1 1 1 1 1
hid 126.9 1 1 0 0
hog 116 0 0 0 0
nap 149.9 0 0 0 0
duck 153.9 0 0 1 0
sad 142.7 1 1 1 1
dip 87.1 0 0 0 0
hock 104 1 0 0 0
sip 84.1 0 0 0 0
hat 148.3 0 0 0 0
fig 109.5 1 1 1 1
hag 171.2 1 1 0 1
mop 137.7 0 0 0 1
bug 191.6 1 1 1 1
dib 134.9 1 1 1 1
dock 155.4 0 0 0 1
kid 109.4 0 1 0 0
not - 170.9 0 0 0 0
cub 157.4 1 1 1 0
hack 100.2 0 0 0 0
nod 190 1 1 1 1
cap 149.2 0 0 0 0
pub 159.5 1 1 1 1
cup 181.2 0 0 0 0
pig 138.7 1 1 1 1
sick 69.3 0 0 0 0
buck 160.1 1 0 1 1
hit 98.3 0 0 0 0
mutt 149.1 0 0 0 0
cod 155.9 1 1 0 0
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Subject 4 Data

|

Word Vowel (Ms) Voicing T1 Voicing T2 Voicing T3 Voicing T4
pup 182.7 1 1 1 1
back 156.3 1 0 0 1

fib 146.2 1 1 1 1
sat 158.1 1 0 1 0
but 196.6 0 0 0 0
dog 211.1 1 1 1 1
kit 92.2 0 0 0 0
had 138.2 1 0 1 1
mud 208.4 1 1 0 1
cot 135.9 0 0 0 0
nab 160.1 1 1 1 1
sop 92.4 0 0 0 0




