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1. Introduction

Clear speech is a speaker dependant adjustment that is produced in
communication settings in which a speaker judges an enhanced signal is required for a
listener to comprehend the message (Krause & Braida, 2002; Picheny, Durlach, &
Braida, 1986, Smiljanic & Bradlow, 2009; Wright, 2004). These adjustments can be
produced in an attempt to overcome a noisy environment, or a language barrier, or to
communicate with someone who is hard of hearing (Moon & Lindblom, 1994; Smiljanic
& Bradlow, 2009). The modifications speakers use to enhance communication are made
spontaneously, and are often made unconsciously (Smiljanic & Bradlow, 2009). The use
of clear speech as an intelligibility enhancing strategy has also been documented cross-
linguistically in the Canadian French, Spanish, and Croatian languages (Smiljanic &
Bradlow, 2005; Smiljanic & Bradlow, 2009). The aim of this study is to provide a
systematic investigation of the acoustic characteristics of tense and lax vowels in clear
and conversational speech. To give relevant background information, the introduction
will briefly explore the history of clear speech literature and then it will examine the
previous findings on the characteristics of clear speech, focusing on those of tense and
lax vowels. In doing so, it will also provide an overview of the acoustic theory of vowel
production and vowel classifications. Finally, it will discuss how the investigation of the
characteristics of tense and lax vowels in clear speech can contribute new acoustic

research to the existing vowel literature.



1.1 Clear Speech History

The phenomenon of clear speech has been widely researched for nearly a century.
Scholars have been interested in clear speech for a number of different reasons. Early
studies focused on improved communications between normal hearing partners as a
means to overcome a noisy environment, or in training talkers to improve
telecommunications (Black, 1958; Snidecor, Malbry, & Hearsey, 1944; Tolhurst, 1955).
These studies provided data supporting the fact that speakers could improve ratings of
intelligibility by modifying speaking behaviors. In the 1980's clear speech research
shifted in an attempt to investigate if the same speaking behaviors that provided
improved intelligibility for normal hearing speakers extended to those with
communication difficulty, namely, hearing loss (Chen, 1980; Picheny, Durlach, &
Braida, 1985). In fact, clear speech was found to have significant intelligibility benefits
for those with actual hearing loss, and those in conditions of a degraded signal.
Perceptual studies have found that clear speech improves overall ratings of intelligibility
in various populations including hard of hearing adults (Picheny et al., 1985), normal-
hearing adult listeners (Bradlow, Torretta, & Pisoni, 1996; Krause & Braida, 2002),
nonnative adult listeners (Bradlow & Bent, 2002), and school-aged children with and
without learning disabilities (Bradlow, Krause, & Hayes, 2003). In order to determine if
speaking modifications are in fact responsible for change, ratings of intelligibility are
established by having speakers read words or sentences in both the clear and
conversational style, and having listeners write what was said. The listener's
transcriptions are then scored, and serve as the intelligibility ratings. More recent studies

aimed to explore what aspects of clear speech production are responsible for the



improved intelligibility associated with clear speech. The primary factors that have been
investigated are speaking fundamental frequency (SFF), speaking rate, vowel

lengthening, and vowel space expansion.

2. Background
As stated previously, many research efforts on clear speech have focused on it as

a way of communicating with individuals who are hard of hearing. This body of
literature can be divided into two categories, clear speech perception and clear speech
production. Perception studies are driven on identifying the degree to which certain
strategies in clear speech affect listener intelligibility ratings. Production studies are
concerned with identifying salient changes in the execution of clear speech as compared
to conversational speech. Often, researchers will conduct studies that incorporate both
production and perception components. By doing so, investigators can understand which
modifications translate into enhanced perception. For this reason the literature review for
the perceptual aspects and the production aspects of clear speech are collapsed for some
studies. The seminal work by Picheny et al. (1985) present findings strictly related to
intelligibility and will be presented first.

Picheny et al. (1985) conducted a study in order to investigate if clear speech
benefits found in normal hearing adults extended to adults with hearing impairments. In
order to examine this effect, the investigators created 50 nonsense sentences, which
included adjectives, nouns and verbs. In addition, articles, auxiliary verbs, prepositions,
and article nouns were randomly selected and inserted in the appropriate places in order
to create an English declarative sentence. Three college-aged male speakers were then

recruited, and recordings of both clear and conversational styles of speech were made.



The speakers read each sentence twice in each of the styles, and sets of 50 conversational
speech and 50 clear speech stimuli were dubbed into one recording. In order to ensure
the sentences produced by the speakers were intelligible for normal listeners, the lists
were then tested on normal hearing subjects before running the hard-of-hearing
experimental group. To obtain intelligibility ratings for these sentences, the normal
hearing pre-test listeners could choose to write the sentence they heard, or repeat it orally
to the examiner. Intelligibility scores were based on the number of correctly identified
adjectives, nouns and verbs. A word was marked as incorrect if the listener omitted or
misidentified a sound, but if a listener omitted a past-tense suffix, or plural marking, the
word was still considered correct. It was reported that the recordings were greater than
94% intelligible by the normal hearing listeners who participated in the pre-testing
procedure.

After obtaining the preliminary data on intelligibility, hearing impaired listeners
were tested. This group was comprised of five listeners who all had stable sensorineural
hearing losses. Closer inspection of the group data available revealed that while the
group all demonstrated sensorineural hearing loss, there was considerable variability in
the ear in which hearing loss was present, the degree of hearing loss each person had
(range = mild to severe), and the word recognition scores for each person. For the
experiment, this group of listeners was presented the sentences at three different intensity
levels; most-comfortable-level, maximum listening level, and 10 dB below the most-
comfortable-level. For each listener, 36 conditions were presented, "(2 speaking modes x
2 frequency-gain characteristics x 3 talkers x 3 levels)" across 50 sentences containing

175 target words (pg. 98).



An ANOVA was completed on the responses of four out of the five individual's
data, and revealed that 41% of the variance was attributable to the speaker. This was not
surprising considering the variability in residual hearing ability across the listeners. The
second highest source of variability was attributable to the mode of speaking (i.e.
speaking style) at 19%. The authors interpreted this to mean that there are significant
differences in intelligibility for hard of hearing individuals between the two modes (clear
and conversational) with the clear mode more favorable for intelligibility gains.

Clear speech production has fascinated many researchers because of the
perceptual benefits it affords listeners. The speaker-dependent factors that have been
widely studied are SFF range, speaking rate, vowel lengthening, and vowel space

expansion, which will be discussed below.

2.1 Speaking Fundamental Frequency Range

To start, several studies present evidence showing an overall increase in SFF
range in clear speech. In 1986, Picheny et al. conducted a follow up study to their
Picheny et al. (1985) study in order to investigate the acoustic differences between clear
and conversational speech. They had three male speakers recite 50 nonsense sentences in
both the clear and conversational style. No statistical analysis was presented in the paper.
However, the authors did report that a wider SFF range was noted in the clear speech
style.

Bradlow et al. (1996) conducted an experiment with the goal of identifying some
aspects of clear speech that were directly related to increased intelligibility. Sentences

were taken from the Indiana Multi-Talker Sentence Database (Karl & Pisoni, 1994). The



database consists of 10 male speakers and 10 female speakers reciting 100 sentences.
The experimenters recruited listeners (10 for each speaker) to transcribe the sentences
produced by the speakers. The sentences were presented to the listener at 75 dB
binaurally. The transcriptions were then scored in an all or none fashion. If a sentence
was not transcribed correctly, one percentage point would be taken away from the
speakers overall intelligibility score (100 % points as a maximum score for each speaker).
The final intelligibility score was the result of an average across all 100 sentences. After
gathering intelligibility data, the researchers then analyzed which factors of speech were
related to increased intelligibility. An interesting finding was that female speakers
received significantly higher ratings of intelligibility than their male counterparts did.
Females were transcribed with 89.5% accuracy whereas males were transcribed with only
86.2% accuracy. Females were also found to have used a significantly wider range of
speaking fundamental frequency than males as was shown by a 2-tailed unpaired t-test
(t(18) =4.84 , p < 0.001). Although females had a wider SFF range and higher ratings of
intelligibility, no positive correlation between increased speaking fundamental frequency
range and intelligibility was found (Spearman p = +0.384, p = 0.095). Due to the
correlational nature of the statistical analysis, it is impossible to ascertain whether
increased intelligibility is the result of a speaker increasing SFF range. However, these
findings suggest some aspect of female vocal quality positively influences intelligibly
ratings.

A study conducted by Smiljanic and Bradlow (2005) found similar results. This
study was conducted in an effort to determine if characteristics of the clear speech style

extended cross-linguistically. Five English speakers and five Croatian speakers were



recorded reading twenty analogous, nonsense sentences (in their respective languages)
that each contained four target words. The average SFF range expansion for females, or
the increased number of semitones in SFF range during clear speech, was 1.26 semitones
and for males was 1.48 semitones. Interestingly, within the group who had the greatest
SFF range expansion there was great individual variability (0.899-3.63 semitones) in the
clear speech style. A significant main effect of style (F[1,8] = 14.292, p < 0.005) but not
of language was found when analyzing the SFF range of all 10 speakers. In accordance
with the previously mentioned studies, SFF range expansion was not definitively a

characteristic of clear speech for all speakers.

2.2 Speaking Rate

Speaking rate is a speech modification that comes to mind when thinking about
clear speech. However, only a few studies have published findings on rate changes
associated with clear speech (Bradlow et al., 1996; Krause & Braida, 2002; Picheny et
al., 1986; Smiljanic & Bradlow, 2005), and those findings, while informative, are not
generally robust. First, differences in average speaking rate will be discussed and then
pause changes will be presented. Although vowel lengthening impacts speaking rate in
clear speech, there is extensive literature (Ferguson & Kewley-Port, 2007; Picheny et al.,
1986; Smiljanic & Bradlow, 2008) to be discussed, and it will be presented in a separate
section.

Picheny et al. (1986) found that when the three male subjects recited the 50
nonsense sentences in clear and conversational styles, the clear speech style had fewer

words per minute (90-100) than the conversational style (160-200). Unfortunately, no



statistical findings were present in the publication to determine if these differences
between the styles were significant.

Bradlow et al. (1996) measured rate changes of the twenty speakers reciting the
100 Harvard sentences in Indiana Multi-Talker Database (Karl & Pisoni, 1994) by
analyzing and comparing average sentence durations. The Harvard sentences are mono-
clausal with five keywords and contain any number of function words. It was reported
that the mean sentence duration for all the speakers was 2.115 seconds (standard
deviation = 0.276 seconds). As the study was primarily interested in investigating what
factors of clear speech are involved in enhanced intelligibility, the authors reported
related findings. Specifically, there was not any obvious relationship between mean
sentence duration and speech intelligibility scores.

Krause and Braida (2002) provide some insightful findings on the relationship
between speaking rate and clear speech intelligibility ratings. The authors aimed to
answer whether or not clear speech could also be achieved at fast rates. This challenges
the general clear speech finding that a slow speaking rate is an inherent characteristic of
clear speech. For this study, the experimenters screened and selected five speakers whom
they thought would be able to produce fast speech without sacrificing intelligibility. The
targeted speakers then participated in a training program where they practiced speaking
quickly and maintaining intelligibility as was judged by a set of listeners (each listener
heard a particular sentence only once). The listener and speaker were able to discuss
potential changes that may increase intelligibility, and then the speaker would repeat the
target sentence to the subsequent listeners until it was deemed clear. Final recordings of

each speaker reciting 700 nonsense sentences were made. There were six speaking



modes employed during the recitation (loud/normal, soft/normal, clear/normal,
clear/slow, clear/quick) and six control modes which were done in conversational speech

with varying intensity and rate.

The final step in the study was to present these sentence stimuli to a new group of
listeners to obtain intelligibility ratings. The sentences were presented to eight listeners
at a -1.8 dB signal to noise ratio (SNR). The listeners would repeat the sentence they
heard aloud and the experimenter would judge the accuracy of the sentence. All listeners
heard each of the six experimental and the six control styles. After analyzing the average
percent correct across each listener in each style, the investigators found that the
clear/slow speaking style received the highest intelligibility scores (63%). The
intelligibility scores for the remaining styles are as follows: clear/normal (59%),
loud/normal (53%), conversational/slow (51%), clear/quick (46%),
conversational/normal (45%), conversational/quick (27%), soft/normal (26%) clear/slow
(63%). The most interesting of the findings is that when comparing the clear speech
styles, benefits are noted across speaking rate (i.e., clear speech was always found to be
more intelligible than conversational speech of the same rate). After an ANOVA was
complete, the authors interpreted the findings to suggest that clear speech was a
statistically significant factor influencing ratings of intelligibility. They also noted that
regardless of style, an increased rate would negatively impact intelligibility after a certain
point (i.e., a person can only talk so fast before sacrificing intelligibility).

Smiljanic and Bradlow (2005) found that all 10 subjects recited the nonsense
sentences more slowly in the clear speech style. The sentences in Croatian were reported

to range from 10-16 syllables (average = 12.8) in length, and those in English ranged
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from 9-14 with an average length of 11.7. A significant main effect of style F(1,8) =
94.713, p < 0.0001, but not language was found. On average, speakers produced 1.44
syllables per second less in clear speech than in conversational speech. It was interpreted
that speaking in fewer syllables per second was an attribute of both the English and
Croatian clear speech styles.

Another critical component of rate change in clear speech is pause characteristics.
It has been reported that when speaking clearly, there are more pauses inserted into a
given unit of speech, as well as longer pause durations (Picheny et al., 1986; Smiljanic &
Bradlow, 2005). Picheny et al. (1986) defined a pause as, "...any silent interval greater
than 10 ms between words excluding silent intervals preceding word-initial plosives” (p.
435). After analyzing the speech of three males reciting nonsense sentences, it was found
that both the number and duration of pauses significantly increased in clear speech.
Unfortunately, no statistical evidence was presented so it is unclear if these findings were
significant.

Smiljanic and Bradlow (2005) also present similar findings regarding number of
pauses and pause duration. Nine out of ten subjects increased the total number of pauses
in clear speech when compared to conversational speech. If fact, the authors state that
the majority of the subjects did not use any pauses in conversational speech. The average
increase in pause duration for the clear speech style was 0.12 seconds (range = 0.052s -

0.2055).
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2.3 Vowel Lengthening

First, Picheny et al. (1986) found, for all three speakers, there is an overall
increase in vowel duration in clear speech when compared to conversational speech.
Interestingly, it was reported that lax vowels did not show as much lengthening as tense
vowels. The authors speculated that lax vowels may be inherently short, and thus, the
lesser degree of lengthening in clear speech is the result of that particular property of the
vowel itself.

Next, Ferguson and Kewley-Port (2007) conducted a study to investigate which
acoustic modifications were primarily responsible for improved intelligibility in clear
speech. Utilizing 12 speakers from the Ferguson (2004) study, Ferguson and Kewley-
Port obtained both conversational and clear recitations of the target words. The vowels
used in the study were /i, 1, €, €, &, a, A, 0, u, u/ and were embedded in the syllable /bVd/.
These 12 talkers were classified into two distinct groups based on previous ratings of
intelligibility (low vs. high). Both groups' speech was then scaled to the same root-mean-
square (RMS) intensity range, and presented to listeners at 70 dB SPL with a signal to
noise (12-talker babble) of -10 dB. After analyzing the listener responses, it was
determined that there was no main effect of group, suggesting that both groups received
similar intelligibility ratings. More importantly to the investigation, however, the main
effect of speaking style F(1, 118) = 47.74, p < 0.01, and the Style x Group interaction
were significant F(1, 118) = 50.27, p < 0.01. It was hypothesized that the group who had
received higher intelligibility scores would markedly differ acoustically in some salient
aspects of their clear speech from the group with the lower scores, and thus, it was

thought that the most influential clear speech attributes could be determined.
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Each speaker produced two tokens for each vowel. In order to analyze vowel
lengthening, the average was obtained for each speaker's production. A two-way
repeated-measures ANOVASs revealed that in the clear speech style, all speakers
produced significantly longer vowels than in conversational speech, F(1, 98) = 172.94, p
<0.01. An additional significant finding of importance concerning vowel changes was
the Style x Group interaction, F(1, 8) = 5.95, p < 0.05. This was interpreted to suggest
the group who had the higher intelligibility scores also had the most vowel lengthening.
In particular, the group with better intelligibility scores was reported to have clear speech
vowels that were, on average, 41% longer than conversational speech vowels as
compared to the speakers with the low intelligibility score who had clear speech vowels
that were only 25% longer than the vowels produced in conversational speech.

Smiljanic and Bradlow (2008) conducted a study in which they investigated the
variability of vowel lengthening as a function of the surrounding speech sound contrasts.
Similar to their 2005 study, five native speakers of English and five native speakers of
Croatian (residing in the USA) were asked to read twenty anomalous sentences (in their
respective native languages) in both the clear speech and conversational speech styles.
These sentences contained target words comprised of vowels embedded in varying stop
consonant combinations. For further analysis of prosody effects on lengthening, there
were 20 additional sentences constructed for English speaking subjects to read. These
sentences were manipulated so that the sentence-final words from the original set
appeared in a non-final position.

Smiljanic and Bradlow (2008) found all vowels lengthened in clear speech.

Specifically, they used a repeated measures ANOVA to investigate the effect of style
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(clear vs. conversational), length (tense vs. lax) and vowel pair on total vowel duration.
There were five vowel pairs in the study: /e-¢/, /i-1/, lo-a/, lu-v/, and /a-&/. The results
showed both tense and lax vowels were longer in clear speech than in conversational
speech. Despite overall vowel lengthening in clear speech, the style by length interaction
was not significant, and Smiljanic and Bradlow (2008) interpreted this as meaning both
tense and lax vowels lengthened to a similar degree in clear speech. However, they
found a significant two-way interaction of length by vowel pair. When compared using
paired t-tests for each vowel set, nearly all of the tense vowels were always longer than
the lax counterpart, however, the lax vowel /&/ did not follow this pattern and was found
to be longer than /a/. The investigators also considered sentence position (sentence-
medial vs. sentence-final) and voicing (voiceless vs. voiced) effects on the vowels. It
was found that vowels, regardless of type, were longer before voiced consonants than
before voiceless, and the voicing effect was more prominent in sentence-final position
than in sentence-medial position. Unfortunately, the use of nonsense sentences as stimuli
directly calls into question the validity of results due to the unnatural way in which

speakers may produce nonsense sentences.

2.4 Vowel Space Expansion

In addition to vowel lengthening in clear speech, there are several other vowel
transformations that have been documented in clear speech. Studies on the articulation of
clear speech have shown that the tongue is located at more extreme positions in the oral
tract when producing vowels in clear speech, resulting in vowels that are acoustically and

perceptually more distinct from one another. For example, if the back vowel /u/, which
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has low F2, is produced in the more extreme back position, the F2 will be more low than
its usual F2. Likewise, if the front vowel /i/, which has high F2, is produced in the more
extreme front position, the F2 will be higher than its usual F2. This will make the
distance in F2 between /u/ and /i/ greater. In order to analyze vowel changes from one
speaking style to another, researchers commonly use several within subjects
measurements of vowel space differences. Most commonly used are vowel space area,
vowel space dispersion, and vowel peripheralization. The methodology of the
measurements will be discussed before the literature review to provide the necessary

background information.

2.4.1 Vowel Space Area

Most notably, vowel space area, which is based on the vowel triangle, has been
used as a way to plot vowels based on second formant (F2) and first formant (F1) data
(Fant, 1973; Picheny et al., 1986). Vowel space area is measured as the Euclidean area
covered by the triangle, which is defined by the mean of each vowel category. Vowel
space area is illustrated in Figure 1, where F1 (in Hertz) is labeled on the X-axis, and F2
(in Hertz) is labeled along the Y-axis. When the mean values of F1 and F2 for each
vowel is plotted, the dots are connected by a line, and the area inside of the resulting
triangle is mathematically calculated. In the figure, the conversational speech vowels are
marked with triangles and connected by the dashed line, and the clear speech vowels are
marked as circles and connected by a solid line. Because speaking clearly is known to
effect the F1 and F2 of vowels, the data from vowels in clear speech will have greater

distance between each other and thus, the overall area in clear speech will be greater
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when compared to the area in conversational speech. In fact, the vowel space area
covered in clear speech should encompass the vowel space area plotted in conversational
speech, and several researchers have found those results (Ferguson and Kewley-Port,
2007; Picheny et al., 1986; Smiljanic and Bradlow, 2005).

Figure 1. Vowel space area in conversational (conv.) and clear speech (Figure adapted
from Smiljanic and Bradlow, 2005).
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Picheny et al. (1986) found vowel space areas were larger in clear speech, but
they observed that the vowel space area changes for tense and lax vowels in clear speech
were different, with lax vowel expanding more than tense vowels. They gave an
interpretation of the data stating, "The formant frequencies for lax vowels seem to be
more sensitive to speaking mode than those for tense vowels, which change very little
from conversational to clear speech™ (p. 441). Thus, although the duration of lax vowels
did not increase in clear speech, clarity of lax vowels was apparently achieved through
the expansion of the vowel space. Unfortunately, no statistical data supporting this
conclusion were presented.

A finding from the Bradlow et al. (1996) study of importance is the F1-F2

distance of the vowels /a/ and /i/. The authors refer to these vowels as "point vowels™
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(pg. 266). It is widely accepted that each vowel has a characteristic acoustic
representation based on the locations of formant frequencies. Based on this knowledge,
the authors hypothesized that F1-F2 distance for the vowel /i/ would be positively
correlated with increased intelligibility, since /i/ is characterized by widely spread F1 and
F2 formants. Conversely the F1-F2 distance for the vowel /a/ would be negatively
correlated with intelligibility because there is relatively close spacing of F1 and F2. For
example, if the F1-F2 distance of the vowel /a/ spread out, where F1 became lower, and
F2 became higher, the distance would become more like that of the vowel /i/ with the
widely spread F1-F2 distance, thus the intelligibility of the vowel would decrease. This
hypothesis was born out and analysis an all 20 speakers' productions revealed that this
trend was associated with increased intelligibility (Spearman p = +0.601, p = 0.009 for
the vowel /i/ and Spearman p = -0.509, p = 0.027 for the vowel /a/). This suggests that
clear speech elicits vowels that are produced with more extreme articulation, and the
vowels with more extreme articulation can be understood more easily.

In the cross-linguistic study conducted by Smiljanic and Bradlow (2005) it was
found that, subjects did have an increased vowel space area in clear speech when
producing nonsense sentences. More specifically, the findings were significant for style
(F(1,8) = 48.691, p < 0.0001), but not for language. Based on the significant finding for
style, it was interpreted that the vowel space areas for both English (a language with a
larger vowel inventory) and Croatian (a language with a smaller vowel inventory)
changed to a similar degree for the tense vowels /a, i, u/. Regardless of the mention of

vowel inventory size, only three vowels were used in this study.
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Most recently, Ferguson and Kewley-Port (2007) relate similar vowel space area
findings. Recall that this study investigated the differences in speakers deemed to have a
high degree of intelligibility and speakers with lesser ratings of intelligibility. The
authors of this study chose to represent findings using the perceptually motivated Bark
scale rather than the linear formant scales used in previously discussed studies. All
speakers were found to expand their vowel space area in clear speech F(1,8) = 65.57, p <
0.01. More interestingly, those with higher ratings of intelligibility were reported to
expand their vowel space area by 1.1 Barks (9%) compared to the lower intelligibility
group expansion of .41 Barks (3%). The vowels of interest in this study were /i, 1, €, €, &,
a, A, 0, U, u/, however, only the vowels /i, &, a, u/ were used in the analysis of vowel

space area between clear and conversational speech.

2.4.2 Vowel Space Dispersion

Wishing to expand vowel space measures, Bradlow et al. (1996) devised the
measurement known as vowel space dispersion. VVowel space dispersion uses the F1 by
F2 plane to observe changes in clear speech by calculating how much a particular vowel
moves from the center of a talker's F1 by F2 space. Rather than using the mean F1 and
F2 for a given set of vowel data, all of the vowel productions are plotted, and the mean of
the distances of each vowel from the central point in the talker's F1 by F2 space is
considered the vowel space dispersion. When a talker produces a vowel in a more clear
manner, the resulting vowel will subsequently move further away from the center point in
the talker's F1 by F2 space. This phenomenon can be seen in Figure 2. Here, the vowels

being represented by triangles and connected with the dashed line were produced in
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conversational speech, whereas the vowels represented by circles and connected with
solid lines were produced in clear speech. It is clear that the lines connecting the vowels
to the center point for clear speech are longer than those for conversational speech,
suggesting that vowel formants for clear speech are dispersed further from the center of a
talker's F1 by F2 space. While the change appears small, several authors present studies
that established this method of change as reliable when comparing vowel changes across
speaking styles (Bradlow et al., 1996; Smiljanic & Bradlow, 2005).

Figure 2. Vowel space dispersion in conversational and clear speech (Figure adapted
from Smiljanic and Bradlow, 2005).
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Bradlow et al. (1996) demonstrated the use of vowel space dispersion as a
secondary method of measuring how tightly clustered or how widely spread from the
center of an individual's vowel space each vowel token was in clear speech. It was
reported that a moderate, positive rank order correlation (Spearman p =+ 0.431, p =
0.060) was found for all 20 talkers when comparing ratings of intelligibility and vowel
space dispersion. Further, Bradlow et al. (1996) reported that the measures of vowel
space area and vowel space dispersion were highly correlated with each other (Spearman

p=+0.782, p <0.0001). In fact, it was interpreted that due to the imperfect relationship
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Interestingly, the main effect of Position was found to be significant only for lax
vowels, F (1,11) = 18.628, p = 0.001. Lax vowel space areas were greater in sentence
medial position (M =92430.000 Hz?, SE = 9620.847 Hz?) than in sentence final position
(M =74008.583 Hz?, SE = 7588.063 Hz?). In contrast to lax vowels, tense vowels did not
show a difference in vowel space area between medial and final positions, F(1,11) =
1.044, p = 0.329. It can be seen in Figure 10 that the final position tense words had a
slightly greater vowel space area (M = 246503.417 Hz?, SE = 27850.186 Hz?) than the
tense vowels produced in medial position (M =231508.667 Hz2, SE = 20797.537 Hz?).
While not significant, it is interesting that tense vowels had a greater vowel space area in
sentence final position unlike lax vowels, which had a greater vowel space area in
sentence medial position.

Figure 10. Effect of Position on vowel space area for Tense and Lax Vowels. Error bars
represent standard errors.
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Vowel space area was found to be insignificant in the Style x Position interaction
for both tense [F(1,11) = 1.262, p = 0.285] and lax [F (1,11) = 0.476, p = 0.504] vowels.
That is, the effect of Position was independent of Style, suggesting that the amount of

difference between medial and final vowels was equivalent in clear and conversational
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speech. As was mentioned above, for tense vowels, it can be seen that in both styles, the
final position vowels had larger vowel space areas than the medial position vowels. For
lax vowels, the medial position vowels had greater vowel space areas than the final
position vowels in both styles. Also, in Figure 11, it can be seen for lax vowels, the
average vowel space area for the Conversational/Medial average was slightly greater (M
=85163.250 Hz?, SE = 8513.370 Hz?) than the average vowel space area for the
Clear/Final (M =82430.083 Hz?, SE = 8990.087 Hz2). This suggests that while speech
style is an important factor in eliciting larger vowel spaces, it seems for lax vowels, the
position of the vowel is an equally important factor.

Figure 11. Effect of Style x Position on vowel space area for Tense and Lax Vowels.
Error bars represent standard errors.
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Figure 12 shows the F1-F2 coordinate plot of the tense and lax vowel area spaces.
Recall, both tense and lax vowels had larger vowel space areas in clear speech than in
conversational speech. However, for position, lax vowels underwent greater vowel space
area expansion in sentence-medial position, whereas tense vowels were stable across
sentence position. The vowel space expansion that lax vowels underwent in sentence-

medial position can be clearly seen by looking at the solid lines in the F1-F2 plot for lax
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vowels below. In general, there seems to be a greater amount of F1-F2 change across
both style and position for lax vowels than for tense vowels. Observationally, it seems as

if the high lax vowels /1, v/ show the most variability.

Figure 12. Vowel space areas for tense and lax vowels arranged by style and sentence
position.
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8.3 Vowel Space Dispersion

A 3-way repeated measures ANOVA was used to examine the effects of Style
(conversational vs. clear), vowel Tenseness (tense vs. lax), and sentence Position
(sentence-medial vs. sentence-final) on vowel space dispersion.

As expected, the main effect of Style was found to be highly significant for vowel
space dispersion [F (1,11) = 25.437, p < 0.0001] (Figure 13) where vowels in clear
speech had greater dispersion (M =408 Hz, SE = 21.153 Hz) than those produced in

conversational speech (M = 384.388 Hz, SE = 18.915 Hz).
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Figure 13. Effect of Style on vowel space dispersion. Error bars represent standard
errors.
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The main effect of position was not found to be significant F (1,11) = 0.384, p =
0.548 (Figure 14). The mean dispersion for sentence medial vowels was nearly equal to
(M =393.833 Hz, SE = 19.705 Hz) the mean dispersion for sentence final vowels (M =

399.387 Hz, SE = 21.104 Hz).

Figure 14. Effect of Position on vowel space dispersion. Error bars represent standard
errors.
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The interaction effect of Style x Position was significant, F (1,11) = 6.255, p <
0.05. It can be seen in Figure 15 that the amount of increase in vowel space dispersion

from conversational to clear speech is greater for sentence-final vowels than for sentence-
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medial vowels. This observation was confirmed by a post-hoc analysis: Paired t-tests

using a Bonferroni correction of the alpha level (0.05/4 = 0.0125) revealed that the vowel

space dispersion of clear and conversational speech differed significantly in sentence-

final position, t(11) = -5.53, p = 0.0001, but not in medial position, t(11) =-2.38, p =

0.03. In addition, there was no difference in vowel space dispersion between sentence-

medial and sentence-final vowels in clear speech, t(11) = 1.509, p = 0.16, nor in

conversational speech, t(11) = -0.43, p = 0.67.

Figure 15. Effect of Style x Position on vowel space dispersion. Error bars represent

standard errors.
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Vowel tenseness was highly significant F (1,11) = 155.373, p < 0.001 (Figure 16).

Expectedly, tense vowels, which are produced at more extreme ends in the oral tract, had

a greater degree of vowel space dispersion (M =536.087 Hz, SE = 29.549 Hz) from the

central point in the vowel space than lax vowels did (M = 257.133 Hz, SE = 13.066 Hz).
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Figure 16. Effect of Tenseness on vowel space dispersion. Error bars represent standard

errors.
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The Style x Tenseness interaction was not significant, F (1,11) = 0.039, p =
0.848. As it can be seen in Figure 17, the distinction between tense and lax vowels

remained rather stable across the speech styles. The result also suggests that the amount
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of increase in vowel space dispersion from conversational to clear speech was equivalent

for tense and lax vowels.

Figure 17. Effect of Style x Tenseness on vowel space dispersion. Error bars represent

standard errors.
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The Position x Tenseness interaction was also not significant, F (1,11) = 4.033, p
=0.070. It can be seen in Figure 18 that tense vowels always had greater vowel space
dispersion than lax vowels did. This trend was equally present across sentence medial
and sentence final positions, suggesting that speakers held vowel space dispersion for

tense and lax vowels relatively stable across the sentence positions.

Figure 18. Effect of Position x Tenseness on vowel space dispersion. Error bars
represent standard errors.
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Finally, the three-way interaction between Style x Position x Tenseness was not
significant F (1,11) = 0.169, p = 0.689. In Figure 19, notice how stable the distinction

between tense and lax vowels is across sentence position and speech style.
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Figure 19. Effect of Style x Position x Tenseness on vowel space dispersion. Error bars
represent standard errors.
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Table 3 below shows a comparison of the average vowel space dispersions in
order from greatest to smallest for tense and lax vowel averages from the three-way
interaction. Several observations can be made from the averages in the table. First,
notice, that the clear speech style always elicited larger vowel space dispersion than
conversational speech. Second, the largest dispersion values seem to affirm the finding
of tense vowels and lax vowels differing across sentence position. That is, tense vowels
seemed to disperse to a greater degree in sentence-final position (in both clear and
conversational speech), whereas lax vowels showed a greater degree of dispersion in
sentence-medial position when produced in conversational speech. Third, a closer look at
the standard errors showed that tense vowels seemed to have had more variability across

the sentence positions and speech styles than lax vowels had.
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Table 3. Average vowel space dispersion and standard errors (in Hz) for tense and lax
vowels ordered to show greatest to smallest magnitude of dispersion.

Tense Vowels

Lax Vowels

Style x Position Mean (SE)
Clear/Final 562.204 (32.864)
Clear/Medial 535.373 (30.806)
Con/Final 528.659 (33.201)
Con/Medial 518.112 (26.187)

Style x Position
Clear/Final
Clear/Medial
Con/Medial

Con/Final

Mean (SE)
270.635 (14.502)
267.116 (15.284)
254.734 (13.863)

236.049 (10.903)

Table 4 below shows the average vowel space dispersion for each vowel.

Curiously, the vowels with the greatest amount of dispersion are the high front tense

vowel /i/, and high front and back lax vowels /1, u/. Thus, except for the high back tense

vowel /u/, high vowels generally had greater vowel space dispersion. These vowels were

also greater in relative variability.
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Table 4. Average vowel space dispersion (standard error) (in Hz) for individual vowels
arranged by sentence position and style.

Clear Conversational
Medial Final Medial Final Average
Tense i 738 (157)  778(160) | 717 (134) 734 (166) | 742 (155)
u 365 (124) 370 (140) | 354 (120) 358 (142) | 362 (132)
a 503 (126) 539 (143) 483 (129) 494 (139) 505 (134)
Average | 535(136) 562 (148) | 518(128) 529 (149) | 536 (140)
Lax 1 376 (97) 370 (82) 353 (72) 316 (64) 354 (79)
€ 193 (70) 198 (60) 179 (56) 181 (46) 188 (58)
® 168 (47) 182 (77) 177 (62) 153 (45) 170 (58)
0 367 (79) 384 (61) 353 (86) 342 (72) 362 (74)
A 231 (48) 220 (47) 212 (35) 188 (33) 213 (41)
Average | 267 (68) 271 (65) 255 (62) 236 (52) 257 (62)

8.4 Vowel Peripheralization

A 2-way repeated measures ANOVA was performed to examine the effects of

vowel Tenseness (tense vs. lax) and sentence Position (sentence-medial vs. sentence-

final) on the extent of peripheralization in clear speech relative to conversational speech.

As for the main effect of Tenseness, there was no significant difference found for the

amount of vowel peripheralization between tense and lax vowels [F(1, 11) = .655, p =

0.435] suggesting tense vowels and lax vowels peripheralized to the same degree in clear

speech. It can be seen in Figure 20 that tense vowels peripheralized to a slightly greater
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degree (M = 36.934 Hz, SE = 5.170 Hz) than lax vowels did (M = 32.285 Hz, SE = 4.075

Hz), although the difference was not significant.

Figure 20. Effect Tenseness on vowel peripheralization. Error bars represent standard
errors.
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Also, the position of the vowel was not found to be significant, F(1, 11) = .317, p
=0.585. This was interpreted to mean both sentence-medial and sentence-final vowels
peripheralized to the same degree in clear speech. However, in Figure 21 it can be seen
that the amount of peripheralization for sentence-medial vowels (M = 36.290 Hz, SE =
4.312 Hz) was slightly greater than for sentence-final vowels (M = 32.929 Hz, SE = 5.107

Hz).



Figure 22. Effect of Position x Tenseness of vowel peripheralization. Error bars
represent standard errors.
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Table 5 shows the average vowel peripheralization for individual vowels across
the varying sentence positions. Interestingly, sentence position averages for sentence-
medial and sentence-final position are remarkably similar, highlighting the fact that
sentence position does not seem like an important factor in the degree of vowel
peripheralization. In addition, the average vowel peripheralization showed significant

amount of variability suggesting that this measure varied greatly across participants.

60
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In order to summarize the findings from this study, and compare them with
previous literature, each of the measures will be summarized separately beginning with

vowel duration.

9.1.1 Vowel Duration

Picheny et al. (1986) published findings based on three speakers. For all three
speakers, vowel duration increased in clear speech. Although no statistical values were
presented, more recent studies have published similar findings. Ferguson and Kewley
Port (2007) found the effect of style to elicit longer vowel durations in clear speech too (p
< 0.01). Further, Smiljanic and Bradlow (2008) also found longer vowel durations for
vowels in clear speech (p < 0.05). In this study, the effect of clear speech was found to
be highly significant (p < 0.0001) with longer vowel durations observed in the clear
speech style. Thus, it seems longer vowel durations are one characteristic of clear
speech.

Regarding the effect of tenseness on duration, Smiljanic and Bradlow (2008)
found tense vowels had longer durations than lax vowels (p < 0.001). This study also
found the same result (p < 0.001). Regarding the interaction between Style x Tenseness,
Picheny et al. (1986) mentioned that tense vowels had a greater increase in duration than
did lax vowels in clear speech, but unfortunately did not provide any statistical results to
support the claim. On the other hand, Smiljanic and Bradlow (2008) reported interaction
effects of Style x Tenseness were insignificant (p = 0.130) and the present study

provided the supporting evidence for the insignificant interaction (p = 0.091). This was



65

interpreted to suggest that both tense and lax vowels were lengthened to a similar degree
in clear speech.

So far, no previous studies have systematically examined the effect of position on
the production of vowels in clear speech. The current study found no significant main
effect of position on duration (p = 0.095). Interestingly, the Style x Position interaction
was significant (p = 0.01) where sentence-final position elicited longer vowel durations
than sentence-medial position did in conversational speech, but not in clear speech. The
Tenseness x Position interaction effect was not significant (p = 0.146), suggesting that
the tense and lax vowel distinction was maintained in both sentence-medial and sentence-
final positions. Moreover, the three-way interaction of Style x Tenseness x Position was

not significant (p = 0.740).

9.1.2 Vowel Space Area

Picheny et al. (1986) found that vowel space area increased when a speaker used
clear speech. More recently, Smiljanic and Bradlow (2005) confirmed the findings of
Picheny et al. (1986). In their study, the main effect of Style was highly significant (p <
0.0001) which meant that vowel space area did expand in clear speech. Ferguson and
Kewley Port (2007) also found increased vowel space area to be a characteristic of clear
speech (p < 0.01). Unfortunately, due to a limited number of vowels used in the previous
studies, no data were available regarding how different types of vowels expanded in clear
speech.

This study included a more comprehensive set of vowels, and analyzed tense and

lax vowels separately in order to investigate whether there is a difference in vowel space
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expansion. Significant main effects were found for both tense and lax vowels (p < 0.01)
(p < 0.003) respectively, which confirms both types of vowels do expand in the clear
speech style.

This study also examined the effects of sentence position on vowel space
expansion. It was hypothesized that vowels in sentence-final position would have greater
vowel space areas than vowels in medial position. Interestingly, for tense vowels, no
significant main effect was found for position (p = 0.329). More intriguing though, was
the significant main effect of position for lax vowels (p = 0.001). In fact, lax vowels had
greater vowel space area expansion in sentence-medial position. This is unexpected
because vowels in sentence-medial position are generally more reduced than vowels
produced in sentence final position. An observation revealed that it is primarily high lax
vowels that were more vulnerable to change. The Style x Position interaction effect
revealed no significant findings for tense or lax vowels (p = 0.285) and (p = 0.504)

respectively.

9.1.3 Vowel Space Dispersion

Smiljanic and Bradlow (2005) published findings that vowels in clear speech
underwent a greater degree of vowel space dispersion than the vowels produced in
conversational speech (p < 0.001). Itis obvious that if vowels are produced at more
extreme points in the oral tract (as in clear speech), the vowels will show a greater
distance from a talker’s center point as measured in an F2 x F1 plot. Unfortunately, the
only vowels analyzed by Smiljanic and Bradlow (2005) were /i, a, u/ so no further

comparisons between tense and lax vowels can be drawn from their paper.
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This study confirms the findings that clear speech does elicit greater vowel space
dispersion (p < 0.001). Additionally, a significant main effect was found for vowel
Tenseness (p < 0.001). Expectedly, tense vowels underwent a greater degree of vowel
space dispersion than lax vowels did. The Tenseness x Style interaction was not found to
be significant (p = 0.848) which suggests that both tense and lax vowels have a similar
degree of dispersion in clear speech.

Unexpectedly, the main effect of Position was not found to be significant (p =
0.548). However, the interaction effect of Style x Position was significant (p < 0.05). In
fact, the amount of increase in vowel space dispersion from conversational to clear
speech was greater for sentence-final vowels. The Tenseness x Position interaction effect
was found to be insignificant (p = 0.07) suggesting that tense-lax distinction was stable
across the sentence positions. The Style x Tenseness x Position interaction was also

found to be insignificant (p = 0.689).

9.1.4 Vowel Peripheralization

Smiljanic and Bradlow (2005) found significant results for vowel
peripheralization (p < 0.001). They used only the tense vowels /i, a, u/, and it was
determined that all of the tense vowels peripheralized to a similar degree. For this study,
vowel peripheralization was not found to be significant for Tenseness (p = 0.435). This
was interpreted as tense and lax vowels peripheralizing to the same degree as each other.
Further, the effect of position was not significant (p = 0.585), which suggested that

vowels in sentence-medial and sentence-final positions also peripheralized to a similar
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degree for clear speech. Finally, the interaction effect of Tenseness x Position was

insignificant (p = 0.11).

9.2 Theoretical Implications

Phonemes produced in clear speech are exaggerated forms of those produced in
conversational speech with the resulting clear speech sounds thought to be the most ideal
form of the sound. Thus, clear speech served as the vehicle to observe acoustic
properties inherent to tense and lax vowels. By manipulating the sentence positions
vowels appear in, it could be determined if speakers use different strategies to produce
ideal forms of tense and lax vowels varying in sentence positions in clear speech. This is
particularly useful because the existing vowel dichotomy may not fully capture the
behavior of vowels in varying contexts. It was hypothesized that vowels would have
longer durations, greater vowel space areas, and greater vowel space dispersions in clear
speech. This hypothesis was found to be true. Clear speech did elicit longer durations,
and greater measures of vowel space area.

It was also hypothesized that tense vowels would always have longer durations
and greater vowel space dispersion than lax vowels. This hypothesis was found to be true
for the measures of duration, where tense vowels were longer than lax vowels, and for
dispersion where tense vowels dispersed more than lax vowels. However, by looking at
average duration values, the lax vowel /z/ was the vowel with the longest duration.
Further, it was observed that vowels with low tongue positions (/ee, a/) had longer
durations than vowels with high tongue positions, such as /i, /. Also, interestingly, no

interaction was found between Style x Tenseness suggesting that the amount of increase



