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The production of fricatives is not yet fully understood because the mecha-
nism is particularly complex. Studies of Portuguese fricatives have been very
limited, so in this thesis a novel methodology of corpus design, and temporal
and spectral analysis techniques were developed to enhance our description
of the acoustic properties, and to increase our understanding of the produc-
tion of fricatives. The data presented in this thesis could be used to improve
the naturalness of synthetic speech.

Corpora were devised that included the fricatives /f, v, s, 7, [, 3/ in the
following contexts: sustained, repeated nonsense words of the form /pV;CV,/,
Portuguese words containing fricatives in frame sentences, and the same set
of words in sentences. Four subjects (two male, two female) were recorded
saying the corpora, using a microphone in the acoustic far - field and a laryn-
gograph. Temporal analysis of the fricatives revealed a large number of de-
voiced examples. Analysis of variance showed that devoicing was significantly
more likely for word - final fricatives and posterior place of articulation.

In addition to the fricatives listed above, we also noticed other fricatives
occurring as allophones of /r, £/ in 100 words out of 365. Durations of the
fricative segments were comparable to /r, £/ and thus shorter on average
than fricatives /f, v, s, 7, [, 3/. Some of the speech segments were contin-
uous “noisy signals” very similar to those of fricatives. The spectral peak
frequencies of the fricatives occurring in place of /r/ were compared to the
other fricatives, which indicated a place of articulation further back than
/[, 3/, and compared to velar and uvular fricative results previously reported
for other languages. These comparisons indicated that the uvular fricatives
[x, 8] and the voiceless tapped alveolar [¢] were given the phonological role
of /r/ and /r/ respectively, though these fricatives have not previously been
reported as phones of standard European Portuguese.



The fricative spectra were parameterised in terms of our knowledge of
the underlying aeroacoustics. The parameters spectral slope, frequency of
maximum amplitude, and dynamic amplitude were developed to characterise
fricative spectra. The parameters behaved as predicted for changes in effort
level, voicing, and location within the fricative. Some combinations were also
useful for separating the fricatives by place or by sibilance.

A preliminary cross - language study of Portuguese and English fricatives
produced by two bilingual siblings is also presented. Although results for
Portuguese and English fricatives seem to be very similar this maybe due
to the use by bilinguals of different production strategies from monolinguals
which attenuate cross - language acoustical contrasts. The English corpus de-
veloped for the bilingual subjects could be used to study monolingual English
speakers.
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The Kathakali Man is the most beautiful of men. Because his body is his
soul. His only instrument.

in “The God of Small Things” by Arundhati Roy. Flamingo, 1997, p. 230.
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Fonte 2

No sorriso louco das maes batem as leves

gotas de chuva. Nas amadas

caras loucas batem e batem

os dedos amarelos das candeias.

Que baloucam. Que sao puras.

Gotas e candeias puras. E as maes

aproximam-se soprando os dedos frios.

Seu corpo move-se

pelo meio dos ossos filiais, pelos tendoes

e 6rgaos mergulhados,

e as calmas maes intrinsecas sentam-se

nas cabecas filiais.

Sentam-se, e estao ali num siléncio demorado e apressado,
vendo tudo,

e queimando as imagens, alimentando as imagens,
enquanto o amor é cada vez mais forte.

E bate-lhes nas caras, o amor leve.

O amor feroz.

E as maes sao cada vez mais belas.

Pensam os filhos que elas levitam.

Flores violentas batem nas suas palpebras.

Elas respiram ao alto e em baixo. Sao

silenciosas.

E a sua cara estd no meio das gotas particulares
da chuva,

em volta das candeias. No continuo

escorrer dos filhos.

As maes sao as mais altas coisas

que os filhos criam, porque se colocam

na combustao dos filhos, porque

os filhos estao como invasores dentes-de-leao

no terreno das maes.

E as maes sao poc¢os de petroleo nas palavras dos filhos,
e atiram-se, através deles, como jactos

para fora da terra.

E os filhos mergulham em escafandros no interior
de muitas aguas,

e trazem as maes como polvos embrulhados nas maos
e na agudeza de toda a sua vida.
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E o filho senta-se com a sua mae a cabeceira da mesa,
e através dele a mae mexe aqui e ali,

nas chavenas e nos garfos.

E através da mae of filho pensa

que nenhuma morte é possivel e as dguas

estao ligadas entre si

por meio da mao dele que toca a cara louca

da mae que toca a mao pressentida do filho.

E por dentro do amor, até somente ser possivel

amar tudo,

e ser possivel tudo ser reencontrado por dentro do amor.

in “Poesia Toda” by Herberto Helder. Assirio e Alvim, 1996, p. 43.
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Chapter 1

Research Overview

1.1 Introduction

Portuguese is an important European language, spoken by over 180 million
people worldwide. Studies of Portuguese phonetics and phonology indicate
that fricatives are central to some interesting features of the language, yet
studies of Portuguese fricatives have been few and limited. In this study,
Portuguese fricatives were analysed in ways designed to enhance our de-
scription of the language, and to use and increase our understanding of the
production of fricatives. The research presented in this thesis aims to in-
vestigate the acoustic features which characterise the production of fricative
consonants. The production of fricatives is not yet fully understood because
the mechanism is particularly complex. We will be focusing on the analysis
of frication in the Portuguese language, describing a novel methodology of
corpus design, and temporal and spectral analysis techniques. Knowledge
accumulated from data could be used for improved speech synthesis.

1.2 Fricative Production Mechanisms

When a vowel is being uttered, the vocal tract is relatively unconstricted
(~1cm? cross-sectional area at the most constricted region) and the vocal
folds vibrate periodically, causing the volume of air flowing through the glot-



tis to fluctuate periodically as well. Fricative consonants are produced when
the vocal tract is constricted (~0.1c¢m? at most constricted region) some-
where along its length, as shown in Figure 1.1, enough to produce turbulence
noise when air is forced through the constriction. The place of constriction
affects the tract resonances (filter properties), but also affects the shape of the
tract downstream of the constriction and thus the source properties: where
the turbulent jet will impinge on tract walls, generating more noise, and the
particular spectral characteristics of that noise.

Figure 1.1: Mid - sagittal magnetic resonance imaging (MRI) profiles of the
vocal tract during the production of voiceless fricatives: a) /f/, labiodental;
b) /0/ (/th/), dental; ¢) /s/, alveolar; d) /[/ (/sh/), postalveolar. From
Narayanan, Alwan, and Haker (1995).

It is known from studies of jet noise (Goldstein 1976) and mechanical models



(Shadle 1985) that when a particular configuration is held constant, and
only the air velocity is increased, the turbulence noise increases (i.e. sound
pressure and power), and increases more at higher frequencies. Though it is
not easy to control nor measure parameters so precisely in the vocal tract,

the same phenomenon appears to occur for fricatives (Hixon 1966; Hixon
et al. 1967; Shadle 1985).

The acoustic mechanism for production of fricatives is thus not as well un-
derstood as for vowels because:

1. turbulence noise defies an analytic formulation, requiring empirical
studies;

2. turbulence noise sources are much more sensitive to changes in the
surrounding geometry than are acoustic resonances (Shadle 1991);

3. given the small constriction dimensions and the dependence of all aero-
acoustic sources on flow velocities, it is much more difficult and more
important to get sufficiently accurate vocal tract shape and simultane-
ous aerodynamic and acoustic data for fricative configurations.

These difficulties have been reflected in the relatively poor quality of fricative
and affricate synthesis. Nevertheless, our understanding of fricative produc-
tion has been improved by the use of existing expertise in the production of
speech corpora, the extraction of magnetic resonance imaging (MRI) data
(Narayanan et al. 1995; Shadle et al. 1996; Mohammad 1999; Engwall and
Badin 2000), fricative aeroacoustics analysis methods (Shadle and Scully
1995), and the incorporation of three - dimensional vocal tract data in speech
synthesis (Davies, McGowan, and Shadle 1993; Motoki, Badin, Pelorson, and
Matsuzaki 2000; Motoki, Pelorson, Badin, and Matsuzaki 2000; Niikawa,
Matsumura, Tachimura, and Wada 2000).

1.3 Previous Studies of Fricatives

The study of relations between articulatory, acoustic and perceptual cues
(Hoole et al. 1989; Hoole et al. 1993; Trong and Hoole 1993; Trong et al.
1994; Stevens 1997) provides crucial information for the articulatory syn-
thesis of fricative consonants (Scully 1979; Scully and Allwood 1985; Scully,



Castelli, Brearley, and Shirt 1992). More specific studies of the articula-
tion of fricatives include the palatographic experiments of Fletcher (1989)
and Fletcher and Newman (1991), the extensive studies of tongue shapes
by Stone et al. (1992) and Stone and Lundberg (1996), and the MRI and
electropalatography experiments of Narayanan (1995) and Narayanan et al.
(1995). The study of the nature of the interaction between acoustic sources
and vocal tract shapes for constricted consonantal configurations (Stevens
1987; Stevens 1991; Badin 1991; Badin et al. 1994; Shadle 1995), and the
study of mechanical models by Shadle (1985, 1990, 1991), has supplied im-
portant data to drive various parametric multi- tube acoustic models (Zagar
1986; Vescovi and Castelli 1995; Liu and Lacroix 1997; Riegelsberger 1997;
Narayanan and Alwan 2000). See also the list of references for additional
reading on subjects related to fricative consonants at the end of this thesis.

Further research is needed to determine specific acoustic, aerodynamic and
articulatory attributes of fricatives. Analysis methods such as time aver-
aging and ensemble averaging (Shadle, Dobelke, and Scully 1992; Shadle,
Moulinier, Dobelke, and Scully 1992; Shadle, Mair, and Carter 1996), and
studies that establish cavity affiliation (Shadle et al. 1991) and the effect
of vowel context on the acoustic characteristics of fricatives (Shadle et al.
1995), have identified some parameters that might be useful for the analysis
of Portuguese fricative consonants. Researchers have used spectral moments
and locus equations on fricatives (Forrest et al. 1988; Sussman 1994; Jong-
man et al. 2000) without much success, although such techniques work well
on stops. A different parameter set, described in Chapter 6, based more on
the understanding of the acoustic mechanisms of fricative production, was
developed and tested against a large corpus of fricatives. An initial study,
based on an existing English and French fricative corpus, suggested some
fruitful directions to pursue (Shadle and Mair 1996).

1.4 Analysis of Portuguese Fricatives

One of the first specific studies of Portuguese fricatives was that of Lac-
erda and Rogers (1939), which consisted of the analysis of aerodynamic and
acoustic readings using very primitive methods. Johns (1972) observed, from
a study of slips of the tongue, that because of the difficulty of motor coordina-
tion during the production of unvoiced Portuguese fricatives, place of articu-
lation was often incorrectly executed. A study by Martins (1975) produced a



rank order of average duration and “intensity” of Portuguese fricatives. Un-
fortunately, the methodology used to measure amplitude is rather outdated
and averaging of results inappropriate (as shown in Chapters 4 and 5).

Lacerda (1982) describes the use of perceptual experiments to identify the
acoustic features of /f, s, [/. /f/ has a flat spectrum and low intensity level;
/s/ has a broad-band spectral peak between 4.1kHz and 5.7kHz, and high
intensity level; the energy in the high frequency bands (around 6 kHz) is per-
ceptually important for /s/; /[/ has a high intensity level and an important
broad-band spectral peak between 2.7kHz and 3.5 kHz.

The acoustic and aerodynamic study of Portuguese consonant clusters of
Andrade (1982, 1995) included an analysis of /asV/ sequences, where V was
one of the vowels /i, v, u/. Results showed that the duration of the frication
period is longer when the fricative is followed by /i/, because this vowel is
weakened, or even not produced, in final position.

Viana’s study of Portuguese plosives (Viana 1984) also includes the analysis
of fricative spectra. Results showed that fricative consonants have longer
average duration than the neighboring vowels, and that in final position, they
have lower average energy than in initial position. /f/ showed the weakest
spectra.

Martins et al. (1995) observed that when the vowel V; in /Vy[pVsy/ and
/V1[tVy/ sequences is weakened (or not produced), its formant structure
is somewhat “transferred” (as designated by the authors) to the following
fricative /[/, allowing the listener to perceive the V; vocalic segment.

Andrade et al. (1999) studied the acoustical and perceptual effects of round-
ing in /s/ produced by a male speaker. They observed, in spectrograms of
/si/ and /su/, that the peak frequencies were shifted down and the overall
amplitude diminished for the rounded vowel context. Results from percep-
tual tests of CVs generated by a formant synthesizer (Klatt 1980; Klatt and
Klatt 1990) revealed F2 as a relevant cue for the distinction between /si/

and /su/.

Regional variations of Portuguese (Cunha and Cintra 1992) result in some
instances of substitution of fricative /[/ by affricate /tf/ in the north of Por-
tugal, and various occurrences of phonemic variation, e.g. [s| as produced in
Viseu (Mateus 1996).



There have been many studies of the phonetics and phonology of Portuguese,
which have shown some interesting features of the language; it is unusually
rich in instances of vowel reduction, consonant clusters, and plosives that
are realized as fricatives (Viana 1984). The study of Portuguese fricative
consonants constitutes a challenging and complex research area, which is as
yet incompletely explored. This is in part due to the lack of specific speech
corpora that reflect the variety of phonetic contexts in which these speech
sounds occur and the large number of variations in fluent Portuguese speech.

1.5 Thesis Overview

This study focusses on the analysis of frication in Portuguese, by combining
analysis of fricative-rich Portuguese words and sentences with techniques
developed in previous work using more controlled nonsense utterances. The
corpus is described in Chapter 2. The segmentation and annotation of the
recorded material is described in Chapter 3. A detailed description of time
and frequency domain analysis methods is also included in Chapter 3. The
results of this analysis are presented in Chapter 4 (temporal and devoicing
analysis) and Chapter 5 (spectral analysis). Chapter 6 describes the pa-
rameterisation of the fricative spectra, done both to aid within- and across-
speaker comparisons, and as a first step towards modelling and synthesis of
the fricatives. A preliminary cross-language study of Portuguese and En-
glish fricatives produced by two bilingual siblings is described in Chapter 7.
Conclusions and future work are presented in Chapter 8.



Chapter 2

Design and Recording of a
Corpus of Portuguese Fricatives

2.1 Introduction

A speech corpus has been designed to explore the fricatives of standard Eu-
ropean Portuguese. The phonetic and phonological evidence underlying the
design of the corpus are described in the sections that follow. The complete
corpus is described in Appendices A and B. We used methodology of previ-
ous fricative studies, begun with the EC SCIENCE “Fricative” Project, con-
ducted by Shadle et al. (Shadle 1992; Shadle and Carter 1993). That study
was focused on characterizing fricatives in general. Here, that methodology
has been adapted to focus on Portuguese fricatives in particular, and thus
uses real words and phonology of Portuguese.

2.2 Design

A rich variety of phonetic contexts using both real Portuguese words and non-
sense words was selected to study the most relevant phoneme variants, and
describe the spectral and articulatory characteristics of Portuguese fricative
consonants. The corpora also included sustained fricatives, which are better
controlled (no phenomena such as coarticulation or devoicing occur during



the production of sustained fricatives) and easier to analyse than those in
words.

Fricatives that were produced more naturally, but still with contextual and
stress control, were studied using a corpus of nonsense words. To produce ex-
amples that would be phonotactically possible words in Portuguese, the non-
sense words all followed these generally accepted (for European Portuguese)
language - specific phonological rules (Mateus and Andrade 2000, p.11):

1. any of the vowels /i, e, €, ®, a, 9, 0, u, 1, &, ®, 0, u/ can occur in the
tonic syllable !;

2. any of the vowels /i, i, e, €, ®, a, 0, 0, u, 1, &, ®, 0, U/ can occur before
the tonic syllable;

3. only vowels /i, i, ®, u/ can occur after the tonic syllable;
4. the vowel /i/ does not appear in final position;
5. the fricatives /f, v, s, 7z, [, 3/ can all occur in initial and medial positions;

6. /[/ is the only fricative that can occur in word - final position.

In addition to these constraints and to facilitate comparisons, the corpora
were designed to be compatible where possible with the fricative corpora
recorded of English, American, French and German subjects (Shadle 1992;
Shadle and Carter 1993).

2.2.1 Corpus 1: Sustained Fricatives

Corpus 1la consisted of a set of VCV sequences, where V belongs to the
reduced set of Portuguese vowels /i, e, u/, and C is one of the Portuguese
fricative consonants /f, v, s, z, [, 3/ sustained for 5s (see Appendix B).
As shown by Shadle et al. (1996), the vowel context, even for sustained
examples, influences the articulatory and spectral characteristics of fricatives.
Since the vocalic contexts of Corpus la overlap with those of Corpus 3 (set

!Tonic syllable — syllable which carries maximal prominence, usually owing to a major
pitch change (Crystal 1997).



of Portuguese words), it is possible to make a comparative study between
the fricatives produced within these two experimental conditions.

A separate set of Portuguese fricative consonants, sustained for 3 s, at medium,
soft and loud effort levels, was also recorded (and is called Corpus 1b). Ideally
we would like the articulation to be held constant, and only the mean flow
velocity at the constriction during its production to be varied. We attempt
to elicit this by asking for a variation in effort level.

2.2.2 Corpus 2: Nonsense Words

Corpus 2 (see Appendix B) consisted of /pV;CV;/ sequences, where Vi, Vs
were one of the vowels /i, ®, u/. The set comprised all possible vowel and
fricative permutations, each repeated about 12 times in one breath. The
phoneme /p/ is an easily identifiable marker for segmentation and spectral
analysis, and has been used in Rothenberg mask recordings by Shadle et al.
(Shadle 1992; Shadle and Carter 1993) to measure the subglottal pressure
and to check where the zero is in the recorded time signal (no flow velocity).

The stress was placed according to language - specific phonological rules, and
subjects were instructed to keep it the same through all the repetitions. The
subjects were not always able either to produce the indicated stress pattern
or to produce a different pattern consistently, so there were some instances
with equal stress in both syllables, and with deleted vowels.

2.2.3 Corpus 3: Real Words

Corpus 3 consisted of 154 words, each said within the frame sentence Diga

.., por favor /'dige ... pur 'fevor/, which was used to record the words in
the corpus in a balanced phonetic context and with a neutral prosody. The
words, listed in Appendix A, were presented in a randomised order.

The 154 words consist of 8 words forming nearly minimal pairs with the
pattern /FVFVy/; 54 words with the pattern /FV_/ (fricative in initial po-
sition); 69 words with the pattern / _V;FV,_/ (fricative in medial position);
and 23 words with the pattern /_VF/ (fricative in final position).



The vowels in words with sequences /FVFVy/, /FV/, /VFVy/ and /VF/
have been divided into three groups according to their location in the vowel
triangle: /i, i, ¢/ — group 1; /e, ®, a/ — group 2; /o, o, u/ — group 3.
Appendix A lists examples with nearly all Portuguese non - nasal vowels pre-
ceding each of the fricatives, followed by one vowel from each of the vowel
groups.

The vowel /i/ is generally deleted in final position, as shown by Andrade
(1994), and so the resulting allophone is not expected to influence the pre-
ceding fricative. Therefore words such as chefe /'[efi/, ave ['avi/ and asse
/'asi/, were used to ‘simulate’ final position contexts. As mentioned by Ma-
teus and Andrade (2000), phonologically, only /[/ can occur in final position,
but phonetically any fricative can be found in final word position as a con-
sequence of deletion of unstressed vowels. Appendix A lists examples of
Portuguese words with fricative consonants in final position.

2.2.4 Corpus 4: Real Words in Connected Speech

Corpus 4 consisted of a set of sentences (see Appendix A) including 60 words
from Corpus 3. Ten of the sentences are meaningful; two include word bound-
aries within some of the phonetic sequences in Corpus 3, but are semantically
nonsense.

2.3 Recording Method

The subjects used in this study were two male (LMTJ and CFGA) and two
female (ACC and ISSS) adult Portuguese native speakers, with no reported
history of hearing or speech disorders. Subject LMTJ, age 26, is from the
city of Aveiro (at the centre of Portugal), and CFGA, age 26, is from Braga
(in north Portugal). Speaker ACC, age 33, is from Sintra (a city very close
to Lisbon), and ISSS, age 21, is from Lisbon. At the time of the recordings
all subjects had been studying in England for a period of two to three years.

Recordings were made in a sound treated room using a Bruel & Kjaer 4165
% inch microphone located 1 m in front of the subject’s mouth, connected to a
Bruel & Kjaer 2639 pre - amplifier. The signal was amplified and filtered by a
Bruel & Kjaer 2636 measurement amplifier, with high - pass cut - on frequency
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of 22 Hz and low - pass cut - off frequency of 22kHz. A laryngograph signal
(Lx) was also collected using a laryngograph processor ?. The acoustic speech
signal and Lx were recorded with a Sony TCD-D7 DAT system at 16 bits,
with a sampling frequency of 48 kHz, and digitally transferred to a computer
for post - processing. A 94dB, 1000 Hz calibration tone produced by a Bruel
& Kjaer 4620 calibrator was also recorded on the same tape on which speech
was recorded (see Appendix C).

2.4 Summary

In this chapter, the design of the speech corpus and the underlying phono-
logical rules that determined the selection of Portuguese words and nonsense
words have been described. Details of a corpus of sustained fricatives and a
corpus of Portuguese sentences have also been presented. This chapter has
also provided a description of the recording apparatus and techniques. Chap-
ter 3 describes the segmentation and annotation, and presents the various
methods used to analyse the speech corpora.

2Model LxProc, type PCLX produced by Laryngograph Ltd (UK).
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Chapter 3

Methods for Segmentation,
Annotation, and Analysis

3.1 Introduction

This chapter describes the method used to segment and annotate the various
corpora presented previously. This is followed by an extensive definition of
both a manual method and an automatic method to determine if a fricative
is devoiced. Finally we describe the three techniques used to average the
power spectra of the fricatives: time-averaging, frequency -averaging and
ensemble - averaging.

3.2 Segmentation and Annotation

The data on the DAT tape were digitally transferred to .wav computer files,
which contain the acoustic speech signal in the right channel and the laryngo-
graph signal on the left channel, recorded at 16 bit, with a sampling frequency
of 48 kHz.

The time waveforms of all the corpus words were manually analysed to detect

the start of the vowel - fricative transition, the start of the fricative, the end
of the fricative, and the start of the fricative-vowel transition. During the
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vowel - fricative transition, there is a decrease in amplitude, voicing ceases
(for unvoiced fricatives) and frication noise starts, as shown in Figure 3.1.
During the fricative - vowel transition, there is an increase in amplitude, voic-
ing starts (for unvoiced fricatives) and frication noise ceases (Docherty 1992,
pp. 118-119). These events do not occur simultaneously or always in the
same order, making the segmentation a somewhat subjective process. How-
ever, it is important to segment consistently, because the results of the anal-
ysis methods depend on where the boundaries are placed (Docherty 1992,
pp.103-110). The amplitude and voicing changes appear in both acoustic
and Lx signals, which aids the segmentation process. For example, as can
be seen in Figure 3.1, the F'V transition also includes some frication noise
because we've established that an unvoiced fricative would only correspond
to a steady - state noise segment.

laryngograph signal

0.3

L L L L
¢ 200 ¢ 250 300 350 ¢ \400
start VF trans.  start fricative end fricative end FV trans.

acoustic signal

Amplitude

0.1p

I I I
200 250 300 350 400

Time (ms)

Figure 3.1: Laryngograph signal and acoustic signal of fricative /f/ in café
/ke'fe/, showing the start of the vowel- fricative transition, the start of
the fricative, the end of the fricative, and the end of the fricative - vowel
transition. Corpus 3 (Speaker LMTJ).

The laryngograph signal was also used in the decision process to determine
the VF and FV boundaries (see Figure 3.1). For unreduced vowels there
was always significant voicing, and for the duration of most fricatives the
laryngograph signal changed drastically. Therefore, the amplitude of the
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laryngograph signal was an important cue in determining the boundaries
between the different phones. When it was not clear from the acoustic signal
where the fricative started and ended (especially for voiced fricatives), the
laryngograph signal was used as an additional cue, because its amplitude
diminishes during the VF' transition and increases during the F'V transition.

The annotation files generated for Corpus 3, which have been used by various
analysis programs, consist of eight sample numbers referring to the following
locations within the corpus word:

1. start of first vowel - fricative transition;

2. start of first fricative;

3. end of first fricative (or start of first fricative - vowel transition);

4. end of first fricative - vowel transition;

5. start of second vowel - fricative transition;

6. start of second fricative;

7. end of second fricative (or start of second fricative - vowel transition);

8. end of second fricative - vowel transition.

For corpus words with only one fricative (e.g. fala /'fale/), values 5 through 8
are set to zero.

In examples such as este /'efti/, where we have a vowel - fricative - plosive
segment, the fourth annotated value corresponds to the end of first frica-
tive - plosive transition. When the words contain a final fricative, the fourth
annotated value has the same sample value as the third, or the fourth anno-
tated value corresponds to a marker in the “silence” that follows the fricative.

The four speakers produced, on average, more than 12 repetitions of each
nonsense word in Corpus 2. However, the first and last, and any atypical
tokens were eliminated, thus resulting in ensembles of nine tokens each (see
Section 3.5.2).

We have also created a set of files containing a phonetic transcription, ac-

cording to the International Phonetic Alphabet (IPA 1999), of all recorded
speech material.
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3.3 Devoicing

In the word corpora, there were large amounts of devoicing. When the vocal
tract is constricted for a voiced fricative, voicing is often maintained only over
part of the fricative, because if strong voicing was to be maintained then
the amplitude of the noise source would become small, whereas a strong
noise source can only be achieved at the expense of weakened voicing or
cessation of voicing (Stevens 1987, p.388). When voiced fricatives devoice, it
is with a whisper phonation (Abercrombie 1967, p.137), distinguishing them
from their voiceless counterparts which are realised with a glottal abduction
gesture. Smith (1997) also suggested that the glottis is in a state intermediate
between voicing and voicelessness, like the state of the glottis that is used in
whisper, with the glottis open but the folds very close together. The signal
shown in Figure 3.2 is one such case. It corresponds to a segment that starts
at the onset of the VF transition, and ends at offset of the FV transition.
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Figure 3.2: Laryngograph signal and acoustic signal of fricative /z/ in diga
zarpar /'dige zer'par/. The dashed lines mark the start and end of the
fricative. Corpus 3 (Speaker LMTJ).

Haggard (1978) defined devoicing as presence of measurable friction in the

absence of continued glottal vibration, i.e., the periodic component of the
voiced fricative ceased before the friction component.
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Smith (1997, p. 478) used a criterion for devoicing in American English based
on the amplitude of the electroglottograph (EGG) cycles:

The fricative was considered to be voiced during the portion of
its duration that the amplitude of the EGG cycles exceeded one -
tenth of the EGG cycle amplitude at the time of maximum energy
in the preceding vowel.

She described three processes which may result in devoicing: an assimilatory
process, in which the position of the vocal folds is more open (a change in
articulation); a lenition process, in which the transglottal pressure drop or
the volume velocity of the airflow across the glottis is insufficient to maintain
vocal fold vibration (a change in aerodynamics); and a change in the aerody-
namic conditions caused by the articulatory movement of the supralaryngeal
constriction.

A study by Pirello et al. (1997, p.3756) presents an alternative measure of
voicing based on the acoustic signal:

An amplitude difference greater than 10dB between the ampli-
tude of the vowel and frication noise was classified as voiceless.
A difference of less than or equal to 10 dB sustained over 30ms
was classified as voiced.

Both the acoustic signal and the laryngograph signal were used to determine
if a fricative was devoiced. A fricative was called devoiced when less than
one - third of the frication interval showed periodic structure in the acoustic or
laryngograph signals. The term partially devoiced was used when more than
one - third but less than half of the frication interval contained steady acoustic
and laryngograph signal cycles. A fricative was called voiced when more than
half of the frication interval showed steady acoustic and laryngograph signal
cycles, even if the amplitude was much lower than in the vowel (Docherty
1992, p.13). If the laryngograph signal was clearly periodic, the interval
was classified as voiced; if the laryngograph signal was zero or distorted, the
signal was classified as voiced only if the acoustic signal was unambiguously
periodic.

In Chapter 4 we present an inventory of all cases of devoicing, a detailed

analysis of the devoicing patterns found, and try to identify the factors (such
as vowel context, word position, etc.) influencing this phenomenon.
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3.3.1 Automatic Criterion for Devoicing

As pointed out by Docherty (1992, p. 102), a number of techniques for auto-
matically detecting whether a portion of a signal is voiced or not has been
used in the past, but proved to be unsuitable for fricatives because in this
class of speech sounds voicing has low energy. Therefore a new criterion,
based on the laryngograph signal, was tested for the corpora used in the
present study. The sample mean

1 N

i=1

and sample variance

o2(z) = ﬁ > (i — 7" (3.2)

of the laryngograph signal xy were calculated during the VF transition and
during the fricative. The ratio of variances of the two intervals,

o; (x)

Ta2(x) = s (33)
MNGTE

where o7 (x) is the variance of the signal during the VF transition and o (x)
is the variance of the signal during the fricative, was used as an automatic
criterion for devoicing. Obviously the ratio gets bigger if the laryngograph
signal during the fricative gets really small relative to the transition. A
heuristic threshold of 15 was used: for r,2(,) > 15, the fricative is labelled
devoiced; if 152(,) < 15, wvoiced. Fricatives manually classified as partially
voiced were considered to be in the devoiced category when comparing the
manual and automatic criteria.

The laryngograph signal presents, in some voiced fricative examples and in
most unvoiced fricative examples, a slowly increasing or decreasing amplitude
over the frication interval, which results in a large variance, and therefore a
misclassification as voiced. This problem has been solved using an averaged
T'y2(z)- We have computed the mean T and the variance o*(x) for three con-
secutive equal length sections of the frication interval, calculated the average
frication interval variance, and used it to compute a new ratio of variances.
We have tried to use a larger number of sections over which we calculate the
averaged r,>(,) but this does not improve significantly the efficiency of this
measure of devoicing.
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3.3.2 Vowel Reduction

Another striking feature of the corpus is the large number of highly reduced
vowels, which are often also devoiced. Figure 3.3 shows an example of a
reduced /u/, and Figure 3.4 shows a reduced /i/. There are different patterns
of reduction (reduced throughout, partially reduced, ...) depending on the
phonetic context. Vowel reduction results in a larger number of word - final
fricatives and consonant clusters with a fricative, both factors contributing
to devoicing of the fricative, especially if the phoneme preceding or following
the fricative is devoiced (Hogan and Rozsypal 1980; Stevens et al. 1992;
Pirello et al. 1997; Smith 1997).
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Figure 3.3: Laryngograph signal and acoustic signal of /iv/ transition, frica-
tive /v/ and /vu/ transition where /u/ is reduced (from the word altivo
[al'tiv]). The dashed lines mark the start and end of the fricative. Corpus 3
(Speaker LMTJ).
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Figure 3.4: Laryngograph signal and acoustic signal of /es/ transition, frica-
tive /s/ and /si/ transition where /i/ is reduced (from the word péssego
[pesgu]). The dashed lines mark the start and end of the fricative. Cor-
pus 3 (Speaker LMTJ).

3.4 Uvular Fricatives and Voiceless Tapped
Alveolar Fricatives

The voiced uvular fricative [s] has been referred to in a book by Mateus
and Andrade (2000) as forming part of the phonetic repertoire of European
Portuguese, manifested in a rhotic phonological role (of the uvular trill /r/).
The voiceless uvular fricative [x] is mentioned in the same book as a phone
in Brazilian Portuguese. Ladefoged and Maddieson (1996, pp. 166-167) re-
ported uvular fricatives in a number of different languages, and assumed these
had similar “vocal tract shape” as uvular stops. For an extensive articulatory
study of pharyngeal consonants see the work of Esling (1996).

To our knowledge, there is no reference to the voiceless tapped alveolar frica-
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tive [¢] in any study of European Portuguese. Voiceless tapped alveolar
fricatives are described by Laver (1994, p.263) as follows:

A tapped fricative is made by a swift movement of the active
articulator towards the passive articulator, but where the max-
imum degree of stricture reached is that of close approximation
rather than complete closure.

This constriction of the vocal tract lasts for a very short time and results in
a low amplitude burst of frication noise. Laver (1994) mentions a Nigerian
language, Etsako, that uses a tense voiceless tapped alveolar fricative. Lade-
foged and Maddieson (1996, pp. 232 -242) also reported several examples of
“fricative rhotics” in various world languages (e.g. English, French, Czech,
Edo). Solé et al. (1998) analysed the variation, impairment and extinction
of voiced and voiceless trills as a function of intraoral pressure and airflow.
Results revealed that the intraoral pressure and airflow conditions for voiced
trills and fricatives are very similar. As the intraoral pressure dropped below
a certain threshold trilling ceased, resulting in a fricative.

During the annotation phase, we noticed that 100 words contained a sec-
ond fricative, besides the one initially selected for analysis. These included
21 examples of [x], similar to that shown in Figure 3.5, and two of its voiced
counterpart [B].

Some of the speech segments (“noisy signals” very similar to those of frica-
tives) were classified as voiceless tapped alveolar fricatives [¢], because for
most of the examples in the corpus they were given the rhotic /r/ phonologi-
cal role. However, they also took the phonological role of an uvular trill /r/,
as can be seen in Tables 3.1 and 3.2.

Not all of the examples from Corpus 3 and 4 were reported in Tables E.1
to E.3 and used for analysis because some of the fricatives were part of a
consonant cluster where it was impossible to determine precise boundaries
for each phoneme. Also from the phonetic transcriptions of Tables E.3 to E.6
we can see that the speakers sometimes produced the close vowel [i] following
or preceding [¢], and that there was one tap [¢] followed by [¢] and tapped
fricative [c] - tap [¢] clusters.
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Figure 3.5. Laryngograph signal and acoustic signal of fricative [x] in relevo

le yilev] (preceded by the word diga [dige]).

start and end of the fricative. Corpus 3 (Speaker ISSS).

The dashed lines mark the

Table 3.1: Number of occurrences of phones [r], [x] and [8], and their
particular phonological role.
| Corpus | Speaker | [g] | [x] 5] |
3 LMTJ - -
3 CFGA | 1 | 5- /r/ phon. role | 1 — /&/ phon. role
1 - /¢/ phon. role

3 ACC 1 | 1- /r/ phon. role | 1 - /r/ phon. role
3 ISSS - | 6 — /r/ phon. role -
4 LMTJ - - -
4 CFGA | - |5 /r/phon. role |1 /r/ phon. role
4 ACC - - -
4 ISSS - | 4 - /r/ phon. role -
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Table 3.2: Number of occurrences of phones [¢] and [c], and their particular
phonological role.

‘ Corpus ‘ Speaker ‘ [c] ‘ ¢]
3 LMTJ 25 26 /r/ phon. role
2 /r/ phon. role

3 CFGA o0 -
3 ACC 30 22 /¢/ phon. role
2 /r/ phon. role
3 ISSS 42 8 /r/ phon. role
4 LMTJ 28 9 /c/ phon. role
4 /r/ phon. role
4 CFGA 61 2 /r/ phon. role
4 ACC | 51 — /¢/ phon. role | 9 — /¢/ phon. role
3 /r/ phon. role | 3 /r/ phon. role
4 ISSS 37 6 — /c/ phon. role

3.5 Spectral Analysis of Labiodental,
Alveolar and Postalveolar Fricatives

Stochastic signals require some form of averaging for their spectra to be
both consistent and low - error estimates of the underlying distribution (Ben-
dat and Piersol 2000, pp. 423-442). For a stationary signal, time - averaging
can be used; for nonstationary signals where an ensemble exists, ensem-
ble - averaging can be used; or a single spectrum can be smoothed, and the
averaging achieved at the expense of frequency resolution. We varied the
method according to corpus. In Corpus 2, where multiple tokens of the non-
sense words existed, ensemble - averaging was used; time - averaging was used
elsewhere (Corpus la, 1b, 3 and 4), as shown in Figure 3.6.
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Corpus 2 /Winﬂjows\
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Figure 3.6: Diagram showing how windows are placed within fricative to-
kens, and how the corresponding power spectra Xj(f) are combined to
compute ensemble and time averaged spectra.

3.5.1 Time- Averaged Spectra

The first phase of spectral analysis consisted of a study of the averaged Dis-
crete Fourier Transform (DFT) spectra, used to see the broad characteristics
of the fricatives. The duration of the windows (10ms both for time and
ensemble - averaging) was chosen so that a reasonable number of windows
could be used to cover adequately the wide range of fricative durations in
the corpora (from 40ms to 200 ms). For the shorter fricatives the windows
overlapped. We used nine windows to calculate the averaged spectra, because
observation of Corpus 2 indicated that there were always at least nine valid
repetitions of the nonsense words. This allowed us to compare the spectra of
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fricatives calculated from real Portuguese words (Corpus 3 and 4) with the
ensemble - averaged spectra of nonsense words.

A window’s placement was related to the proportion of the distance through
the fricative interval. Thus, regardless of the fricative length, the segments
used to calculate the averaged spectra were always placed in a time position
that corresponded to the same speech event. This allowed us to compare the
spectra of short and long fricatives.

We used time - averaging with nine 10 ms Hamming windows, one left - aligned
to the start of the fricative, one right - aligned to the end of the fricative, one
centered at the middle of the fricative, and the rest evenly distributed in be-
tween (centered at %, %, %, %, % and % times the total length of the fricative).
This meant that the amount of overlap varied according to fricative duration.
The longest fricatives (~ 200ms) had zero overlap, as shown in Figure 3.7;
the shortest (~ 40ms) had approximately 60% overlap, as shown in Fig-
ure 3.8, between successive windows. The time-averaged power spectrum

for each fricative is given by

Pr(f) = 5 S G (3.0

where X; is the DFT of a portion of the fricative signal, z;, corresponding to
the ith windowed segment.

0 1/8 1/4 3/8 1/2 5/8 3/4 7/8 1
|
I
1 - 4 1 L L 5L

windows

Figure 3.7: Placement of windows for the calculation of the time - averaged
spectrum of a fricative (more than 120 ms).
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Figure 3.8: Placement of windows for the calculation of the time - averaged
spectrum of a fricative (less than 120 ms).

The same time-averaging technique was used to calculate the spectra of
sustained fricatives in Corpus la and Corpus 1b, but since the sustained
fricatives were so long, we used N = 100 windows (each 10ms long). A
comparative study of all fricatives in different phonetic contexts was therefore
possible. For example, the main spectral peak of fricative /s/ in Figure 3.9
is shifted down when compared with the spectra of the same fricative shown
in Figure 3.10 (for medium effort level it is actually fairly similar), because
of the rounded vowel /u/ context.
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Figure 3.9: Time- averaged spectrum of sustained fricative /ussss ... u/.

The dashed curve is the averaged spectrum of the room noise. Corpus la
(Speaker LMTJ).
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Figure 3.10: Time-averaged spectra of fricative /s/ sustained at three dif-
ferent effort levels: soft (dotted line), medium (dash - dotted line) and loud

(solid line). The dashed curve is the averaged spectrum of the room noise.
Corpus 1b (Speaker LMTJ).
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An example of the time-averaged spectrum of a fricative in a Portuguese
word is presented in Figure 3.11. The spectrum is not shown above 20 kHz
because human hearing does not usually go beyond that limit (and the low -
pass frequency is 22 kHz), and the spectrum below 22 Hz has also been filtered
out (0Hz in the figure actually corresponds to 21 Hz of the whole frequency
range) because it clearly corresponds to room noise and other external arti-
facts. The dashed curve in the same figure corresponds to the time average
of the room noise (N = 500; 10 ms windows). The figure has a significant low
frequency peak that corresponds to room noise. The speech signal amplitude
is considerably higher than the noise amplitude for most of the examples.

In the future we should also consider having a neutral vowel /a/ context for
fricatives in Corpus 1b, because the speaker naturally uses some vowel before
starting the production of the actual fricative.

20

10 b

Amplitude (dB)

14 16 18 20

8 10 12
Frequency (kHz)

Figure 3.11: Time - averaged spectrum of fricative /3/ in jaqueta /3ze’kete/.
The dashed curve is the averaged spectrum of the room noise. Corpus 3

(Speaker LMTJ).
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3.5.2 Ensemble- Averaged Spectra

Ensemble averaging, based on one DF'T computed at the same event in each
of nine tokens, was used for Corpus 2. Three 10 ms windows located relative
to events within one fricative were used: one left - aligned to the start of the
fricative, one centred at the centre of the fricative, and one right - aligned to
the end of the fricative, as shown in Figure 3.12. The ensemble - averaged
power spectrum of each fricative is given by

Po(f) = 5 3 1Nl (3.5)

k=1

where X, is the DFT of a portion of the fricative signal, x, corresponding
to the windowed segment (at the beginning, middle or end of the fricative) of
the kth token. Figure 3.13 shows examples of the ensemble - averaged spectra
of fricative /f/ in Corpus 2.

/wmdows\

token 1|_| 1

1
token SIﬁ ﬁ ﬁ
1

Figure 3.12: Schematic drawing of the placement of windows for the cal-
culation of the ensemble - averaged spectra of fricative consonants, allowing
for differing lengths of tokens.
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Figure 3.13: Ensemble-averaged spectra of fricative in /pefe/; Top: be-
ginning of the fricative; Centre: middle of the fricative; Bottom: end of

the fricative. The dashed curve is the time - averaged spectrum of the room
noise. Corpus 2 (Speaker CFGA).
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3.6 Spectral Analysis of Uvular Fricatives and
Voiceless Tapped Alveolar Fricatives

The spectral smoothing procedure was different from the one used to analyse
fricatives /f, v, s, z, [, 3/. Since some of the fricatives were very short
(11 to 117 ms), the necessary spectral averaging was achieved by first time-
averaging and then spectral smoothing. Time-averaged spectra such as the
one shown in Figure 3.14 (top), computed using three 10 ms windows (one
left - aligned to the start of the fricative, one right - aligned to the end of the
fricative and one centred at the middle of the fricative), were smoothed in
the frequency domain (according to Bendat and Piersol 2000, pp.432-434)
by averaging together the results of 10 contiguous spectral components (see
Figure 3.14, bottom).
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Figure 3.14: Time-averaged (top) and time and frequency - averaged (bot-
tom) spectra of fricative [x| in “ressaca” [e y'sake| (preceded by the word
“diga” ['dige]). The dashed curve is the time-averaged spectrum of the

room noise. Corpus 4 (Speaker CFGA).

3.7 Summary

In this chapter the method used to segment and annotate the corpora has
been described. This was followed by the definitions of manual and au-
tomatic criteria for voicing classification. Techniques used to average the
power spectra of the fricatives (time-averaging, frequency -averaging and
ensemble - averaging) were also presented.

31



Chapter 4

Results of Temporal and
Devoicing Analysis

4.1 Introduction

This chapter presents a detailed discussion of the results from the tempo-
ral analysis of both the acoustic and laryngograph signals. This includes
detailing the durations of the fricatives, and of the VF and FV transitions
(Corpora 3 and 4) and a study of devoicing in Corpora 2, 3 and 4, together
with discussion of some possible causes of this phenomenon. The correlation
between devoicing and duration was also investigated.

Two devoicing criteria (a manual criterion and a criterion based on the ratio
of variances of the laryngograph signal during the VF transition and during
the fricative) were used to classify the examples into two/three categories.
The results of the automatic measure of devoicing are compared with the
manual ones, and an explanation for observed misclassifications is presented.
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4.2 Duration of Fricatives, and of the VF and
FV Transitions

There have been various studies in the past reporting the duration of frica-
tives, and of the VF and FV transitions, which identified several temporal
cues aiding the perception of these sounds. The most relevant to the study
presented in this thesis are revised in the section that follows.

4.2.1 Literature Review

Research results characterising the duration of American English fricatives
include those of Behrens and Blumstein (1988) for voiceless fricatives in non-
sense words: /f/ — 149 ms; /0/ — 134 ms; /s/ — 174 ms; /[/ — 175 ms. Stevens
et al. (1992) also used nonsense words, but obtained significantly different
results: /f/  94ms; /v/ 64ms; /s/ 108ms; /z/ T78ms. They observed
that the preceding vowel was longer when followed by a voiced fricative.
Pirello et al. (1997) showed that the alveolar fricatives /s, z/ tend to have
longer durations than the labiodental fricatives /f, v/ (mean durations in VC
syllables said in isolation: /f/ 214ms; /v/ 128ms; /s/ 236ms; /z/

167 ms). Although vowel length played a role in the perception of voicing in
word - final fricatives, it did not serve such a role in word - initial fricatives.
Jongman et al. (2000) showed that the mean duration of fricatives, produced
by 20 American English Speakers in nonsense words, differed significantly for
sibilants ! versus nonsibilants: /f/ 166ms; /v/ 80ms; /0/ 163ms; /3/

88ms; /s/ 178ms; /z/ 118ms; /[/ 178ms; /3/ 123 ms.

Docherty (1992), in a study of British English obstruents in real words said
in isolation and in a carrier sentence, reported mean durations of 110 ms for
/f/, of 108 ms for /0/ and of 137ms for /s/. The mean durations accord-
ing to word - position are shown in Table 4.1. Results for Hebrew reported
by Berkovits (1993) showed that the position in the sentence played an im-
portant role in the duration of word - final fricatives: sentence - medial /f/

84 ms; sentence- final /f/ — 235 ms; sentence - medial /v/ — 63 ms; sentence -
final /v/ — 184 ms; sentence - medial /x/ — 80 ms; sentence- final /x/ — 257 ms.

! Sibilant a fricative sound made by producing a narrow, groove - like stricture between
the blade of the tongue and the back part of the alveolar ridge (Crystal 1997); /s, z/ and
/[, 3/ are examples. This is a phonetic classification based on the manner of articulation
(see also definition of strident on page 89).
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Table 4.1: Mean durations of British English fricatives in ms. After
Docherty (1992).

| NARAVAVOAVOANOANA
| Word - Initial | 158 | 91 [ 143 | 62 [ 157 | 102 [ 156 |
| Word-Final | 132 [ 103 [ 125 | 85 [ 167 | 99 [ 168 |

The difference in duration between unvoiced and voiced fricatives has been
reported in many studies. One of the earliest ones was that of Slis and
Cohen (1969), who reported unvoiced fricatives were on average 50 ms longer
than voiced for Dutch. O’Shaughnessy (1974) proposed a durational model
for the synthesis of American English consonants, observing that unvoiced
fricatives were on average 30-40ms longer than voiced fricatives, and that
word - initial consonants were longer than word - final consonants. The results
of Docherty (1992) also clearly showed that the duration of British English
unvoiced fricatives was longer than their voiced counterparts, as shown in
Table 4.1. Scully, in an acoustic and aerodynamic study of British English
real words, reported mean durations of 90 ms for /s/ and of 45 ms for /z/, but
also concluded that the “relative durations of vowels and fricatives are crucial
for the perception of the [Vs] versus [Vz| contrast in English ...” (Scully 1979,
p.46), a fact which had been previously reported in a perceptual study of
American English by Cole and Cooper (1975, pp. 1286 - 1287):

In general, the primary cue for voiced - voiceless distinctions in
syllable - final fricatives appears to be the ratio of durations of
the frication and the preceding vowel, whereas the primary cue in
syllable - initial fricatives appears to be duration of the following
vowel.

These are interesting conclusions which will be referred to briefly when the
results for Portuguese are discussed in Section 4.2.2. It is worth investigating
further if Portuguese has the same duration cues.

Hogan and Rozsypal (1980) reported that the durations of Canadian English
word - final /f/ and /s/ were longer on average than their voiced counterparts
/v/ and /z/. Manrique and Massone’s (1981) study of Argentine Spanish
fricatives showed that the average durations of voiceless fricatives were 850 ms
in isolation and 550 ms in CV context, and the durations of voiced fricatives
were 400ms in isolation and 250ms in CV context. Soli (1982, pp. 376 -
377), in a study of American English, showed that the proportional durations
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of the transition and steady-state portions of the vowel in nonsense words
(utterances of /jus/ and /juz/), were the main source of fricative information
in the time domain:

. as the duration of a vowel is lengthened or shortened due to
the voicing of a postvocalic fricative, the relative timing of the
transition and steady-state portions of the vowel is also mod-
ified. These differences in the temporal structure of the vowel
were shown to provide information for the voicing contrast, indi-
cating that the vowel structure can combine with durational cues
to specify linguistic information... Moreover, it appears that in
natural speech the preceding vowel contains the major voicing
cues for a final fricative, while the acoustic characteristics of the
friction noise itself provide secondary voicing cues.

Scully et al. (1992, p.40) stated that the underlying perceptual mechanisms
of voiced - voiceless contrast should also be taken into account:

The cross-over point for the perception of a voiced vs. voice-
less fricative seemed to be associated with continued presence or
absence of voicing at the time of rapid formant transitions asso-
ciated with rapid changes of the vocal tract alveolar constriction
cross - section areas.

Baum and Blumstein’s (1987) acoustic and perceptual analysis of durational
characteristics distinguishing American English fricatives in nonsense words
showed that while the overall mean value of the voiceless fricatives (/f/

149ms, /6/ 134ms and /s/ 174ms) was longer than the voiced frica-
tives (/v/ 116ms, /0/ 107ms and /z/ 152ms), there was considerable
overlap in the duration distribution of voiced and voiceless fricative tokens.
This was later confirmed by Crystal and House (1988), who also found that
voiceless fricatives were longer than voiced fricatives (47 ms difference), and
that the probability density distribution curves of the durations of voiced and
voiceless fricatives, overlapped significantly, as shown in Figure 4.1. Stevens
et al. (1992) reported a 30 ms voiced - voiceless difference for American En-
glish. Smith (1995, 1997) reported that the duration of frication of Ameri-
can English /z/ was shorter than for /s/, and that vowels were significantly
longer before /z/ than before /s/. Mair and Shadle (1996) studied voiced -
voiceless distinction using EPG, acoustic and aerodynamic data for a male

35



French speaker, by comparing the voiceless- voiced pairs /s, z/ and /[, 3/
in nonsense words. A detailed statistical study revealed that the duration
of voiceless fricatives was longer, and that durations of the preceding and
following vowels were longer for voiced fricative consonants. The total VCV
duration was longer for voiced fricatives, and voicing amplitude diminished
earlier and resumed later in the voiceless compared with the voiced fricatives.

A variety of work has also concentrated on investigating the influence of
stress on fricative durations. Klatt (1971, 1974) studied real word-level
phenomena (stress, word position, number of syllables, etc.) that influenced
the duration of /s/ produced by three male American English speakers (RK,
KNS and DHK). Analysis of broadband spectrograms showed that the mean
fricative durations, in words where /s/ was in various sV, VsV and sV vowel
contexts (the corpus also included words where /s/ was part of a consonant
cluster), were 127 ms for RK, 125 ms for KNS and 100 ms for DHK. Stressed
/s/ was approximately 15% longer than /s/ in an unstressed syllable (see
Table 4.2). The duration of /s/ in a word with many syllables was shorter
than in single syllable words, but /s/ was more resistant to shortening than
vowels.

Table 4.2: Duration of fricative /s/ in ms for American English speakers
RK, KNS and DHK. After Klatt (1971, 1974).

| [RK | KNS | DHK |
Word - initial and stressed (primary) | 142 | 140 | 106
Word - initial and stressed (secondary) | 122 | 125 93
Word - initial and unstressed 118 | 119 96
Word - medial and stressed (primary) | 136 | 131 | 108
Word - medial and stressed (secondary) | 134 | 116 | 95
Word - medial and unstressed 115 | 117 96
Word - final 130 | 121 98

However, in a more complete study of connected discourse read by an Amer-
ican English speaker, Klatt (1975) reported little or no effect of stress on the
mean duration of fricatives, as shown in Table 4.3. The results of Crystal
and House (1988) are also inconclusive regarding the effect of stress. The
probability densities of the durations of fricatives occurring in stressed and
unstressed syllables overlapped significantly, as shown in Figure 4.1. How-
ever, the results of Manrique and Massone’s (1981) study of Argentine Span-
ish fricatives showed that fricatives were longer in unstressed syllables than
in stressed ones, as shown in Table 4.3.
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Table 4.3: Duration of fricatives in American English (Klatt 1975) and
Argentine Spanish (Manrique and Massone 1981).

| | Duration (ms) |

‘ ‘ American English ‘ Argentine Spanish ‘

[f] stressed 110 147
[f] unstressed 105 192
[v] stressed 75 -
[v] unstressed 65 -
[0] stressed 100 -
[0] unstressed 95 -
[0] stressed 60 98
[0] unstressed 60 104
[s] stressed 120 148
s] unstressed 120 187
] stressed 60 -
[z] unstressed 60 -
[]] stressed 110 170
/] unstressed 110 210
3] stressed - 98
(3] unstressed - 149
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Figure 4.1: Probability density distribution curves of the durations of:
(a) voiced /v, 8, z/ and voiceless /f, 0, s/ fricatives; (b) fricatives occur-
ring in stressed and unstressed syllables; (¢) voiced and voiceless fricatives
occurring in stressed and unstressed syllables; (d) word - initial voiced and
voiceless fricatives occurring in stressed and unstressed syllables. From
Crystal and House (1988).

The influence of vowel context on the duration of fricatives has also been
widely studied. Schwartz (1969) reported that, for American English frica-
tives in nonsense words, the duration of /s/ and /[/ in /i-i/ vowel context
was significantly longer than in /a-a/ vowel context. Schwartz also con-
cluded that both the /s/ and /[/ duration differences were the result of an
influence of the final vowel and not the initial. This interpretation was drawn
from the finding that the fricatives in /a-i/ and /i-i/ vowel contexts were
longer than those in /i-a/ and /a-a/, whereas no significant duration dif-
ferences existed between the /i-a/ and /a-a/ and between the /a-i/ and
/i-1/ vowel contexts. LaRiviere et al. (1975) also reported significant effects
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of vowel context on the duration of American English unvoiced fricatives:

e /fi/ — 126 ms; /fa/ — 130 ms; /fu/ — 175 ms;
e /0i/ — 122ms; /Ba/ — 142ms; /6u/ — 128 ms;
e /si/ 160ms; /sa/ 148 ms; /su/ 148ms;

e /[i/ 160ms; /fa/ 190ms; /fu/ 175ms.

However, the study of Behrens and Blumstein (1988) showed minimal effects
of vowel context on duration of American English fricatives. Mair and Shadle
(1996) reported that, for a male French speaker, the total VCV duration was
affected by vowel context, and that duration was longer for /a-a/ than /i-i/
and longer for /i-i/ than /u-u/ in both the voiced and voiceless fricatives,
but durations were inconsistent with regard to fricative place of articulation.

4.2.2 Results of Temporal Analysis of Labiodental,
Alveolar and Postalveolar Fricatives

A complete analysis of duration in Corpus 3 is shown in Table 4.4 and il-
lustrated in Figures 4.5 to 4.8. The minimum, maximum and mean dura-
tions (averaged over the four speakers) of fricatives from Corpus 3 were:
77 < /f/ <180ms (mean=120ms); 39 < /v/ < 128 ms (mean=72ms);
88 < /s/ < 180ms (mean=127ms); 48 < /z/ < 120ms (mean =79 ms);
62 < /[/ <191 ms (mean=114ms); 55 < /3/ < 128 ms (mean =85 ms).

The mean duration of the unvoiced fricatives is always greater than the mean
duration of the voiced fricatives, as shown in Figure 4.2. There is no signif-
icant difference by place of articulation. The mean duration of the fricative
is greater than the mean duration of the VF and FV transitions, and the
mean duration of the VF transition is greater than the mean duration of the
FV transition for speakers LMTJ, ACC and ISSS, as shown in Figures 4.3
and 4.4. For Speaker LMTJ’s /s/ in word-initial position, as the follow-
ing vowel’s place of articulation moves further back, the duration of the
fricative diminishes. This was only observed for this fricative produced by
Speaker LMT.J.
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Figure 4.2: Mean duration of fricatives /f, v, s, z, [, 3/ in Corpus 3. Speaker
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Table 4.4: Duration of fricatives and of VF and FV transitions in Corpus 3.

Speaker LMTJ

VF Transition Fricative FV Transition
Min. Mean | Max. | Min. Mean | Max. | Min. Mean | Max.
(ms) | (ms) | (ms) | (ms) | (ms) | (ms) | (ms) | (ms) | (ms)
/t/ 37 61 108 86 129 182 13 37 80
/v/ 24 59 100 22 72 135 26 48 85
/s/ 25 54 90 106 150 220 17 40 65
/z/ 24 55 101 46 81 117 21 42 79
/[/ 29 58 123 76 133 194 21 38 53
/3/ 24 57 129 60 93 139 15 40 115
Speaker CFGA
VF Transition Fricative FV Transition
Min. Mean | Max. | Min. Mean | Max. | Min. Mean | Max.
(ms) | (ms) | (ms) | (ms) |(ms) | (ms) | (ms) | (ms) | (ms)
/t/ 15 27 41 70 107 170 22 35 48
/v/ 17 35 116 46 76 133 17 28 39
/s/ 15 36 59 63 107 142 23 38 50
/7/ 18 30 44 41 75 133 23 29 48
/[/ 20 37 67 58 104 237 19 36 49
/3/ 18 27 44 54 7 122 23 33 53
Speaker ACC
VF Transition Fricative FV Transition
Min. Mean | Max. | Min. Mean | Max. | Min. Mean | Max.
(ms) | (ms) | (ms) | (ms) |(ms) | (ms) | (ms) | (ms) | (ms)
/f/ 27 34 49 77 115 161 17 28 41
/v/ 13 35 56 48 69 117 14 26 48
/s/ 24 32 58 83 115 170 13 25 39
/7/ 20 37 60 55 77 100 13 24 36
/[/ 21 35 50 56 107 176 13 22 34
/3/ 17 35 48 46 82 131 13 23 39
Speaker ISSS
VF Transition Fricative FV Transition
Min. Mean | Max. | Min. Mean | Max. | Min. Mean | Max.
(ms) | (ms) | (ms) | (ms) |(ms) | (ms) | (ms) |(ms) | (ms)
/f/ 18 28 42 76 128 207 17 22 31
/v/ 25 35 56 38 72 126 16 30 51
/s/ 21 27 37 100 137 188 13 22 37
/7/ 20 29 40 50 83 129 16 28 39
/[/ 15 30 48 58 112 158 15 24 38
/3/ 22 33 51 61 87 119 13 28 48
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Figure 4.5: Range of values of duration of fricatives /f, v, s, 7, [, 3/, and of
VF and FV transitions. o is the mean. Corpus 3 (Speaker LMTJ).
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A detailed time analysis of fricatives, and VF and FV transitions in Corpus 4
is presented in Table 4.5, illustrated in Figures 4.12 to 4.15, and can be sum-
marized as follows: 72 < /f/ < 148 ms (mean=110ms); 36 < /v/ < 104ms
(mean=60ms); 78 < /s/ < 230ms (mean=130ms); 44 < /z/ < 178 ms
(mean=282ms); 75 < /[/ < 159ms (mean=120ms); 36 < /3/ < 135ms
(mean =74 ms). Minimum, maximum and mean durations of fricatives were
averaged over the four speakers to allow comparisons to most other stud-
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ies. The mean duration of the fricatives in the word corpus (Corpus 3) is
quite similar to the mean duration of fricatives from the sentence corpus
(Corpus 4).

As previously observed for Corpus 3 fricatives, the duration of Corpus 4
unvoiced fricatives is always greater than the duration of their voiced coun-
terparts, as shown in Figure 4.9, which agrees with results for the English
language (Hogan and Rozsypal 1980; Crystal and House 1988; Stevens et al.
1992; Pirello et al. 1997). The mean duration of the fricatives is greater
than the duration of the VF and FV transitions, and comparing the mean
duration of the VF and FV transitions, no consistent pattern can be found
for any of the speakers (compare with results for Corpus 3), as shown in
Figures 4.10 and 4.11.

Corpus 4 alveolar fricatives /s, z/ are on average longer than labiodentals
/f, v/, a fact that had been previously reported by Pirello et al. (1997)
for English, but which was not observed in Corpus 3 fricatives. Word - final
fricatives at the end of the sentences read by Speaker LMTJ have much longer
duration than other examples in Corpus 4.
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Figure 4.9: Mean duration of fricatives /f, v, s, 7, [, 3/ in Corpus 4. Speaker

LMTJ — solid line; Speaker CFGA — dash-dotted line; Speaker ACC —
dashed line; Speaker ISSS — dotted line.
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Table 4.5: Duration of fricatives and of VF and FV transitions in Corpus 4.

Speaker LMTJ

VF Transition Fricative FV Transition
Min. Mean | Max. | Min. Mean | Max. | Min. Mean | Max.
(ms) | (ms) | (ms) | (ms) | (ms) |(ms) | (ms) | (ms) | (ms)
/t/ 37 53 68 85 115 149 29 40 62
/v/ 10 37 64 41 62 101 22 40 56
/s/ 24 51 104 95 154 272 30 42 67
/z/ 23 48 104 49 102 268 21 38 55
/[/ 31 42 58 40 130 186 23 43 74
/3/ 17 40 79 48 85 156 21 32 40
Speaker CFGA
VF Transition Fricative FV Transition
Min. Mean | Max. | Min. Mean | Max. | Min. Mean | Max.
(ms) | (ms) | (ms) | (ms) |(ms) | (ms) | (ms) | (ms) | (ms)
/t/ 16 29 39 61 104 152 19 36 55
/v/ 17 33 73 40 65 100 17 33 68
/s/ 20 31 53 67 111 199 23 40 63
/7/ 17 30 53 49 78 168 16 32 50
/[/ 15 33 54 99 120 145 19 40 72
/3/ 16 32 65 36 70 123 23 33 47
Speaker ACC
VF Transition Fricative FV Transition
Min. Mean | Max. | Min. Mean | Max. | Min. Mean | Max.
(ms) | (ms) | (ms) | (ms) |(ms) | (ms) | (ms) | (ms) | (ms)
/f/ 25 37 142 70 102 135 11 22 40
/v/ 11 26 65 30 53 109 12 26 70
/s/ 16 29 48 85 125 229 14 27 57
/7/ 12 27 49 41 69 122 12 26 44
/[/ 17 27 39 79 110 146 13 23 45
/3/ 12 24 47 40 68 121 12 22 41
Speaker ISSS
VF Transition Fricative FV Transition
Min. Mean | Max. | Min. Mean | Max. | Min. Mean | Max.
(ms) | (ms) | (ms) | (ms) |(ms) | (ms) | (ms) |(ms) | (ms)
/f/ 16 27 38 73 117 157 14 19 27
/v/ 20 28 47 31 58 106 15 36 252
/s/ 20 31 50 64 130 221 14 24 41
/7/ 21 32 55 35 77 152 16 30 61
/[/ 16 22 28 80 121 157 13 24 41
/3/ 19 24 40 21 73 140 13 23 40
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4.2.3 Analysis of Variance of Duration of Labiodental,
Alveolar and Postalveolar Fricatives

One-way analysis of variance (ANOVA) was used to study the effects of
the independent variables (factors) speaker (LMTJ, CFGA, ACC and ISSS),
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place of articulation (labiodental, alveolar and postalveolar) and position in
word (word - initial, word - medial and word - final) on the dependent variable
duration of fricatives in Corpus 3 and in Corpus 4. Two separate ANOVAs
were run to study the correlation between place of articulation and duration,
because from the analysis presented in previous subsections, it was clear that
the duration of unvoiced fricatives was always significantly greater than their
voiced counterparts. Since place was the independent variable and not voic-
ing, the two subgroups /f, s, [/ and /v, z, 3/ had to be analysed separately.
The software package SPSS 10.0 for Windows (SPSS 1999a; SPSS 1999b)
was used to run all statistical tests and the results were as follows. There
was a significant effect of the factor speaker on the duration of fricatives
/f,s, [/ both in Corpus 3 (F(3,344) = 21.667, p < 0.001) ? and Corpus 4
(F(3,318) = 11.041, p < 0.001). Both values of F' are inaccurate because the
Levene test 3was significant. There was a significant linear trend in Corpus 3
(F(1,344) = 5.775, p = 0.017) and Corpus 4 (F(1,318) = 4.853, p = 0.028).

There was no significant effect of the factor speaker on the duration of frica-
tives /v, z, 3/ in Corpus 3 (F(3,337) = 1.876, p = 0.133), but in Corpus 4
there was a significant effect (F(3,409) = 10.064, p < 0.001). Both values
of F' are inaccurate because the Levene test was significant. There was a
significant linear trend in Corpus 4: F(1,409) = 16.567, p < 0.001.

There was a significant effect of the factor place on the duration of fricatives
/f, s, [/ both in Corpus 3 (F(2,345) = 5.358, p = 0.005) and Corpus 4
(F(2,319) = 10.680, p < 0.001). The value of F' in Corpus 4 is inaccurate
because the Levene test was significant. There was a significant linear trend
in Corpus 4: F(1,319) = 6.391, p = 0.012.

There was a significant effect of the factor place on the duration of fricatives

2The F statistic is the ratio of the mean squares for each source of variability (model
mean squares and residual mean squares). The degrees of freedom used to assess F are
the degrees of freedom of the model, 3, and the degrees of freedom for the residuals of the
model, 344. The p-value is derived from F', and as F increases the p- value decreases. For
p < 0.05 results are significant. For this example, the p-value of less than 0.001 means
that there is less than 0.1% chance that the F-ratio of 21.667 would happen by chance
alone (Field 2000, p.112).

3% .. if Levene’s test is significant at p < 0.05 then we can conclude that the null
hypothesis is incorrect and that the variances are significantly different — therefore, the
assumption of homogeneity of variances has been violated. If, however, Levene’s test is
non - significant (i.e. p > 0.05) then we must accept the null hypothesis that the difference
between the variances is zero the variances are roughly equal and the assumption tenable”
(Field 2000, p.238).
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/v, 7, 3/ both in Corpus 3 (F(2,338) = 10.943, p < 0.001) and Corpus 4
(F(2,410) = 30.693, p < 0.001). Both values of F' are inaccurate because the
Levene test was significant. There was a significant linear trend (Corpus 3 —
F(1,338) = 21.787, p < 0.001; Corpus 4 — F'(1,410) = 26.091, p < 0.001). In
Corpus 3, as the place of articulation moved further back, duration increased
proportionately.

There was a significant effect of the factor position in word on the duration
of fricatives /f, s, [/ both in Corpus 3 (F'(2,345) = 11.547, p < 0.001) and
Corpus 4 (F'(2,319) = 10.309, p < 0.001). Both values of F' are inaccurate
because the Levene test was significant. There was a significant linear trend
in Corpus 3: F(1,345) = 11.128, p = 0.001.

There was a significant effect of the factor position in word on the duration
of fricatives /v, z, 3/ both in Corpus 3 (F'(2,338) = 49.834, p < 0.001) and
Corpus 4 (F(2,410) = 5.425, p = 0.005). Both values of F' are inaccurate
because the Levene test was significant. There was a significant linear trend
(Corpus 3 F(1,338) = 91.513, p < 0.001; Corpus 4 F(1,410) = 10.415,
p = 0.001) indicating that as the position of the fricative moves from initial,
through medial, to final word position, duration increased proportionately.

4.2.4 Temporal Analysis of Uvular Fricatives and Voice-
less Tapped Alveolar Fricatives

Duration of the steady state portion of the fricatives and of their VF and
FV transitions were measured to describe the characteristics of European
Portuguese and to compare them with results reported for various other
languages. The duration of fricative [y] varied from 23ms to 117 ms (me-
dian duration =69 ms), the VF transition from 15ms to 41 ms (median du-
ration =25ms), and the FV transition from 22ms to 43 ms (median dura-
tion =32 ms), as shown in Table E.1. The duration of fricative [¢] varies from
11ms to 85ms (median duration =22ms), the VF transition from 12ms to
103 ms (median duration = 30 ms) and the FV transition from 13 ms to 58 ms
(median duration=21ms), as shown in Tables E.3 to E.6. Twelve out of
the 86 examples of this fricative occurred word -initially (14 %), 20 word -
medially (23 %), and 54 word - finally (63 %).

These durational results for Portuguese uvular fricatives are different from
those of Manrique and Massone’s (1981) study of Argentine Spanish, who
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showed that for velar fricatives the average durations for four speakers were:
/x/ (unstressed) 196 ms; /x/ (stressed) 147ms; /y/ (unstressed) 92ms;
/y/ (stressed) — 58 ms. Results of a study by Alwan (1986), of the production
and perception of Arabic pharyngeal and uvular consonants, revealed frica-
tive duration values similar to those of Manrique and Massone. The voiceless
consonants were longer (/x/ 169 ms averaged across all vowel contexts and
four speakers) than the voiced consonants (/s/ 113 ms), but vowel context
did not significantly affect the duration of the consonants. European Por-
tuguese fricatives are shorter probably as a result of the naturalness of the
corpora studied here (only real words), contrary to the focus on nonsense
words in the studies of Manrique and Massone (1981) and Alwan (1986).

4.3 Devoicing

In this section a study of devoicing in Corpora 2, 3 and 4 is presented.
We start by reviewing early works reporting frequent devoicing of voiced
fricatives, including those of Raphael (1972), Klatt (1976), Haggard (1978),
Hogan and Rozsypal (1980), Scully (1971), Soli (1982), Veatch (1989), and
Scully (1992).

4.3.1 Literature Review

Stevens et al. (1992) reported a significant number of devoiced examples of
American English /v/ and /z/, e.g., 22% of the tokens of the fricative in [azo]
were devoiced. /v/ tended to exhibit glottal vibration continuing throughout
the entire fricative more often than /z/, and fricatives in word - final position
were virtually always devoiced. An early study of the effect of devoicing
on the duration of fricatives and of the preceding vowels led Klatt (1976,
p. 1219) to conclude that:

Many English speakers devoice postvocalic voiced fricatives, sug-
gesting that English may be changing in the direction of using
vowel duration or the ratio of fricative duration to preceding vowel
duration as a primary cue for the voicing contrast.
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Hogan and Rozsypal (1980, p.1770), quoting the same (Klatt 1976) study
and also an earlier one by Raphael (1972), supported the same theory:

Vowel to fricative duration ratio appears to be pertinent for recog-
nition. Klatt (1976) has noted that many English speakers de-
voice postvocalic voiced fricatives indicating that vowel duration
or vowel to fricative duration ratio may be assuming the func-
tional load for the voicing contrast. It was noted by Raphael
(1972) that when voicing was added during the frication portion,
change in the preceding vowel duration became less effective in
influencing the recognition scores.

Haggard (1978) studied devoicing of British English voiced fricatives in vowel
context, and the effects of a stop before the fricative and a voiceless phoneme
after it. The speech material was originally collected in 1969. Results showed
that devoicing depends upon place of articulation, a preceding stop or a
succeeding voiceless phoneme, and that there is higher incidence of devoicing
for /z, 3/ than for /v, /. The mean percentage of devoicing in various
contextual conditions in real words is shown in Table 4.6.

Table 4.6: Mean percentage of devoicing. After Haggard (1978).

TARCANE,
Word - initial before stressed vowel 21 | 34
Word - initial before unstressed vowel | 24 - -
Word - medial before stressed vowel 23 | 30 -
Word - medial before unstressed vowel | 8 39 | 29
Word - medial between stressed vowels | 37 | 90 -
Word - final after stressed vowel 95 | 99 | 100
Word - final after unstressed vowel 92 | 99 -

In a second experiment, the degree of glottal opening was measured for non-
sense words, revealing a slight overall tendency for devoicing to be higher
when the fricative follows a stressed vowel than when it precedes a stressed
vowel, or in word - initial position. This effect was due to the stress place-
ment resulting from an emphatic stress * rather than a lexical stress 5
the experiment with real words.

as in

4Emphatic stress used to provide a means of distinguishing degrees of emphasis or
contrast in sentences.
5Lexical stress — stress pattern as marked in language specific phonetic dictionaries.
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Scully’s (1979) acoustic and aerodynamic study of British English /s, 7/,
produced in real words by one female speaker, showed that there was con-
tinuation of voicing through the whole frication segment for only 7 out of 18
(39%) tokens of /z/. However, Docherty’s (1992) study of British English
obstruents in real words, said in isolation and in a carrier sentence by five
male speakers, revealed that most of the /v, 8, z/ tokens were fully voiced,
as shown in Table 4.7, and that /v/ had longer intervals of voicing than
/z/. Fricative /d/ had longer intervals of voicing than /v/ and /z/, probably
because of its short duration.

Table 4.7: Inventory of all cases of devoicing. Values given are in the form
x/y, where x = number of devoiced, partially devoiced or voiced examples,
and y = total number of examples. After Docherty (1992).

\ | Word -Initial | Word-Final |  All Pos. | \

/v/ 14/68 (21%) | 12/65 (19%) | 26/133 (20%) Devoiced
16/68 (24%) | 20/65 (31%) | 36/133 (27%) | Partially Devoiced

38/68 (56%) | 33/65 (51%) | 71/133 (53%) Voiced

/d/ 4/21 (19%) | 5/18 (28%) | 9/39 (23%) Devoiced
- 7/18 (39%) 7/39 (18%) | Partially Devoiced

17/21 (81%) | 6/18 (33%) [ 23/39 (59%) Voiced

/7] 3/41 (%) | 17/113 (15%) | 20/154 (13%) Devoiced
8/41 (20%) | 68/113 (60%) | 76/154 (49%) | Partially Devoiced

30/41 (73%) | 28/113 (25%) | 58/154 (38%) Voiced

All Fric. [ 21/130 (16%) | 34/196 (17%) | 55/326 (17%) Devoiced
24/130 (19%) | 95/196 (49%) | 119/326 (37%) | Partially Devoiced

85/130 (65%) | 67/196 (34%) | 152/326 (47%) Voiced

Soli (1982) reported that most of the tokens of the fricative in the nonsense
word /juz/, produced by an American English speaker, were devoiced and
exhibited a brief interval of voicing in the VF and FV transitions.

Smith (1995, 1997) also observed high percentages of devoicing for American
English /z/: 47% devoiced; 36% partially devoiced; 17% voiced. She also
noted a large variability amongst speakers. Devoicing was least likely when
/z/ was followed by a vowel and most likely at the end of a sentence or
in a syllable coda. All sentence-final /z/s were completely devoiced, more
than at the end of syllables. There was more devoicing in syllable - initial,
word - medial position than in word - initial position. /z/ was devoiced more
often word - finally than at the middle of a word. /z/ was distinct from
/s/ occurring in the same context, regardless of whether the /z/ was voiced
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or devoiced. Vowels were significantly longer before /z/ than before /s/,
a durational difference which might aid the perceptual distinction between
/z/ and /s/ in the absence of vocal fold vibration. /z/ was influenced by
the preceding as well as following context, and the likelihood of devoicing
increased under voiceless context. There was no consistent pattern across
speakers and different /z/ tokens as to the effect of stress and context on
devoicing.

The study of Pirello et al. (1997) investigated whether or not systematic
patterns of voicing could be identified as a function of phonetic context for
American English fricatives and whether or not an acoustic property for
voicing in fricatives, that remained stable despite various types of variability,
could be identified. There was a greater preponderance of voicing throughout
for the labiodental fricatives: /v/ — 5% devoiced, 35% partially devoiced and
60% voiced; /z/ — 20% devoiced, 40% partially devoiced and 40% voiced.
Although contextual influences emerged, they did not necessarily occur in
the majority of the utterances, and there was variation amongst different
speakers.

4.3.2 Results of Devoicing Analysis Using the Manual
Criterion

The fricatives in nonsense words from Corpus 2 were analysed using the
manual criterion for devoicing. Results show a very high percentage of de-
voiced examples for speakers LMT.J, CFGA and ISSS, as can be seen in the
inventory presented in Table 4.8. Speaker ACC voiced most of her tokens,
possibly as a result of her careful, even somewhat unnatural articulation of
the fricative in the nonsense words. Speaker ACC reported having used a
“dictation style” when reading the nonsense words, because she did not have
any reference in the Portuguese language as to how to pronounce them in a
“conversational style”. She also had a different background from the other
three speakers, which might account for a more precise control of voicing:
she had singing training and was a secondary school teacher.

Other particular characteristics of Speaker ACC include: most examples of
voiced fricatives present a very low laryngograph signal amplitude during the
frication interval. For some of the nonsense words with voiceless fricatives
/f, s, [/, the laryngograph signal amplitude is zero during the VF transition,
but the vowel is still voiced, as can be seen from the acoustic signal. Some
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vowels devoice, as judged from the laryngograph signal, before the start
of the vowel - to-unvoiced fricative transition, which could mean that the
larynx moves vertically. The amplitude of the laryngograph signal for voiced
fricatives increases to “vowel level” before the fricative ends. Although the
other speakers were faced with the same problems when reading the nonsense
words, they seem to have dealt with it in a more natural way.

Table 4.8: Inventory of all cases of devoicing in Corpus 2 (using the manual
criterion). Values given are in the form z/y, where 2 = number of devoiced,
partially devoiced or voiced examples, and y = total number of examples.
The partially devoiced category has not been used to classify the examples
of Speaker LMTJ (only the devoiced and voiced categories have been used).

Speaker LMTJ
Devoiced Partially Devoiced Voiced
/v/ 64/101 (63.4%) - 37/101 (36.6%)
/7] 63/116 (54.3%) - 53/116 (45.7%)
/3/ 58/124 (46.8%) - 66/124 (53.2%)
All Fric. | 185/341 (54.3%) - 156/341 (45.8%)
Speaker CFGA
Devoiced Partially Devoiced Voiced
/v/ 95/145 (65.5%) 30/145 (20.7%) 20/145 (13.8%)
/z] 79/174 (45.4%) 30/174 (17.2%) 65/174 (37.4%)
/3/ 124/173 (711.7%) | 30/173 (17.3%) 19/173 (11%)
All Fric. | 298/492 (60.6%) | 90/492 (18.3%) 104/492 (21.1%)
Speaker ACC
Devoiced Partially Devoiced Voiced
/v/ 32/132 (24.2%) 8/132 (6.1%) 92/132 (69.7%)
/z] 50/130 (38.5%) 21/130 (16.2%) 59/130 (45.4%)
/3/ 16/120 (13.3%) 26/120 (21.7%) 78/120 (65%)
All Fric. | 98/382 (25.7%) 55/382 (14.4%) 229/382 (60%)
Speaker ISSS
Devoiced Partially Devoiced Voiced
/v/ 60/108 (55.6%) 7/108 (6.5%) 41/108 (38%)
/7] 64/118 (54.2%) 22/118 (18.6%) 32/118 (27.1%)
/3/ 75/108 (69.4%) 11/108 (10.2%) 22/108 (20.4%)
All Fric. | 199/334 (59.6%) 40/334 (12%) 95/334 (28.4%)

In a preliminary study of the influence of vowel context in the devoicing
of Corpus 2 fricatives, speakers LMTJ and ACC have been analysed, with
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the results presented in Figures 4.16 and 4.17. No consistent pattern can
be observed in the two graphs, so this study was not pursued for speakers
CFGA and ISSS. Smith (1997) and Pirello et al. (1997) had also previously
observed that there is no clear effect of vowel context on devoicing.
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Figure 4.16: Percentage of totally devoiced fricatives in different /pV FV,/
vowel contexts: 1 - /i/; 2~ /e/; 3~ /u/ (e.g. 1-1 — /pivi/; 1-2 — /pive/).
Top: fricative /v/; Middle: fricative /z/; Bottom: fricative /3/. There were
no examples of /peze/ (group 2-2). Corpus 2 (Speaker LMTJ).
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Figure 4.17: Percentage of totally devoiced fricatives in different /pV,FVy/
vowel contexts: 1 - /i/; 2~ /e/; 3~ /u/ (e.g. 1-1 — /pivi/; 1-2 — /pive/).
Top: fricative /v/; Middle: fricative /z/; Bottom: fricative /3/. Corpus 2
(Speaker ACC).
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A complete inventory of devoiced, partially devoiced and voiced examples
in Corpus 3 is presented for all four speakers in Tables D.1 to D.4 of Ap-
pendix D. Results for all four subjects showed that 55% (70 out of 127) of
the examples of fricative /v/ were totally devoiced (see Section 3.3 for de-
voicing criteria). 74% (79 out of 107) of the examples of fricative /z/ were
totally devoiced. 86% (92 out of 107) of the examples of fricative /3/ were
totally devoiced. Most word - final fricative examples (93% 55 out of 59)
were totally devoiced, and the percentage of devoicing increased as the place
of articulation moved posteriorly.

Veatch’s (1989) study of American English fricatives showed that word - final
fricatives devoiced 25-100% of the time, depending on context. Although de-
voicing in our Corpus 3 ranges from 9 to 100%, word - final fricatives devoice
93% of the time.

A different carrier sentence (Diga ..., bem dito /'dige ... be 'ditu/) was used
in the second recording session of Speaker LMTJ, to test the influence of the
phoneme that follows the word where the fricative is contained. Although
it was expected that the voiced plosive /b/ might result in less devoicing of
the target word’s final fricative, this was not borne out. Essentially the same
amount of devoicing occurred.

In a preliminary study, similar to that reported previously for Corpus 2, the
influence of vowel context on devoicing was analysed for a limited number
of words from Corpus 3 (Speakers LMTJ and ACC) that follow the pattern
/V1FV,/. Results are shown in Figures 4.18 and 4.19, where V; and V, are
vowels which belong to one of the groups: group 1 — /i, i, e/; group 2 — /g,
e, a/; group 3 — /o, 0, u/. Again, there does not seem to be any particular
vowel context influencing the voicing of /v, z, 3/. Therefore, this study has
not been extended to speakers CFGA and ISSS. Both the results of Corpus 2
and Corpus 3 show that there is no effect of vowel context on devoicing of
Portuguese fricatives, just as previously observed by Smith (1997) and Pirello
et al. (1997) for the English language.
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Figure 4.18: Percentage of totally devoiced fricatives in different /V,FV,/
vowel contexts: 1 - /i, i, e/; 2 /e, e, a/; 3~ /o,0,u/ (e.g. 1-1~ /ivi/; 1-2

/ive/). Top: fricative /v/; Middle: fricative /z/; Bottom: fricative /3/.
There were no examples of fricative /v/ in 3-3 vowel context. Corpus 3
(Speaker LMTJ).
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Figure 4.19: Percentage of totally devoiced fricatives in different /V,FV,/

vowel contexts: 1 - /i, i, e/; 2 /e, e, a/; 3~ /o,0,u/ (e.g. 1-1~ /ivi/; 1-2
/ive/). Top: fricative /v/; Middle: fricative /z/; Bottom: fricative /3/.

There were no examples of fricative /v/ in 1-3 and 3-3 vowel contexts, of

fricative /z/ in 1-3, 3-1 and 3-3 vowel contexts, and of fricative /3/ in

1-2, 3-2 and 3-3 vowel contexts. Corpus 3 (Speaker ACC).
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The results shown in Tables D.5 to D.8 indicate that in Corpus 4: 44% (77
out of 177) of the examples of fricative /v/ were totally devoiced; 78% (86
out of 110) of the examples of fricative /z/ were totally devoiced; 71% (89 out
of 126) of the examples of fricative /3/ were totally devoiced. The Corpus 4
fricatives devoiced mostly word -finally, but less often than in Corpus 3:
word -initial ~ 97/157 = 62% (in Corpus 3, x1/y; = 21%); word - medial
111/195 = 57% (in Corpus 3, x9/ys = 20%); word-final 44/61 = 72%
(in Corpus 3, x3/y3 = 23%). As can be seen from the listings of Corpus 4
sentences in Appendix A, some of the fricatives that have been classified as
word - final are followed by voiced phonemes. Some of the words that follow
these fricatives even start with a vowel. This might account for the lower
word - final average percentage of devoicing in Corpus 4 when compared with
Corpus 3. Indeed, some voiceless fricatives become voiced in Corpus 4, likely
as a result of cross- word coarticulation: eleven tokens of word - final /[/ were
produced as [3] by speakers LMTJ and ACC when followed by a word starting
with a voiced phoneme ([d] or [m]).

There is a slightly lower number of devoiced examples of /3/ than /z/, which
contradicts the very clear results of Corpus 3 fricatives (in which the per-
centage of devoiced examples decreases as the place of articulation moves
anteriorly). One possible explanation could be that /3/ is produced in a
more anterior place in continuous speech than in isolated word production.
This hypothesis can only be confirmed with additional articulatory data,
which is planned as future work.

In summary, overall results from the analysis of devoicing in Corpora 2, 3
and 4, using the manual criteria, show that more than 50% of the fricatives
devoice (see Figure 4.20) for all speakers except for Speaker ACC, who has a
very low percentage of devoiced tokens in Corpus 2 (see Figure 4.21). There
is more final devoicing in Corpus 3 than in Corpus 4 (see Figure 4.22), but
the real words of Corpus 4 do exhibit more than 50% total devoicing for
all subjects. Devoicing rate differs among the three fricatives, and among
Corpora 2, 3 and 4. There is no apparent pattern.
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Figure 4.22 shows the percentage of devoicing as a function of position within
a word, and relates it to syllable stress. There is a significant increase in de-
voiced examples from word - initial, through word - medial to word - final po-
sitions, for Corpus 3 fricatives: word -initial — 75/127 = 59%; word - medial —
111/155 = 72%; word - final - 55/59 = 93%, across all subjects. Although we
might expect that voicing contrast weakens in unstressed syllables and, thus,
unstressed fricatives would devoice disproportionately, the opposite appears
to be the case. Our totals for all fricatives of Corpora 3 and 4, all subjects,
are: /v/ — 48% (147 out of 304) devoiced and 12% (37 out of 304) partially
devoiced; /z/ — T7% (166 out of 217) devoiced and 12% (26 out of 217) par-
tially devoiced; /3/ 78% (181 out of 233) devoiced and 13% (30 out of 233)
partially devoiced.
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Figure 4.22: Percentage of total devoicing by position in word, word -
initial (I), word - medial (M) and word - final (F), fricatives /v, z, 3/ com-
bined. The black portion of each bar in the graph corresponds to fricatives
in a stressed syllable and the white portion to fricatives in an unstressed
syllable. There are no Portuguese fricatives in final stressed position.

These results can be compared to those of Smith (1997) and Pirello et al.
(1997) for American English. Smith (1997) studied only /z/ in a range of con-
texts and measured 47% devoiced and 36% partially devoiced. Pirello et al.
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(1997) studied /v, z/ in nonsense words (fricatives in initial and stressed posi-
tion) and measured, respectively, 5%, 20% devoiced, and 35%, 40% partially
devoiced. The comparable figures for initial stressed /v, z/ in Corpora 3 and
4 are 32%, 55% devoiced and 16%, 23% partially devoiced. It thus appears
that there is more devoicing in Portuguese than in American English.

4.3.3 Evaluation of the Automatic Devoicing Criterion

The ratio of variances (r,2 > 15), described in Section 3.3.1, was used as the
criterion for devoicing for the Corpus 3 and 4 fricatives of Speaker LMTJ.
Results are as shown in Tables 4.9 and 4.10. There are some examples which
are classified differently from the manual criterion (see Section 3.3.1) shown
in Tables D.1 and D.5. Still, the percentage of examples from Corpus 3 which
were classified in the same category using the two methods is quite high: /v/
—86.1% (31 out of 36), /z/ — 93.3% (28 out of 30), and /3/ — 83.3% (25 out
of 30). The percentage of “correctly classified” examples from Corpus 4 was:
79% (27 out of 34) of /v/; 77% (17 out of 22) of /z/; and 64% (14 out of 22)

of /3/.

Table 4.9: Inventory of all cases of complete devoicing (using the automatic
criterion). Values given are in the form z/y, where = number of devoiced
examples, and y = total number of examples. Corpus 3 (Speaker LMTJ).

‘ Word - Initial ‘ Word - Medial ‘ Word - Final ‘ All Pos.

/v/ | 9/14 (64.3%) | 8/13 (61.5%) | 8/9 (88.9%) | 25/36 (69.4%)

/5/ | 5/10 (50%) |13/15 (86.7%) | 4/5 (80%) | 22/30 (73.3%)

|
|
| /z/ | 6/10(60%) |15/17 (88.2%) | 3/3 (100%) | 24/30 (80%)
|
|

All Fric. | 20/34 (58.8%) | 36/45 (80%) | 15/17 (88.2%) | 71/96 (74%)

Table 4.10: Inventory of all cases of complete devoicing (using the automatic
criterion). Values given are in the form z/y, where © = number of devoiced
examples, and y = total number of examples. Corpus 4 (Speaker LMTJ).

| Word - Initial | Word - Medial | Word-Final | All Pos.

/v/ | 3/14 (21.4%) | 7/18 (38.9%) | 0 | 10/34 (29.4%)
/3/ | 4/8 (50%) | 4/9 (44.4%) | 3/5(60%) | 11/22 (50%)

| |
| ) |
| /2] | 3/8(31.5%) | 8/10 (80%) | 3/4 (75%) | 14/22 (63.6%) |
| ) |
| ) |

All Fric. | 10/30 (33.3%) | 19/37 (51.4%) | 6/11 (54.6%) | 35/78 (44.9%)
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For Corpus 3 most of the discrepancies result from cases on the partially
devoiced / completely devoiced borderline, giving promise that this automatic
measure can be reliably used in the future. Some examples present a few
peaks in the laryngograph waveform, which contribute to a larger variance
than initially expected. Whether these peaks are included in the fricative or
in the adjacent vowels depends on the criteria used for segmentation. There
are also some examples in Corpus 3 manually classified as voiced but with
a ratio of variances greater than 15. Although there is voicing throughout
the whole frication interval, the amplitude of the laryngograph signal during
the fricative is much lower than during the VF transition. Most examples
present a significant amplitude reduction of the laryngograph signal for the
duration of the voiced fricative.

A total of 39 examples from Corpus 4 was misclassified as voiced because
there was no VF transition or there was devoicing during the VF transition
(51% — 20 out of 39), and because there were a few cycles of the laryngograph
during the production of the fricative (41% 16 out of 39). The remainder
of misclassified examples (8% 3 out of 39) resulted from a dc drift in the
laryngograph signal for the duration of the fricative.

The 7,2 metric was also successful when used for the unvoiced fricatives
/f, s, |/ of Corpus 3 and 4. The percentage of “correctly classified” examples
of Corpus 3 was: /f/ 96.2% (25 out of 26); /s/ 85.2% (23 out of 27); and
/I 93.8% (30 out of 32). For Corpus 4 the results were: 81% (13 out of
16) of /f/; 55% (16 out of 29) of /s/; 85% (17 out of 20) of /[/.

4.3.4 Analysis of Variance of Devoicing

One-way analysis of variance (ANOVA) was used to study the effects of
the independent variables (factors) speaker (LMTJ, CFGA, ACC and ISSS),
place of articulation (labiodental, alveolar and postalveolar) and position in
word (word - initial, word - medial and word - final) on the dependent variable
amount of devoicing of fricatives (using the manual criterion) in Corpus 3
and in Corpus 4. There was a significant effect of the factor speaker on the
voicing of fricatives /v, z, 3/ in Corpus 3 (F'(3,337) = 3.146, p = 0.025), but
no significant effect in Corpus 4 (F(3,409) = 0.890, p = 0.446). The value
of F'in Corpus 3 is inaccurate because the Levene test was significant.

There was a significant effect of the factor place on the voicing of fricatives
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both in Corpus 3 (F(2,338) = 19.652, p < 0.001) and Corpus 4 (F(2,410) =
32.393, p < 0.001). Both values of F' are inaccurate because the Levene test
was significant. There was a significant linear trend (Corpus 3 — F'(1,338) =
21.182, p < 0.001; Corpus 4 — F(1,410) = 42.167, p < 0.001). In Corpus 3,
as the place of articulation moved further back the amount of devoicing
increased proportionately.

There was a significant effect of the factor position in word on the voicing
of fricatives in Corpus 3 (F'(2,338) = 10.983, p < 0.001), but no significant
effect in Corpus 4 (F(2,410) = 2.164, p < 0.116). Both values of F' are
inaccurate because the Levene test was significant. There was a significant
linear trend in Corpus 3 (F'(1,338) = 13.285, p < 0.001) indicating that as
the position of the fricative moves from initial, through medial, to final word
position, the amount of devoicing increased proportionately.

4.4 Duration and Devoicing Correlations

Evidence of correlation between duration and devoicing has been reported
by Smith (1997) in a study of four American English speakers. The mean
duration of /s/ was 101 ms and for /z/ the mean durations grouped into
voicing categories were: 81 ms (devoiced), 61 ms (partially devoiced) and
64 ms (voiced). However, in a previous study by Crystal and House (1988),
results show no clear correlation between devoicing and duration, as can
be seen from the overlap of the probability density distribution curves of
duration shown in Figure 4.1. In the present study there is also no consistent
pattern between the percentage of devoiced tokens and the average duration
of the nine tokens used to ensemble average the spectra of fricatives from
Corpus 2, as shown in Figure 4.23.

Figures 4.24 to 4.27 present the average durations of the fricatives /v, z, 3/
from Corpus 3 and relate them to devoicing. The manual criterion has been
used to classify the fricatives, considering only totally devoiced examples.
When a fricative devoices its FV transition, duration diminishes and the
duration of fricatives increases (for a few examples the duration remains the
same). The VF transition duration is fairly stable.
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Figure 4.23: Relationship between the percentage of devoiced tokens and
duration in Corpus 2. The graphs also include the duration of unvoiced

(UNV) fricatives. o /f/, x /v/,x [s/,o [z/,x [[/and O [/3/.

For speakers LMTJ and ACC, when Corpus 4 fricatives devoice their dura-
tion increases, and the VF and FV transitions are longer (though for a few
examples the duration remains the same), as shown in Figures 4.28 and 4.30.
This contradicts the result obtained for Corpus 3 where the FV transition
duration diminishes when the fricative devoices. There are some examples
(e.g., /3/ produced by Speaker CFGA) where the duration of devoiced frica-
tives is smaller, but this is because almost all fricatives are devoiced, and so
the duration of the few voiced examples is clearly atypical.

However, results of linear regression analysis of the amount of devoicing (de-
pendent variable) vs. the duration of fricatives (independent variable), for all
speakers, fricatives /v, z, 3/ and all positions in word, showed a significant
linear trend both in Corpus 3 (F(1,339) = 49.153, p < 0.001) and in Cor-
pus 4 (F(1,411) = 27.455, p < 0.001), i.e., as duration of fricatives increased
the amount of devoicing increased proportionately.
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Figure 4.24: Average duration of voiced and devoiced examples of fricatives
/v, 7, 3/, and of VF and FV transitions in Corpus 3 (Speaker LMTJ).

220
200
180
0160+ —
£ _ e
140 -
5 | PV ‘ —_ |
% | Fv | | FV 43 ms
© 120 29 ms \ FV
S -1 31ms | 31 ms 1
A =Y —+
o 100~ I 27 ms 1 48 ms
(o)) 3
g W Js/ /5/
o 80F Izl »
> NI
e 80 ms 12! 78 ms
6ok 78 ms 77 ms
62 ms
56 ms
401 BN .
\ T — lve
201 | VF VS } VF I ve | VF \ 30 ms
} 36 ms 1 29 ms | 31ms 1 29 ms : 27 ms 1
0
dev. /v/ v./v/ dev. /z/ v./z/ dev. /5/ v./5/

Figure 4.25: Average duration of voiced and devoiced examples of fricatives
/v, 7, 3/, and of VF and FV transitions in Corpus 3 (Speaker CFGA).
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Figure 4.26: Average duration of voiced and devoiced examples of fricatives
/v, 7, 3/, and of VF and FV transitions in Corpus 3 (Speaker ACC).
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Figure 4.27: Average duration of voiced and devoiced examples of fricatives
/v, 7, 3/, and of VF and FV transitions in Corpus 3 (Speaker ISSS).
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Figure 4.28: Average duration of voiced and devoiced examples of fricatives
/v, 7, 3/, and of VF and FV transitions in Corpus 4 (Speaker LMTJ).
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Figure 4.29: Average duration of voiced and devoiced examples of fricatives
/v, 7, 3/, and of VF and FV transitions in Corpus 4 (Speaker CFGA).
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Figure 4.30: Average duration of voiced and devoiced examples of fricatives
/v, 7, 3/, and of VF and FV transitions in Corpus 4 (Speaker ACC).
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Figure 4.31: Average duration of voiced and devoiced examples of fricatives
/v, 7, 3/, and of VF and FV transitions in Corpus 4 (Speaker ISSS).
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4.5 Summary

In this chapter, a discussion of the results from the temporal analysis includ-
ing durations of the fricatives, and of the VF and FV transitions (Corpus 3
and 4), and a study of devoicing in Corpus 2, 3 and 4, were presented. The
results of the automatic measure of devoicing were compared with the manual
ones, and the correlation between devoicing and duration investigated.

The mean duration of the unvoiced fricatives is always greater than the mean
duration of the voiced fricatives, and the mean duration of the fricative is
greater than the mean duration of the VF and FV transitions. These charac-
teristics are not particular of Portuguese, as similar results have been previ-
ously reported for the English language. The mean duration of the fricatives
in the word corpus (Corpus 3) is quite similar to the mean duration of frica-
tives from the sentence corpus (Corpus 4).

Devoicing occurs more often in word - final than word - initial position. De-
voicing rate by fricative differs between the two measures, and between Cor-
pus 2 and 3, but it is generally very high, especially when compared with
studies of other languages. It is thought that this is an important character-
istic of European Portuguese, which would have to be incorporated in any
production model to obtain more natural - sounding synthetic speech.

Other factors that might be correlated with devoicing were investigated using
Corpora 3 and 4 for two of the subjects, LMTJ and ACC. First, there is no
consistent pattern between duration of the fricatives /v, z, 3/ and percentage
of devoicing. Second, there seems to be no particular vowel context that is
primarily associated with devoicing. We note that the speakers all produced
a large number of repeated tokens of nonsense words in one breath (more than
12 tokens). This high rate of speech (compared with previous recordings of
similar corpora by French, American English and German speakers) could
be one of the reasons why there are so many devoiced examples.

A preliminary evaluation of the automatic criterion for devoicing showed
great potential for the use of this technique in future work. The percentage
of examples from Corpus 3 and 4 which were classified in the same category
using the two methods (manual and automatic) is quite high (64-93%).

Analysis of variance showed that devoicing was significantly more likely for
word - final fricatives and posterior place of articulation. Also, results of

78



linear regression analysis showed that as duration of fricatives increased the
amount of devoicing increased proportionately.

Relationships between duration of fricatives and the spectra to be presented
in Chapter 5 will be investigated in Chapter 6, and so the results discussed
in this chapter constitute a set of time - domain acoustic characteristics that
will be related to frequency - domain parameters in the following chapters.
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Chapter 5

Results of the Spectral Analysis

5.1 Introduction

In the following sections, a detailed study of the time-averaged spectra of
sustained fricatives (Corpus la and 1b) and of fricatives in real words (Cor-
pus 3 and 4), together with a study of the ensemble-averaged spectra of
nonsense words (Corpus 2), is presented. It includes a discussion of the main
spectral peaks and troughs, and some considerations on the amplitude of the
spectra, and the influence of vowel context, word position and stress.

Substantial differences are found between spectra of voiced and unvoiced,
same - place fricatives: not only are the voiced spectra lower in amplitude,
as expected (see Section 3.3), but differences in spectral shape occur. Other
comparisons of effort level in sustained fricatives to position in the word
are added to a knowledge of the interaction of voice and frication source in
Portuguese.

Spectral peaks are due to the poles of the vocal tract frequency response.
Spectral troughs are due to the zeros of the vocal tract frequency response.
Moving the articulators alters the shape of the vocal tract which in turn
changes its frequency response. Shadle and Scully (1995, pp.59-60) dis-
cussed these issues in detail:

A first - order model of fricative production consists of a noise
source independent of the tract transfer function, exciting it. The
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vocal tract resonances, modelled as poles, appear as peaks in the
spectrum, but intermediate position of the source in the tract
generates zeros as well, which may appear as troughs or may
simply reduce the amplitude of the peaks. The zeros occur in
three groups: one zero always occurs at very low frequency, caus-
ing a low amplitude at low frequencies for unvoiced fricatives; one
set occurs at frequencies approximately equal to the frequencies
of all back cavity poles, thus effectively cancelling those poles;
and one set occurs at frequencies related to the distance between
the constriction and the source location. The most obvious spec-
tral peaks and troughs are then the low - frequency zero, the front
cavity poles, and the constriction - source zeros.

An overall increase or decrease in spectral amplitude, then, would
be most simply ascribed to the source characteristics; small shifts
in peak frequencies, to changes in the lengths of the corresponding
cavities; radical changes in relative amplitude of peaks, to changes
in the distance between the constriction and source location.

Since spectral troughs do not show clearly in the spectra of speech (because
of effects such as pole-zero cancellation, window leakage from the analysis
technique and noise floor superimposition) spectral peaks tend to be the most
prominent feature. They will therefore be referred to as one of the most
important acoustic features, and the following three “categories of peaks”
as illustrated in Figure 5.1, will be considered: peaks, medium bandwidth
peaks and broad peaks.

The term bandwidth is usually used to describe a single pole, but the medium
bandwidth peaks observed in the fricative spectra probably result from more
than one pole and zero. Peaks and troughs can be observed in the spectra
which are related to underlying poles and zeros, resulting in an extremely
complex transfer function. Shifts in any pole or zero frequency affect all
peaks and troughs, sometimes substantially (Stevens 1998, pp. 130-137), and
radiation impedance increases bandwidth as frequency increases, but much
more for front cavity resonances (Stevens 1998, pp.152-156). The fact that
there is noise excitation during the production of fricatives increases the
difficulty of determining cavity affiliation of peaks and troughs (Shadle et al.
1991). However, peaks and troughs which appeared consistently were used
to describe the spectra of Portuguese fricatives.
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Figure 5.1: Spectrum of /s/ from [pusi], Corpus 2 (Speaker ACC).

Due to the extreme difficulty of picking the troughs and peaks “automat-
ically”, all of the data presented in the following sections resulted from a
careful examination of the fricative spectrum and a manual measurement of
peak and trough frequencies and amplitudes. This time - consuming research
method was deemed necessary for a reliable characterization of Portuguese
fricatives in the frequency domain, and of crucial importance to the parame-
terisation of the spectra in Chapter 6. The data presented in Section 5.3 are
the result of a partial, but significant and reliable, analysis of the fricative
spectra: Speaker LMTJ — Corpus 1a, 1b, 2, 3 and 4; Speaker CFGA — Cor-
pus la and 1b; Speaker ACC — Corpus 1a, 1b, 2 and 4; ISSS — Corpus 1a and
1b. But before presenting these data, we consider the results of past analysis
of fricatives.

5.2 Previous Spectral Studies of Fricatives

One of the first detailed studies of the spectra of fricatives was that of Hughes
and Halle (1956). Their subjects were two male and one female American
English speakers. The spectra of /s, z/ had peaks at consistently higher
frequencies than /[, 3/, and in most of the /f, v/ spectra no prominent peak
could be observed (below 10kHz). /[/ almost never had a strong concen-
tration of energy above 4 kHz, while /s/ and /f/ had their most prominent
peaks above this frequency.
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Scully (1971) studied the aeroacoustic and spectral characteristics of /s, z/
in nonsense words, spoken by a British English male subject. Spectrograms
showed a more intense and longer frication noise in /s/.

Lindblad (1980) studied the acoustics of speech production, the articulation
and the perception of Swedish sibilants (see definition in page 33). The spec-
tra of fricatives /s/ and /[/ were relatively flat and with no clear formants,
but characterised by a wide band of strong high frequency energy which was
limited abruptly below a sharp cut - off frequency (highest in [si:] and lowest
in [suz]). In Swedish, there is a wide geographical phonetic variation of /[/,
e.g., [s] in central Sweden dialects (a phonemic variant of which has also been
reported by Mateus (1996) for European Portuguese as spoken in Viseu).

Manrique and Massone (1981) analysed the acoustic properties and percep-
tual cues for the recognition of Argentine Spanish fricatives, in different vowel
contexts. Spectral peaks were observed at 1.5-2.2kHz (mean =1.7kHz) and
8.5kHz (mean) for /f/, 1.5kHz (mean) for /d/, 4.3-5.6kHz (mean =5 kHz)
and 8kHz (mean) for /s/, 2.2-3.4kHz (mean=2.8kHz) and 5kHz (mean)
for /[/, 3kHz (mean) and 5.5kHz (mean) for /3/.

Behrens and Blumstein (1988) presented a spectral analysis of American
English voiceless fricatives. The context used was nonsense words of the
form /FV/, where the fricative F was followed by three vowels V= /i, a, u/.
Results revealed an increase in amplitude (10dB for /f/ and /6/, and 20dB
for /s/ and /[/) from the beginning to the middle of the fricative. Major
peaks occurred in the following frequency ranges: /f/ and /6/ — 1.8-8.5kHz;
/s/ — 3.8-8.5kHz; /[/ - 2.3-TkHz.

Hoole et al.’s (1989) analysis of the spectra of /sawsar/, /siisiz/, /[aifar/ and
/[izfiz/, produced by two male English speakers, showed a major peak at 5 kHz
for /s/, and revealed that the spectra of /[/ had higher overall amplitude
than /s/.

Badin’s (1989) study of French voiceless fricatives included the spectral anal-
ysis of sustained /f, s, [/, and the replication of natural speech using a model
of the vocal tract area functions (Badin and Fant 1984). For natural speech
spectra, Badin (1989) observed the following: /f/  peaks around 500 Hz,
1.5kHz, 2.5kHz and 3.8kHz; /s/ — peaks around 500 Hz and 1.8 kHz, and
broad peaks around 4.5 kHz and 8 kHz; /[/ — a peak around 400 Hz, a trough
around 1kHz, and broad peaks around 1.8 kHz, 2.5kHz and 3.5 kHz. Frica-
tive /[/ exhibited the greatest spectrum tilt change, whereas /f/ showed the
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smallest and least regular changes. This appeared to reflect variations in the
source spectrum rather than in the transfer function.

Beautemps et al. (1993, 1995) measured, on a male French subject, a set
of midsagittal profiles and the corresponding spectral peaks : /f/ — 397 Hz,
1282 Hz, 2504 Hz and 3665 Hz; /0/ — 386 Hz, 1456 Hz, 2677 Hz and 3869 Hz;
/s/ 400Hz, 1500 Hz, 2647 Hz, 4276 Hz and 5062 Hz; /[/ 450Hz, 1710 Hz,
2230 Hz and 2952 Hz.

Badin (1991) reported that the /[/ spectra of a female American English
speaker exhibited fewer pole/zero pairs in the low frequency region than a
male French speaker, because of lesser amount of coupling between front and
back cavities (the female speaker produced constriction areas half as large as
the male speaker).

Shadle, Badin and Moulinier’s (1991) study of the ensemble - averaged spec-
tra of sustained fricatives produced by two speakers included a detailed dis-
cussion on cavity affiliation of peaks and troughs, shown in Figure 5.2. Re-
sults showed spectral peaks located at the following frequencies:

e /s/ (female American English speaker) 500Hz, 1.5kHz, 2.5kHz, 4kHz
and 5-5.5kHz;

e /s/ (male French speaker) — 500Hz, 1.5kHz, 2.5kHz, 3.8kHz and
5.5 kHz;

e /[/ (female American English speaker) — 500 Hz, 1.8 kHz, 2.8 kHz, 3.5 kHz
and 5 kHz;

e /[/ (male French speaker) — 500 Hz, 1.5 kHz, 2.5 kHz, 3.8 kHz and 5.5 kHz.

The spectral shape of /[/ had a region of high energy between 1.5kHz and
6 kHz for the male speaker, and between 2.5kHz and 7kHz for the female
speaker. There was an abrupt drop in amplitude at 6kHz in the male
speaker’s spectra, but the amplitude level fell off steadily for the female
speaker. The spectra for the female speaker presented the first four peaks
evenly spaced, while the male speaker had the second, third and fourth peaks,
clustered together. The lowest - frequency high - amplitude peak was the sec-
ond peak for male speaker and the third for the female speaker.

Shadle, Dobelke, and Scully (1992) studied the time and ensemble aver-
aged spectra of fricatives in nonsense words produced by a female American
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English speaker. They reported fricative peaks in /pafa/ around 1.5kHz,
2.7kHz, 4kHz and 5.2 kHz, as shown in Figure 5.3. The spectra at the centre
of fricatives /0/ and /f/ were very similar, but in the VF and FV transitions
overall amplitude was higher and formant frequencies were shifted relative
to those of /f/. The authors proposed the following explanation for this
phenomenon:

A possible explanation is that since the tongue tip is required to
form a constriction for /0/ but not for /f/, formants shift during
/8/ transitions. The direction of shift will depend on the vowel.
The timing differences in boosting of high - frequency energy are
likely due to sequencing differences that result when the tongue
has a long versus a short distance to travel.

The fricative in /pasa/ had peaks around 800 Hz, 1.5kHz, 2.8 kHz, 4.5 kHz,
5.2kHz and 6.5kHz. The overall amplitude of /s/ at the low frequencies
(< 4.5kHz) was the same at the beginning, middle and end of the fricative.
For higher frequencies (5kHz to 17kHz), the spectrum at the end of the
fricative had the lowest amplitude, at the start it was 20dB higher than at
the end, and at the middle the overall amplitude of /s/ was the highest (5dB
higher than at the start). This study was extended to include also a male
French speaker (Shadle, Moulinier, Dobelke, and Scully 1992; Shadle and
Scully 1995) with the following spectral characteristics. For /pafa/, peaks
were approximately at 800 Hz, 1.8 kHz, 2.5kHz, 3kHz, 4kHz and 5kHz, and
a broad peak around 11 kHz. The same spectral differences between /f/ and
/8/ observed for American English were also noted for French. For /pasa/,
peaks were at 500-600 Hz, 1.5-2kHz, 2.5-2.7kHz and 3.5-4 kHz, and broad
peaks at 4.4-5.5kHz, 7.5-11.5kHz and 15 kHz, as shown in Figure 5.4. Frica-
tive /z/ spectra displayed fairly similar patterns, with an overall amplitude
approximately 10 dB lower than the corresponding spectra of /s/, as shown
in Figure 5.5. For /paJa/, a peak around 1.8 kHz, and broad peaks around
2.2kHz, 3.5kHz, 4.5kHz and 11kHz, as shown in Figure 5.6. The overall
amplitude of /[/ in /pafa/, at low frequencies (<4kHz), was the same at
the beginning, middle and end of the fricative. For higher frequencies, the
spectrum at the end of the fricative had the lowest amplitude; at the start it
was higher than at the end, and at the middle it was the highest.
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Figure 5.2: Averaged power spectral density of six sustained tokens of frica-
tives /s, [, ¢/ produced by a female American English speaker CS and a male
French speaker PB. Formants F, Fy, F3, Fy, F5 and Fg were identified by
transfer function measurements. From Shadle, Badin, and Moulinier (1991).
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Figure 5.3: Ensemble-averaged spectra at the centre of the fricatives in
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Figure 5.4: Time-averaged spectra of six sustained tokens of fricative /s/
produced by a male French speaker PB. Formants F, Fy, F3, F, and Fj

were identified by transfer function measurements. From Shadle and Scully
(1995).
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Figure 5.5: Ensemble-averaged spectra of the fricative in /paza/ (solid
line), /pizi/ (long dashes) and /puzu/ (short dashes), produced by a male
French speaker PB. From Shadle and Scully (1995).
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Figure 5.6: Ensemble-averaged spectra at the beginning (beg), middle
(mid) and end of the fricative in /pafa/, produced by a male French speaker
PB. From Shadle, Moulinier, Dobelke, and Scully (1992).

Wilde (1993) studied American English fricatives in nonsense words, mea-
suring formant frequencies and onset times, and analysing F, — F; plots.
Results showed that voicing onset time and formant structure provided im-
portant place information. Wilde (1995a, 1995b) also analysed amplitudes in
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restricted frequency regions of the fricative and quantified them with respect
to the neighboring vowel. Labiodental and dental fricatives had relatively
weak and flat spectra, alveolars had a peak above 4kHz, and postalveolars
had a broad peak that fell in the frequency region 2 -4 kHz, which confirmed
results first reported by Hughes and Halle (1956). The variation of the am-
plitude over the duration of the fricative was calculated by subtracting the
amplitude value at the end of the fricative from the amplitude value at the
middle of the fricative. For the 1-4kHz range there was greater amplitude
for /f/, and the end was stronger than the middle for all fricatives. For /f/
the 4-8kHz band amplitude at the end was greater than the amplitude at
the middle, and for /s/ and /[/ the 4-8kHz band amplitude at the end was
lower than the amplitude at the middle. The maximum fricative amplitude
above 2kHz, normalized by subtracting the first formant amplitude in the
following vowel from the maximum amplitude peak above 2 kHz in the frica-
tive, were 15-20dB higher for /s/ than for /[/. Fricative /f/ showed greater
overall amplitude variability than /s/ and /[/, a characteristic that had also
been previously observed by Badin (1989) for French. Fricatives were weaker
and shorter before reduced vowels, at times appearing stop - like in manner.

Narayanan’s (1995) study of American English fricatives, produced by two
male and two female native speakers, included a detailed acoustic analysis of
time - averaged power spectra. Strident fricatives ! exhibited a dynamic range
about 15-30dB greater than nonstridents. The overall amplitude of voiced
fricatives was 5dB lower than their unvoiced counterparts. There was a
considerable inter - speaker variability in the frequency and bandwidth of the
main spectral peaks, which was mainly due to differences in the front cavity
dimensions across subjects. However Narayanan (1995) could still observe a
broad high frequency peak around 10 kHz for labiodentals; a broad peak at
9-10kHz for dentals; a broad peak at 5-6.6kHz and significant secondary
peaks at 1.6-1.8kHz, 2.5-2.9kHz and 4.6-4.8 kHz for alveolars (with a free
zero at 2-3.7kHz arising from the cavity between the source and the oral
constriction for /s/); and a broad peak at 5-7kHz and peaks at 1.5-1.8 kHz
and 2-3.5kHz for postalveolars.

Jongman et al. (2000) studied spectral peak location of fricatives produced
by 20 American English speakers in nonsense words. Results showed that
the mean frequency of the highest - amplitude spectral peak of fricatives de-

! Strident — speech sound produced by a relatively complex stricture and marked by
relatively high frequency and intensity (Crystal 1997); /s, z/ and /[, 3/ are examples, and
in some systems /f, v/. This is a phonetic classification based on the source features of
the sound (see also definition of sibilant on page 33).
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creased as the place of articulation moved back: /f/ 7.7kHz; /v/ 7.5kHz;
/0/ T7.8kHz; /8/ TkHz; /s, 7/ 6.8kHz; /[,3/ 3.8kHz.

Vowel context has been shown to affect the spectra of fricatives. Komshian
and Soli (1981) reported that, for American English alveolar fricatives in
nonsense words, the highest amplitude spectral peak was located at approxi-
mately 4kHz in /su/ and at 5kHz in /si/ and /sa/. The fricative peak in the
frequency range 1-2.5kHz in /si/ was 60-180Hz higher than in /sa/ and
/su/. Soli (1981) examined the effects of anticipatory vowel coarticulation
on the spectra of American English fricatives spoken in isolation and initial
nonsense word position. Results from the analysis of the LPC mean spectra
revealed:

e /s/ a peak around 2kHz; /si/ peaks around 1.8 kHz, 2.8 kHz and
3.5kHz; /sa/ peaks around 1.5kHz and 3.7kHz, and a trough around
1kHz; /su/ — a peak around 1.5 kHz;

e /z/ — a peak around 1.7kHz; /zi/ — peaks around 1.8 kHz and 3.5 kHz;
/za/ — a peak around 3.5 kHz; /zu/ — a peak around 1.6 kHz;

e /[/ apeak around 2.4kHz; /[i/ peaks around 1.9kHz and 2.5 kHz;
/fa/ apeak around 1.7kHz; /fu/ peaks around 1.7kHz and 2.4 kHz,
and a trough around 3 kHz;

e /3i/ — peaks around 1.9kHz and 2.4kHz; /3a/ — peaks around 1.8 kHz
and 2.4kHz; /3u/ — peaks around 1.8 kHz and 2.4kHz, and a trough
around 3 kHz.

The spectral peaks of alveolar fricatives were more clearly visible for high
vowel contexts, /i/ and /u/, than for the low vowel /a/ context.

Nartey’s (1982) study of twelve different world languages revealed that the
fricatives most affected by vowel context differed from language to language,
and that the effect of /u/ context was not consistent with regards to the
various places of articulation, as shown in Tables 5.1 to 5.3. Nevertheless,
Trong and Hoole (1993) reported that the frequency of the main spectral peak
of French /s/ was shifted down for /u/ vowel context. Wilde (1993) showed
that voiceless fricatives were more dependent on vowel context, and that there
was less acoustic variability in fricatives in high front vowel context than in
back vowel context (Wilde 1995a, 1995b). The 4-8kHz band intensity of
alveolar fricatives increased before rounded vowels.
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Table 5.1: Peak frequencies in kHz for fricatives /f, v, 0, d/. For a given
place of articulation the same number of columns is used, and if a peak is
present its frequency range is given. After Nartey (1982).

/ifi/ Jafa/ Jufu/
Ambharic | 1.7-2; - 1.3-1.7; - 1-1.3; -
Arabic 1.7-2; - 1.5-1.7; - 1.7-2; -
Hebrew | -;2.3-2.7 - 2.3-2.7 1.1-1.3;2.3-3.2
Polish 1.7-2.3; - 1.3-1.7; - 1.1-1.3; -
Yoruba | 1.7-2; - 1.1-1.7; - 1.3-1.5; -
/ivi/ Java/ Juvu/
Hebrew | - - 2.3-2.7 -
Hopi S 1.3-2 0.9-11;- 0.8-0.9: -
Papago |-; 1.3-1.7 09-1.3; - -
Pima 0.9-1.1;1.7-2 09-1.1;,2-2.3 -
Polish - - 1.3-1.5 -
/i0i/ /aba/ /ubu/
Arabic | - 1.7-2; - 0.5-0.6; 1.5-1.7; - | - 1.7-2; -
/idi/ /ada/ /udu/
Pima 0.2-0.3; 09-1.1;{0.1-0.2; 0.9-1.1;] 0.2-0.3; 1.1-1.5;
2.7-3.7 2.7-3.2 2.7-3.2
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Table 5.2: Peak frequencies in kHz for fricatives /s, z/. For a given place of

articulation the same number of columns is used, and

its frequency range is given. After Nartey (1982).

if a peak is present

/isi/ /asa/ Jusu/
Ambharic | -; 1.5-2; -; 7.7-9.5 | -; 1.5-1.7; 4.4-6.4; | -; 1.5-1.7; 3.2-4.4;
- 7.7-9.5
Arabic -3 2-2.3;37-44;- | -;1.5-2;-;7.7-95 |-, 1.5-1.7; -; 6.4-
7.7
Hebrew |-; 2.3-2.7;, -, 7.7- |- 2.4-2.7, -; 7.7-|- - 3.7-44; 7.7-
9.5 9.5 9.5
Hopi 0.8-0.9; 1.7-2; | -5 1.3-1.5; 4.4-5.3; | -; 1.5-1.7; 3.7-4.4;
4.4-5.3; - - -
Japanese| -; 1.5-2;5.3-6.4; - | -; 1.1-2; -, 7.7-95 | -; 1.7-2.3; -; 7.7-
9.5
Korean |-; -; 4.4-5.3; 6.4-|-;2-2.3;-,6.4-95 |-; 1.7-2.3; 3.7-4.4;
7.7 -
Navajo |-; 1.7-2;-,6.4-7.7 | -; 1.7-2.3; -; 6.4- | -
7.7
Papago |-; 1.7-2; -; - - 1.1-1.7, -5 64-1|-; 1.3-1.7; -; 6.4-
7.7 7.7
Pima = 1.7-2;-,64-77 | -3 1.7-2;-,64-7.7 | -, 1.7-2; 3.2-3.7;
6.4-7.7
Polish 1.1-1.3; 1.7-2.3; -; | 1-1.1; 1.5-2; - | -; 1.5-1.7; 3.7-4.4;
7.7-9.5 6.4-9.5 7.7-9.5
Yoruba | -;1.7-2;-64-77 |- 13-2;-,64-7.7 |-; 1.5-1.7; 3.2-3.7,
6.4-7.7
Zuni - 2-23;-,64-77 | - 1.7-2;-,64-7.7 | -3 1.7-2;-;64-7.7
[izi/ [aza/ Juzu/
Ambharic | 1.5-2; -; 7.7-9.5 1.3-1.7,-;6.4-9.5 | 1.3-1.5; 3.7-4.4;
6.4-7.7
Arabic - 1.3-1.7,-,64-7.7 |-
Hebrew | - 24-2.7,-;,7.7-9.5 |-
Japanese| 1.3-1.7; 5.3-6.4; - | 1.7-2; -;6.4-7.7 1.7-2;5.3-6.4; -
Navajo |- 1.7-2.3; -, 64-7.7 | -
Polish 1.3-1.5; 2-2.3; | 1.3-1.7,-;6.4-9.5 | 1.3-1.5; 3.2-3.7;
6.4-7.7 6.4-7.7
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Table 5.3: Peak frequencies in kHz for fricatives /[, 3/. For a given place of

articulation the same number of columns is used, and

its frequency range is given. After Nartey (1982).

if a peak is present

/ifi/ /afa/ /ufu/
Ambharic | 1.7-2; 3.2-3.7; - 1.7-2;2.3-2.7; - 1.5-2; -5 -
Arabic - 2-2.3;3.7-44 1.7-2; -, 3.7-44 1.7-2; - -
Hebrew | -; 2.7-3.2; - 1.7-2.4,32-3.7,- | -;23-3.2; -
Japanese| 1.5-2; -; 4.4-6.4 1.3-1.7;-;44-53 | -; - 3.7-44
Navajo | -; 3.7-4.4; - - 3.2-4.4; - -
Polish 2-2.3;3.7-4.4; - 1.5-1.7,3.2-3.7;- | 1.3-1.5;4.4-5.3; -
Yoruba | -; 2.7-3.7; - 1.5-2;3.1-3.7; - 1.7-2; - -
Zuni 2-2.3;3.7-44, - - 3.7-4.4; - - 2.7-3.7,64-7.7

/i31/ /aza/ /uzu/
Ambharic | - - 1.7-2;,2.3-3.2 -
Navajo |- - -1 3.2-44 -
Polish - 0.8-0.9; 1.5-1,7; -

3.2-3.7

Results from Shadle, Moulinier, Dobelke, and Scully (1992) and Shadle and
Scully (1995) showed that all the peaks except the second and fourth peaks,
and all the broad peaks of fricative /s/ were shifted down in frequency for
the nonsense word /pusu/, and the overall amplitude for high frequencies
(>4kHz) was lower, relative to /pisi/ and /pasa/ contexts. The overall
amplitude of the spectra of /s/ in /pisi/ and /pasa/ was very similar, but
in /pusu/ it was 10-25dB lower, except for the second broad peak around
7.5kHz. A possible explanation would be a different source mechanism for
the fricative in /pusu/, suggestive of a breathy whistle. In Shadle and Mair
(1996) the most striking spectral change due to vowel context also occurred
for /pusu/: “a fairly narrow high-amplitude peak with “shoulders” consid-
erably lower in amplitude than” in /pasa/ and /pisi/ contexts.

Shadle, Mair, Carter, and Millner (1995) studied the fricative in /pufi/ and
/pubi/. They observed that /i/ vowel context moved the place of constriction
anteriorly, increasing the front cavity resonances, and that the rounded vowel
context /u/ decreased formant frequencies and bandwidths. Shadle, Mair,
and Carter (1996, p.194) also showed that for one of their two subjects (a
male French speaker) the frequency of the fricative peak in /pufi/ at 1.5-
2kHz, increased from beginning, through middle, to end:
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A spectral peak corresponding in frequency range to the second
formant ... is highest in frequency for the [i-i] context, and low-
est for the [u-u] context. The higher peak in the [i-i] context
is accompanied by the lowest amplitude low - frequency trough at
approximately 1kHz; one explanation of this is that the trough
corresponds to a zero with a frequency related to source and con-
striction location, which do not change; the zero becomes more
visible.

The spectra of fricatives /f/ and /8/ were the most variable, and the most
noticeably affected by vowel context.

From the results of the studies reported in this section, it can clearly be seen
that the detailed spectral characteristics of fricatives are language dependent,
but also that there are some effects of context, such as the downward shift
of peak frequencies due to rounding, that could be observed for a variety
of speech material. The data collected from all the different bibliographical
sources referred to in this section will be compared with some specific spectral
characteristics observed for Portuguese.

5.3 Results of the Analysis of Spectral Peak
and Trough Frequencies, and of Spectral
Amplitude — Labiodental, Alveolar and
Postalveolar Fricatives

5.3.1 Fricative /f/

Fricative /f/, for all subjects and all corpora, has spectral peaks at 1.4-
1.9kHz, 2.2-2.8kHz, 3.1-3.9kHz and 4.1-5.3kHz, and a broad peak at 8-
11.5kHz. The first peak and the broad peak tend to be shifted down in
frequency to lower ranges for back vowel contexts, an effect reported previ-
ously for various other languages (see Literature Review in Section 5.2).

The first peak is located in the same frequency range as the one observed

for Argentine Spanish (Manrique and Massone 1981); for Amharic, Arabic,
Polish and Yoruba (Nartey 1982); for American English in various studies by
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Shadle et al.; and for French (Badin 1989; Beautemps et al. 1993; Beautemps
et al. 1995). A similar range to that found for the second peak of Portuguese
/f/ has been previously reported for Hebrew (Nartey 1982), American En-
glish (Shadle, Moulinier, Dobelke, and Scully 1992; Shadle and Scully 1995),
and French (Badin 1989; Beautemps et al. 1993; Beautemps et al. 1995).
The third and fourth peaks have been reported before only for French and
American English in studies by Shadle and various colleagues. The broad
peak seems to be also a spectral characteristic of Argentine Spanish (Man-
rique and Massone 1981) and French (Shadle, Moulinier, Dobelke, and Scully
1992; Shadle and Scully 1995).

Analysis of Speaker LMTJ’s fricative /f/ spectra has revealed that, for most
examples, the amplitude of the first peak is 4-10dB higher than the ampli-
tude of the second peak, as shown in Figure 5.7.

Amplitude (dB)
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Figure 5.7: Time-averaged spectra of fricative /f/ sustained at three dif-
ferent effort levels: soft (dotted line), medium (dash - dotted line) and loud
(solid line). The dashed curve is the averaged spectrum of the room noise.
Corpus 1b (Speaker LMTJ).

In Corpus 2, for Speaker LMT\J, when there is no stress, or the stress is placed
in the syllable containing the fricative, the amplitude at the beginning and
end of the fricative decreases by 5-15dB. When the stress is placed in the
syllable before the fricative, the spectrum at the beginning, middle and end
are quite similar in amplitude remaining within 5dB of each other. For
Speaker ACC, there is a 20-30dB difference between the amplitude of the
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first peak and that at 20 kHz. The high frequency amplitude (> 14kHz) is
lower for /pufu/.

5.3.2 Fricative /v/

Peaks at 1.3-1.7kHz, 2.2-3kHz, 3.6-4kHz and 4.5-5.3kHz have been ob-
served for fricative /v/, for all subjects and all corpora. Although no high
frequency broad peak could be observed for /v/, its frequency ranges of the
peaks are otherwise quite similar to those found for /f/. However, the overall
amplitude of /v/ was 5-20dB lower than for /f/. Narayanan (1995) observed
that the overall amplitude of American English /v/ was 5dB lower than its
unvoiced counterpart. Nartey’s (1982) study also revealed a first peak in
a similar frequency range as Portuguese /v/ for Hopi, Papago, Pima and
Polish; and an equivalent second peak for Hebrew.

In Corpus 1b, ACC’s fricative /v/ spectral amplitude is identical in the
low frequencies (< 5kHz) for all effort levels, as shown in Figure 5.8. The
amplitude difference between high and medium effort level spectra is 10-
20dB, and the amplitude of medium and low effort levels is identical, at
higher frequencies.

207,
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Figure 5.8: Time-averaged spectra of fricative /v/ sustained at three dif-

ferent effort levels: soft (dotted line), medium (dash - dotted line) and loud
(solid line). The dashed curve is the averaged spectrum of the room noise.

Corpus 1b (Speaker ACC).
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5.3.3 Fricative /s/

Fricative /s/ has peaks at 1.4-2kHz, 2.3-3.2kHz and 4-5kHz, for all sub-
jects and all corpora. There are also broad peaks at 5.5-8.5kHz (usually
shifted down to 4-5kHz for back vowel contexts) and 9.5-16 kHz. All the
peaks and the first broad peak in Portuguese /s/ were also observed in the
spectra of the twelve world languages studied by Nartey (1982). In stud-
ies of French spectra, peaks and broad peaks were reported to be located
in the same frequency ranges as given above for Portuguese (Badin 1989;
Shadle, Badin, and Moulinier 1991; Shadle, Moulinier, Dobelke, and Scully
1992; Shadle and Scully 1995; Beautemps, Badin, and Laboissiere 1993;
Beautemps, Badin, and Laboissiere 1995). American English studies showed
the same spectral characteristics, but the highest frequency broad peak was
not visible (Shadle, Dobelke, and Scully 1992; Wilde 1995a; Wilde 1995b;
Narayanan 1995).

The amplitude difference of /s/ in Corpus 1b (Speaker LMTJ) between low
and medium effort level spectra, and between medium and high effort level
spectra is about 15dB at the first broad peak and about 30dB at higher
frequencies (above 5.5-8.5kHz). For Speaker ACC, the amplitude difference
between low and medium effort level spectra, and between medium and high
effort level spectra, is the same as for LMT/J at the first broad peak and at
higher frequencies.

In Corpus 2, above 5kHz the spectral amplitude is highest mid - fricative
and lowest end - fricative, for speakers LMTJ (see Figure 5.9) and ACC.
These results are the same as those reported for American English by Shadle,
Dobelke, and Scully (1992).
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Figure 5.9: Ensemble-averaged spectra of fricative /s/ in /pise/; Top:
beginning of the fricative; Middle: centre of the fricative; Bottom: end of
the fricative. The dashed curve is the time - averaged spectrum of the room

noise. Corpus 2 (Speaker LMTJ).
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The spectra of Corpus 4 (Speaker LMTJ) /s/ present a 20-35dB drop in
amplitude from the first broad peak to the second broad peak. There are
some vowel and consonant contexts where the first broad peak has a reduced
bandwidth, see Figure 5.10 — (a), due to the close presence of the second
broad peak, as shown in Figure 5.10 — (b). For the words of ACC (Corpus 3
and 4), the most “reliable” spectral characteristics of /s/ are the first two
peaks and a trough at 2.3-2.6kHz (also observed for American English by
Narayanan (1995)).
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Figure 5.10: Time- averaged spectrum of fricative /s/ in sala ([a 'sale]):

(a)  First broad peak; (b) second broad peak. The dashed curve is the
averaged spectrum of the room noise. Corpus 4 (Speaker ACC).

5.3.4 Fricative /z/

The spectrum of fricative /z/ has peaks at 1.1-1.8kHz, 2.3-3.5kHz and
4-5kHz; broad peaks at 5.3-8.5kHz and 9.8-17kHz, for all subjects and
all corpora. The first broad peak is shifted down for back vowel contexts, as
shown in Figure 5.11. The first peak tends to be located at higher frequencies
(1.6- 1.8 kHz) for Speaker ISSS. The most prominent peaks and broad peaks
of /z/ are located in the same frequency ranges as its unvoiced counterpart,
but the overall amplitude of /z/ is 10-15dB lower than that of /s/, as previ-
ously observed for French (Shadle and Scully 1995). There are also references
to some low frequency peaks, in the same range as the Portuguese results, in
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studies of various other languages (Komshian and Soli 1981; Nartey 1982).

Amplitude (dB)
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Figure 5.11: Time-averaged spectra of fricative /z/ in zelar /'zilar/ (top)
and zona /7zone/ (bottom). The dashed curve is the averaged spectrum of

the room noise. Corpus 3 (Speaker LMTJ).

In Corpus 1b, for speakers LMTJ and ACC, there is a 10-30dB difference
between the amplitude of the first broad peak and that at 20kHz. The
spectral amplitude is identical in the low frequencies (< 4kHz) for all effort
levels. The amplitude difference at higher frequencies (4 to 20kHz) varies
between 5 and 20dB, as shown in Figure 5.12 for Speaker LMTJ.
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Figure 5.12: Time-averaged spectra of fricative /z/ sustained at three dif-
ferent effort levels: soft (dotted line), medium (dash - dotted line) and loud

(solid line). The dashed curve is the averaged spectrum of the room noise.
Corpus 1b (Speaker LMTJ).

For the words produced by Speaker ACC, a trough at 2.3-2.6kHz could
also be observed in the /z/ spectra (equivalent to the one in the /s/ spectra).
Another characteristic of the alveolar fricatives /s, z/ of Speaker ACC is that
the bandwidth of the third peak increases and the bandwidth of the two broad
peaks decreases (Stevens 1998, pp.130-137), resulting in a spectrum where
there is a “third category of peaks” (designated in Figure 5.1 as “medium
bandwidth peaks”). It is thought this is due to the proximity of poles and
zeros of the transfer function (as referred to in the introduction).

For back vowel contexts /o, o, u/, in Corpus 4 (Speaker LMTJ), the difference
in amplitudes between the first broad peak and the first two peaks is larger.
The broad peak is generally sharper and narrower for back vowel contexts.
The lip rounding present in all back vowel contexts /o, o, u/ results in low-
ering of front cavity peak frequencies and decreases their bandwidth which
is strongly influenced by the radiation impedance. This decreased band-
width contributes to enhancing the prominence of the broad peak (Stevens
1998, pp.290-294). For back cavity resonances, that result in the spectral
peaks at 1.1-1.8kHz, 2.3-3.5kHz and 4-5kHz for Portuguese, deduced by
comparison with results on cavity affiliation of peaks and troughs by Shadle
et al. (1991), the bandwidths are only weakly influenced by the radiation
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impedance (Stevens 1998, pp. 152-156).

5.3.5 Fricative /[/

The spectrum of fricative /[/ has a peak at 1.4-2.2kHz, and broad peaks at
2.5-4.5kHz, 6-9.5kHz and 12.1-16.9kHz, for all subjects and all corpora.
The peak and the first broad peak tend to be shifted down for back vowel
contexts. There is also a trough at 0.6-1.3kHz in the spectra of speak-
ers LMTJ and ACC. Speaker ISSS’s peak tends to be located at a higher
frequency range (1.9-2.2kHz), as shown in Figure 5.13.
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Figure 5.13: Time-averaged spectrum of sustained /[/. The dashed curve
is the averaged spectrum of the room noise. Corpus la (Speaker ISSS).

French /[/ spectra presents a peak and a trough in the same frequency range
as Portuguese, but the broad peaks are located at lower frequencies (Badin
1989; Shadle, Moulinier, Dobelke, and Scully 1992; Shadle and Scully 1995).
American English (Shadle, Badin, and Moulinier 1991; Narayanan 1995) and
various other world languages (Nartey 1982), seem to have fewer broad peaks
than Portuguese, with quite different peak and broad peak locations.

In Corpus 1b, LMTJ’s /[/ spectrum has a fairly similar falloff at all levels; the

difference between high and low effort level amplitudes at high frequencies
is about 30dB. For Speaker ACC, the amplitude difference between low and
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medium effort level spectra, and between medium and high effort level spectra
is 5-20dB. There is a 20- 30 dB difference between the amplitude of the first
broad peak and that at 20 kHz.

Word final fricative /[/ produced by Speaker LMTJ has lower amplitudes
above 7TkHz than LMTJ’s other /[/ spectra in Corpus 3 and 4. In Corpus 4,
this fricative’s spectra present a 25-40dB drop of amplitude from the first
broad peak to the second broad peak (approximately 2.5 to 9.5 kHz).

5.3.6 Fricative /3/

The spectrum of fricative /3/ has a peak at 1.2-2.1kHz, and broad peaks
at 2.3-4.7kHz, 6-8kHz and 9.5-16.3kHz, for all subjects and all corpora,
as shown in Figure 5.14. There is also a trough at 0.8-1.1kHz for speakers
LMTJ and ACC. For Speaker ISSS, the first peak tends to be located at
higher frequencies (1.9-2.1kHz). The first two broad peaks have a much
narrower bandwidth (previously designated as “medium bandwidth peaks”)
for speakers LMTJ and ACC than for speakers CFGA and ISSS. The over-
all amplitude difference between /3/ and /[/ is quite variable for different
speakers and corpora (0-30dB).

Amplitude (dB)
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Figure 5.14: Time - averaged spectrum of sustained /3/. The dashed curve
is the averaged spectrum of the room noise. Corpus la (Speaker CFGA).
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In Corpus 1b, for Speaker LMT\J, generally there is less amplitude difference
at high frequencies between medium and high effort, than between low and
medium effort. For Speaker ACC, the amplitude difference between effort
levels for /3/ is 5-10dB, less than for /[/. There is a 30 dB drop of amplitude
on the spectra from the first broad peak to 20 kHz.

In the Corpus 4 spectra of Speaker LMTJ, there is a 20-30dB drop in am-
plitude from the first broad peak to the last broad peak, and the overall
amplitude of /3/ varies over a similar range (~ 40dB) to that of /[/.

5.3.7 The Effect of Effort Level

The different effort levels tend to be associated with a shift in frequency of
one or even two broad peaks of fricative /s/ for Speaker LMTJ, of fricative
/z/ for speakers LMTJ and CFGA, and of fricative /[/ for all speakers. The
“direction” of such a frequency shift (up or down) varies among fricatives and
speakers, which probably is the result of disparate strategies among speakers
in the somewhat unnatural task of producing sustained fricatives at the three
effort levels.

5.3.8 The Corpus 1la Spectra of Speakers LMTJ and
ACC

The peaks in the spectra of Speaker ACC are much broader and their tops
much flatter than for Speaker LMTJ, as can be seen in Figure 5.15. The
overall amplitude of the spectra of fricatives produced by Speaker ACC is
~ 10-20dB higher than for Speaker LMTJ. The “voice bar” (first peak in
the spectra) of fricatives /v, z, 3/ for Speaker ACC is ~ 10dB higher than
for Speaker LMTJ.
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Figure 5.15: Time-averaged spectra of sustained fricative /3/ in
/e-3335-¢/. The dashed curve is the averaged spectrum of the room noise.

5.3.9 Effects of Word Boundaries

The two examples of fricative /v/ in sentence 12 have very similar spectral
peak frequencies (~ 1.6kHz, 2.5kHz and 3.6kHz). Durations of the frica-
tive, and VF and FV transitions are also quite similar. It seems that /i've/
whether contained within a word (as in dever /dr/) or split across word
boundaries (when a new word starts with /v/ as in meche ver /mef[i vel/)
have the same characteristics. The two pairs of fricative /s/ in sentences
11 and 12, with the same vowel context within a word and across word
boundaries, are also quite similar in terms of VF, F, and FV durations, and
spectral peak frequencies. The two examples of fricative /[/ in sentence 11
are identical (time and frequency domain).

105



5.4 Syllable Stress and Effort Level — Labio-
dental, Alveolar and Postalveolar Frica-
tives

It was expected that varying the effort level of sustained fricatives, as in
Corpus 1b, would have the same effect as varying the stress of the syllable
containing the fricative in Corpus 2 and 3, and possibly also position within
the word in Corpus 3. Results show that the spectral shapes and amplitudes
of unstressed fricatives are similar to the soft effort level, and stressed frica-
tives are similar to the medium effort level. No fricatives from Corpus 2 or 3
resemble their high - effort - level Corpus 1b counterparts.

Figures 5.16 to 5.22 contrast spectra for /[/ with similar vowel context from
Corpora 2 and 3 (Speaker LMTJ). For four of the seven pairs- by - vowel -
context the Corpus 2 spectral amplitude was slightly higher than that of
Corpus 3 for frequencies above 6 kHz (see Figures 5.16 to 5.19). This ampli-
tude difference across the frequency range corresponds strongly with a dif-
ference in stress between the two fricatives. In each of these four cases, the
Corpus 3 fricative was in an unstressed syllable, and the Corpus 2 fricative
was in a stressed syllable.

The other three such cases showed a different pattern, with the spectral
amplitudes differing at the main peak but approximately equal above 3 kHz
(see Figures 5.20 to 5.22). Two of these cases matched in stress (one pair,
both stressed, shown in Figure 5.20; the other, both unstressed, shown in
Figure 5.22); the third case, shown in Figure 5.21, did not match, and the
amplitude difference at the peak was the largest (stressed Corpus 2 is 15dB
above unstressed Corpus 3). The same set of 7 examples was also analysed for
Speaker ACC, but the overall spectral amplitude of fricatives from Corpus 2
and Corpus 3 was approximately the same.

These points taken together (see summary in Table 5.4) give us information
needed to model the fricative. Corpus 2 is better controlled and easier to
analyse than Corpus 3 or 4; validating its use gives an important advantage.
However the inconclusive results for Speaker ACC raised the question of
how general (different fricatives and speakers) the previous discussion was.
Therefore we concluded that this line of research, with the current limited
number of speakers, would not bear fruit.
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Table 5.4: Spectral amplitude comparisons; paired by vowel context; stress
of syllable containing the fricative differs. Spectral amplitudes > 2kHz.
Speaker LMT.J.

Corpus la Amplitude Corpus 2 and 3
e.g. [uf... [u] e.g. [pufu], [ke'pu/]
high effort no equivalents in Corpus 2 or 3
medium ~ all stressed
low ~ all unstressed
Corpus 2 Amplitude Corpus 3
stressed; [pife] > unstressed; ['bife]
stressed; [pe'[u] > unstressed; ['ta]
stressed; [pufu] > unstressed; ['mo]
stressed; [pufu] > unstressed; [ke'pu]
stressed; [pe[e] R~ stressed; [e'[ac]
stressed; [pe[e] R~ unstressed; [bu'lafe]
unstressed; ['pufe] R~ unstressed; ['tofe]
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Figure 5.16: Averaged power spectra of fricative /[/ in ['bife] from Corpus 3
(solid line), and in [pi[e] from Corpus 2 (dash-dotted line). The dashed
curve is the averaged spectrum of the room noise. Speaker LMTJ.
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Figure 5.17:
(solid line),
curve is the
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Averaged power spectra of fricative /[/ in ['taf] from Corpus 3
and in [pe'fu] from Corpus 2 (dash-dotted line). The dashed
averaged spectrum of the room noise. Speaker LMTJ.
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Figure 5.18: Averaged power spectra of fricative /[/ in ['mof] from Corpus 3

(solid line), and in [pufu] (both syllables equal stress) from Corpus 2 (dash -

dotted line).

The dashed curve is the averaged spectrum of the room noise.

Speaker LMTJ.

108



20

Amplitude (dB)

8 10 12 14 16 18 20

Frequency (kHz)

Figure 5.19: Averaged power spectra of fricative /[/ in [ke'puf] from Cor-
pus 3 (solid line), and in [pufu] (both syllables equal stress) from Corpus 2

(dash - dotted line). The dashed curve is the averaged spectrum of the room
noise. Speaker LMTJ.
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Figure 5.20: Averaged power spectra of fricative /[/ in [e[ar] from Corpus 3
(solid line), and in [pefe] from Corpus 2 (dash-dotted line). The dashed
curve is the averaged spectrum of the room noise. Speaker LMTJ.
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Figure 5.21:
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Averaged power spectra of fricative /[/ in [bulafe] from Cor-

pus 3 (solid line), and in [pefe] from Corpus 2 (dash-dotted line). The
dashed curve is the averaged spectrum of the room noise. Speaker LMT\J.
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Figure 5.22: Averaged power spectra of fricative /[/ in ['tofe] from Corpus 3

(solid line),
curve is the

and in ['pufe] from Corpus 2 (dash-dotted line). The dashed
averaged spectrum of the room noise. Speaker LMTJ.
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5.5 Spectral Analysis of Uvular Fricatives and
Voiceless Tapped Alveolar Fricatives

The spectrum of fricative [x] has peaks around 1.2-1.8kHz, 2.4-3kHz and
3.4-4kHz; troughs around 1.9-2.2kHz and 4.1-4.7 kHz (not always visible);
and a low amplitude broad peak that can be centred from 7.5 kHz to 11.5 kHz
(not always visible), for all subjects and all corpora. There is a 30-40dB
falloff of amplitude over the 1.5-20kHz frequency range. If we compare the
spectrum of [] shown in Figure 5.23 (top) with the spectrum of [[] (bottom of
Figure 5.23), we can see the main spectral peak being shifted down because
the place of articulation moves back from postalveolar ([f]) to uvular ([x]). A
spectrogram of a word with the fricative [x] is given in Figure 5.24. In our
limited inventory we’ve registered only two productions of fricative [g], as
shown in Table E.2, with spectral characteristics very similar to its unvoiced
counterparts.

The spectral results for Portuguese are comparable to those of velar and
uvular fricatives in various other languages. Jassem (1967) reported spectral
peaks for Polish /x/ at 0.5kHz, 1.4kHz and 2.1 kHz, and for /y/ at 0.6 kHz,
1.1kHz, 2.3kHz and 3.4kHz. Delattre’s (1971) study of American English,
Arabic, French, German and Spanish pharyngeal consonants included a de-
tailed description of the different articulatory gestures used to produce /x/,
/x/ and /B/. Manrique and Massone’s (1981) analysis of Argentine Spanish
fricatives, in different vowel contexts, revealed spectral peaks at 0.5-3kHz
(mean =1.7kHz) for /x/. Nartey (1982) studied fricatives of twelve different
languages, reporting the spectral peaks shown in Table 5.5 for /x/ and /y/
in three different nonsense word vowel contexts /i, a, u/.

Table 5.5: Fricative peak frequencies in kHz. For a given place of artic-
ulation the same number of columns is used, and if a peak is present its
frequency range is given. After Nartey (1982).

/ixi/ /axa/ Juxu/

Arabic | -; 1.7-2.3; -; 6.7-7.7 | 0.5-0.6; 1.1-1.3; | 0.5-0.6; -; 3.7-4.4; -
3.7-4.4; -

Navajo | -; -; 3.2-3.7; - - 1.1-1.3;3.7-4.4; - | -

Polish | -; 2.3-2.7; -; - 0.2-0.3; 1.5-1.7; -; - | 0.4-0.5; 0.8-0.9; -; -

/ixi/

/axa/

[uxu/

Hebrew

1.5-1.7; 3.2-3.7

11-1.3;3.2-3.7

0.9-1.1; 3.2-3.7
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Alwan’s (1986) results from acoustic vocal tract models showed that for uvu-
lar fricatives /y, s/ formant F1 should be a Helmholtz resonance, F2 and F4
front - cavity resonances and F3 a back cavity resonance. These predictions
were confirmed by spectral analysis results which revealed the peaks shown
in Table 5.6. The waveform envelope of /B/ was lower in amplitude than
that of the surrounding vowels and the formants above F1 were very weak.

Table 5.6: Fricative formant frequencies in kHz. The values are averaged
across four speakers. After Alwan (1986).

L[ s/ [ e/ | e/ |
FI| 04 | 06 | 04
F2 16 | 1.3 | 09
F3| 26 | 25 | 26

| | /iz/ | [wai/ | [su/ |
F1| 04 0.5 0.4
F2 | 14 1.2 0.7
F3 | 2.5 2.6 2.6

Beautemps et al. (1993, 1995) reported spectral peaks for French /x/ at
600 Hz, 1211 Hz, 2180 Hz and 3665 Hz. Shadle et al. (1995) also presented
results of a spectral analysis of /x/ produced by American, French and Ger-
man speakers. The unvoiced velar fricative /x/ had evenly spaced peaks
from 1 to 1.5 kHz, front cavity affiliated peaks at 2 and 3.8 kHz, and a trough
around 3 kHz.

The spectrum of fricative [¢] has peaks around 1.4-1.7kHz and 2.5- 3.1 kHz;
a trough around 2-2.4kHz; and a low amplitude broad peak that can be
centred from 9kHz to 12kHz, for all subjects and all corpora. However,
these cues in the spectra are not always visible and there is great variability
of the spectral structure (but not the overall amplitude). There isa 15-30dB
falloff of amplitude over the 1.5-20kHz frequency range. A spectrogram of
a word with the fricative [¢] is given in Figure 5.25.
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Figure 5.23: Power spectra of [x] (top) in ressaca [e y 'sake] (preceded by the
word diga [dige]), and [f] (bottom) in meche [mefi]. The dashed curve is
the time - averaged spectrum of the room noise. Corpus 4 (Speaker CFGA).
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5.6 Summary

In this chapter, a study of the time-averaged spectra of sustained frica-
tives and of fricatives in real words, together with a study of the ensem-
ble - averaged spectra of nonsense words, was presented. The broad spectral
envelope was analysed, and then a refined description of specific frequency
bands which present significant peaks or troughs was proposed. The analysis
of results from different corpora showed that the peak and trough locations
that characterize each place of articulation were: labiodentals — peaks at
1.3-1.9kHz, 2.2-3kHz, 3.1-4kHz and 4.1-5.3kHz, and a broad peak at
8-11.5kHz; alveolars peaks at 1.1-2kHz, 2.3-3.5kHz and 4-5kHz, and
broad peaks at 5.3-8.5kHz and 9.5-17kHz.; postalveolars peak at 1.2-
2.2kHz, and broad peaks at 2.3-4.7kHz, 6-9.5kHz and 9.6-16.9 kHz. Only
back vowel context seems to affect some of the peak and trough locations
in the spectra of Portuguese fricatives. The peak locations (in the range 1
to 8 kHz) for the spectra of sustained fricatives are identical to those of cor-
responding fricatives in real words. Some of the broad peaks above 10kHz
observed in sustained fricatives are not visible in the spectra of fricatives
from the word corpus.

From the analysis of the time-averaged spectra of different fricatives from
Corpus 1b we have observed that the amplitude differences between the three
effort levels are smallest at low frequencies. The amount of amplitude dif-
ference at high frequencies varies with the fricatives and tends to be smaller
for the voiced fricatives. These differences are associated with source type
and strength, and are similar to results for American English and French
subjects.

All of this detailed spectral information will be used in the parameterisation

model proposed in Chapter 6, especially the location of the highest frequency
peak of /f; v/ and of the lowest frequency broad peak of /s, z, [, 3/.
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Chapter 6

Parameterising the Spectral
Characteristics of Fricatives

6.1 Introduction

Fricative spectra have been parameterised to aid comparisons across speaker
and across corpus, and to gain insight into the production mechanisms un-
derlying the language - specific variations. The parameters spectral slope,
frequency of maximum amplitude, and dynamic amplitude, derived from
previous studies, were used to analyse changes in effort level, voicing, and
sampling time within the fricative. Some combinations of the spectral pa-
rameters were also used. Results discussed in Chapter 5 will be related to
differences in production mechanisms via these parameters: we expect to
have different spectral parameters for each place of articulation; different dy-
namic amplitude and slope values for the various effort and stress levels; the
effect of rounding to be captured by the frequency of maximum amplitude
parameter, etc.

6.2 Previous Studies Parameterising Fricatives

While our long - range goal is improved synthesis of Portuguese, the analysis
methods described in this thesis are more closely related to other goals that
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have long proven difficult for fricatives. Distinguishing fricatives in spite of
changes caused by context effects is the fundamental task of speech recog-
nition. Identifying differences in production when the intended fricative is
known is needed for studies of disordered speech, and changes in speech over
time, e.g. after a cochlear implant. Both of these applications require some
knowledge of the distinguishing acoustic characteristics of fricatives that hold
across speaker, context, and speaking style. We consider previous studies of
distinguishing characteristics of fricatives below, grouped by type of param-
eter.

Locus equations have been used by many authors (Sussman 1994; Fowler
1994). The method consists of finding the slope and the intercept of a line
between the same acoustic feature in a vowel and an adjoining consonant.
For instance, Sussman (1994) used Fy(onset) = kFy(vowel) + ¢ on both stops
and fricatives. The corpus consisted of a small number of nonsense words
produced by four speakers of American English. k£ and ¢ could be used to dis-
tinguish stops, but did not distinguish fricatives well. Jongman et al. (2000)
also studied locus equations as cues to place of articulation. The corpus con-
sisted of nonsense words produced by 20 speakers of American English. The
slope of locus equations could be used to differentiate labiodentals from the
other three places of articulation.

Forrest et al. (1988) used spectral moments to characterise normal speech
with the intent of using them on disordered speech. In this method, the
spectral envelope was treated as a probability density function and the first
four moments of that function were found and used in a cluster analysis.
Results showed that spectral moments worked well to classify stops, as shown
in Figure 6.1, but could not distinguish all fricatives. However, the authors
used a very limited corpus: only 5 words contained fricatives. They were
produced by 10 speakers of American English.

Shadle and Mair (1996) used spectral moments, as in Forrest et al. (1988),
on a large fricative corpus recorded by one American English and one French
native speaker. These researchers examined multiple tokens, varying effort
levels, different vowel contexts, and three different locations within a frica-
tive. They showed that the moments that Forrest et al. (1988) found to be
the most useful for distinguishing fricatives (especially skewness) were not so
useful with their data; the differences across context within place were typi-
cally much greater than the differences across place. Jongman et al. (2000)
seemingly contradicted this finding in their study using 20 American speak-
ers, and 6 vowel contexts for each fricative. ANOVAs showed that spectral
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skewness differed significantly by place for all four places, and the other mo-
ments were significantly different for two or three place-groups. For these
studies, all subjects, voicing, vowel contexts, and location within fricative
were lumped together. The implication then is that the distributions for
each place overlapped substantially, and classification based on these mea-
sures would likely have a high failure rate. Very little information is given
about the effect of voicing, vowel context, etc., on the values of each moment.

CANONICAL VARIATE 2

CANONICAL VARIATE 2
4 e

T T ' r "
~5.4 -2.7 [ 27 54 -84 -7 [ 27 54
CANONICAL VARIATE 1 CANONICAL VARIATE §

Figure 6.1: Cluster centres, marked by appropriate phoneme, and bound-
aries enclosing voiceless stops and fricatives. From Forrest et al. (1988).

Wilde (1995a) studied acoustic cues (place and voiced / voiceless categoriza-
tion) in fricative- vowel boundaries and assessed perceptual importance of
various time- and frequency-domain parameters via synthesis. She used
nonsense words produced by four speakers of American English. She con-
cluded that temporal and spectral characteristics of voiceless fricatives are
more dependent on vowel context than those of voiced fricatives, and what
she referred to as “formant onset time of fricatives” provides important place
information. She also showed that the amplitudes of fricative noise in re-
stricted frequency regions can distinguish sibilants (see definition on page 33)
from nonsibilants.

Funatsu (1995), in a cross- language study of Japanese and Russian fricatives
in nonsense words, measured two spectral parameters: the frequency of the
most prominent fricative peak (Fr) and the onset frequency of the second
formant transition of the following vowel (Fy), both measured over a 0-
10kHz range. Japanese /[/ had a lower Fr and higher Fy, than Japanese
/s/. Russian /[/ had a lower Fj and the same Fy compared to Russian /s/.
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Russian fricatives, when followed by /o/ or /u/, had lower Fj and Fy values
than in /a/ vowel context. Japanese fricatives, when followed by /o/, had
lower Fr and Fy values than in /a/ vowel context, but when followed by
/u/, /s/ had the same Fr and Fy values as in /a/ vowel context and /[/ had
the same Fp and higher Fy values than in /a/ vowel context.

Shadle and Mair (1996) defined two parameters, dynamic amplitude and
spectral slope, which will be discussed in more detail later. These did not
distinguish the fricatives completely but did vary with source location and
effort level as predicted.

Evers et al. (1998) tried to distinguish and characterize the fricatives /s, [/
produced by two speakers each of English, Bengali and Dutch (12 real words).
They used power spectra computed from a single 40 ms window placed mid -
fricative, and calculated the slopes of linear regression lines fit to spectra from
0 to 2.5kHz (S,) and from 2.5kHz to 8kHz (S,). Their results showed that
it was possible to separate /s/ from /[/ by using the difference in slope below
and above 2.5kHz, i.e., (S, — Sp); > (Sq — Sb)s. The slope difference was suc-
cessful in categorizing the two sibilants within a range of 7- 15 dB/kHz across
the three languages. Results also showed that there is no vowel influence in
the discrimination, and that there is a variation between speakers.

Choo and Huckvale (Choo and Huckvale 1997; Choo 1999) studied the cor-
relations between perceptual and physical spaces of voiceless English frica-
tives using a multidimensional scaling technique. Results from perceptual
tests suggested that a two-dimensional solution was the most appropriate
to model the data. Dimension 1, shown to be related to the “peakiness” of
spectra (the difference between maximum amplitude and mean amplitude),
clearly separated the sibilants from nonsibilants. Dimension 2, related to the
centre of gravity of the spectra, separated fricatives according to their place
of articulation. These representations were constructed from both perceptual
similarity judgments and a Euclidean spectral distance metric obtained from
1/3-octave bandpass filtering.

Jongman et al. (2000) studied the frequency of the highest amplitude spectral
peak, and noise duration and amplitude, as cues to place of articulation.
Spectral peak location decreased in frequency as place of articulation moved
posteriorly. The amplitude of the highest amplitude spectral peak differed
significantly for all four places of articulation, for values computed across
speakers, voicing and vowel context. Voiced fricatives had smaller amplitude
relative to the vowel preceding them than unvoiced fricatives, with a larger

120



difference between voiced and unvoiced for nonsibilants than for sibilants.
Noise duration differed significantly for sibilants and nonsibilants.

In a study of acoustic place cues of plosives and fricatives, Chen and Alwan
(2000) analysed /f, v, s, z/ in CV syllables where V was one of the vowels
/a, i, u/ as produced by 2 male and 2 female American English speakers.
Spectral amplitude of frication noise relative to the first formant at vowel
onset, and locus equations’ y - intercepts, appeared to cue place.

Parameters similar to those used by Shadle and Mair (1996), and a param-
eter similar to S, used by Evers et al. (1998), were used in this study to
compare fricatives across-speaker, relate the more controlled productions
(sustained and nonsense words) to those of real words, and gain insight into
the production mechanisms underlying the variations specific to Portuguese.
In the process we have not only enhanced our understanding of Portuguese
fricatives, but have contributed to the methodology for studying fricatives of
any language.

6.3 Parameterisation

The mechanical model results of Shadle (1985) were used to define parameters
that characterise the fricatives in the present study. These parameters have
already been developed as a potential tool for classifying fricatives using real
speech (Shadle and Mair 1996). They consist of measures of spectral slope
and of the dynamic range of the spectrum, and are applied to the spectrum
of the far-field acoustic signal.

The far-field acoustic signal is the result of the excitation of the vocal tract
transfer function by the source (for unvoiced) or sources (for voiced frica-
tives). The transfer function consists of poles, which are the resonances of
the entire vocal tract, and zeros, which are antiresonances, related to the
position of the source with respect to the tract.

It can be shown (Shadle 1985; Stevens 1998) that a source located in an in-
termediate position (i.e. not at the glottal end of the tract) always produces
a zero at low frequencies. In a typical fricative configuration, articulators
form a small constriction that separates the upstream back cavity from the
downstream front cavity. Noise is generated somewhere downstream of that
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constriction. A set of antiresonances will be generated that nearly cancel
back - cavity resonances. Front-cavity resonances are not cancelled, how-
ever, and a set of anti-resonances is generated at frequencies related to the
distance between noise source and constriction. These anti- resonances result
in sharply - defined troughs in the spectrum if the noise source is localized; if
the source is distributed, the troughs will be correspondingly smeared.

The spectral prominence of the uncancelled resonances will depend on a
number of factors: the particular ordering of resonances and antiresonances in
the transfer function as a whole, the losses (particularly radiation losses) and
the noise source strength. Above approximately 5kHz, non- planar modes
begin to propagate; the cut-on frequency is inversely proportional to the
longest cross-dimension of the tract. The radiation impedance decreases,
and losses due to radiation thus decrease, above that frequency.

The noise source spectrum depends on the shape of the constriction, the
tract downstream of it, and the flow velocity through it. This source spec-
trum has been described as having a broad peak, with maximum amplitude
at a frequency proportional to the mean velocity through the constriction
(Stevens 1971). This is the spectrum of turbulence noise generated by a free
jet, and the parameters that allow spectra for any jet diameter or velocity
to be collapsed into a single curve have been amply described in the litera-
ture (e.g. Goldstein 1976). However, with most fricatives the jet emerging
from the constriction cannot freely expand, but impinges on the tract walls
downstream, generating additional noise; at speech dimensions and veloci-
ties, these sources of noise are generally of much higher amplitude than the
self-noise of the jet (Shadle 1990).

Nelson and Morfey (1981) investigated the noise generated by a spoiler in a
duct. These spectra likewise can be collapsed onto a single curve, but with an
important difference: the spectrum does not show a broad peak, but instead
shows a progressive decrease in amplitude as frequency increases. The source
spectrum shape was similar to that derived by Shadle (1990) for obstacle -
source mechanical models, which were shown to be good models for /s, [/
(Shadle 1991).

Figure 6.2 shows an idealized fricative noise source spectrum. If the tract
geometry, including constriction area, remains the same and flow velocity
is increased, the spectral envelope of the noise increases in amplitude at all
frequencies, but more so at higher frequencies (Shadle and Mair 1996; Krane
1999). A greater pressure drop across the constriction (Ap.) results in a
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higher velocity through it, and thus an increased source amplitude. For
unvoiced fricatives, greater subglottal pressure results in a greater Ap,; for
voiced fricatives, a pressure drop is required to drive the vocal-fold oscil-
lation, and thus the noise source in voiced fricatives is generally weaker on
average than in their unvoiced counterparts.

[e2]
it
T

Amplitude (dB)

Flow Velocity

N+

0 Frequency (kHz) 0
Figure 6.2: Schematic illustration of the effect of increasing airflow velocity
on the noise source spectral envelope.

In a sustained fricative, the essentially static tract configuration produces
static source and filter characteristics. Increasing the effort level should
closely approximate altering the source while keeping the filter constant.
For fricatives in vowel context, however, the articulators move at least at
the start and end of the fricative, setting up filter and source characteristics
simultaneously, and may move during the fricative; for instance, the tongue
constriction may be held while the lips round in preparation for the following
vowel. While we hope to capture the source differences that occur during a
fricative by using ensemble averaging at its beginning, middle and end, we
must remember that the filter is changing during this time as well. When
we are forced to time-average through a fricative, all of these effects are
averaged together.

In this study we are primarily interested in describing the acoustic variation
caused by the context or the way in which a particular fricative is spoken,
rather than identifying the fricative regardless of its context. We are thus
interested primarily in changes in the source spectrum, since it offers clues to
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the source variations across subject and place. We have devised parameters
accordingly. However by restricting ourselves to the far-field acoustic spec-
trum, it is not always possible to differentiate source and filter characteristics
unambiguously.

We originally planned to use F' (shown in Figure 6.3) as the endpoint for
the spectral slopes. However, particularly for /f, v/, the values of F' for
the subjects ranged widely, from 4.2 to 7.8 kHz. These differences were not
interesting, since the spectra were relatively flat. We therefore computed
parameter I, the average (rounded to the nearest kHz) of the manually
calculated values of all sustained tokens (Corpora la and 1b) for each place
for all four speakers: F/f,v/ = 5kHz, F/sz/ = 6 kHz and F/LS/ = 4kHz.

In Figure 6.3, F differs from F, but the spectral slopes resulting appear
to characterize the spectral shape fairly, and are computed using the same
frequency range (and number of points) for all subjects.

By using F' we are ignoring changes in the peak frequency with vowel context.
In Corpus 1a, in a majority of cases the rounded - vowel context had the lowest
F', as expected, but this was not consistent either within subject for a given
fricative, or across fricatives.

The dynamic amplitude, Ay, is the difference between the maximum ampli-
tude value of the averaged power spectrum occurring between 500 Hz (lower
limit set so that room noise, and the peaks corresponding to the fundamen-
tal frequency and its first few harmonics, are not used in the calculation of
A,) and 20kHz, and the minimum amplitude between 0 and 2kHz. Two
regression lines are fit to the spectrum; S} is the slope of the line fit to all the
spectral amplitude points from 500 Hz to F' (shown in Figure 6.3 as a dashed
line), and S, is the slope of the line fit to all the points from F to 20kHz
(solid line). This frequency range allowed us to capture relevant variations
in the slope of the spectrum which was not possible in previous studies such
as the one by Badin et al. (1994), in which spectral tilts were measured only
up to 5kHz.
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Figure 6.3: Dynamic amplitude A,, and regression lines used to calculate
low frequency (500 Hz to F' kHz) slope S), (dashed line) and high frequency
(FkHz to 20kHz) slope S, (solid line). Sustained fricative /[/ (Corpus 1a)
produced by Speaker ISSS.

Given these definitions, and what is known about parameter and articulatory
behaviour, we can make the following predictions. The parameter A, should
be maximized for a localized source, and for higher relative noise source
strength, as in sibilants and unvoiced fricatives. A; may not be very large
for the weak fricatives. The parameter S, should be related to the source
strength. Although the resonance peaks will affect the line fit, they should
affect the fit in the same way for within - fricative comparisons. Thus, for a
given fricative where the transfer function is assumed to vary only slightly
from token to token, S, should increase, i.e. become less negative, as flow
velocity through the constriction increases.

Effort level and syllable stress should be correlated with increased flow ve-
locity; the velocity should also be at a maximum mid - fricative, when con-
striction area is smallest and pressure across the constriction highest (Scully
et al. 1992; Shadle and Scully 1995). The behaviour of parameter S, should
be similar to that of A,. For a fricative with a localized source and posterior
place, S}, will be the largest. Within a fricative, increased S, should be cor-
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related with either a more posterior place or greater source strength, because
a more posterior place (or rounding) lowers F' and a greater source strength
increases the amplitude of the peak at F'. See Table 6.1 for a summary of
the predicted effects on parameters.

Table 6.1: Predicted effects on parameters.

Phonetic Class

‘ Aeroacoustics

‘ Predictions

Posterior place; sibilants

Longer front cavity; Lo-

F lower; Ag, S, and S

/8,2.],3/ calized source; Higher | higher
source strength *
Forward place; nonsibi- | Distributed source; | F' higher; Ay, S, and S}

lants /f,v/ Lower source strength lower

Unvoiced Higher source strength * | Ay, S, and S| higher
Voiced Lower source strength Ay, Sp and S) lower
Loud effort level (relative | Higher source strength * | A4, S, and S} higher
to medium and soft)

Middle of fricative (rel- | Higher source strength * | A4, S, and S}, higher
ative to beginning and

end)

Stressed syllable (relative | Higher source strength * | A4, S, and S} higher
to unstressed syllable)

Medial ~word position | Higher source strength * | A4, S, and S}, higher

(relative to initial and

final)

Rounded (relative to un-
rounded)

Longer front cavity;
Lower source strength

F lower; Aq higher; 7 S)
and S, lower

Male subjects

Longer front cavity;
Higher source strength *

F lower; Ay, S, and S,
higher

Female subjects

Shorter front cavity;
Lower source strength

F higher; A4, S, and S,

lower

* A higher source strength is produced by higher volume velocity for the same
constriction area A., or a constant volume velocity for a smaller A.. The net
result is a higher particle velocity in the constriction.

f For rounded vowel contexts the lips form a second constriction and so the first
constriction (that intrinsic to the fricative) generates a noise source with lower
strength (Shadle and Scully 1995).
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6.4 Results

6.4.1 Swustained Fricatives

Figure 6.4 shows average regression line fits (from F to 20 kHz) to the spec-
tra of the sustained fricatives in Corpus 1b for Subject ISSS. Each graph
corresponds to a single place, and shows lines for three effort levels, voiced
and unvoiced. Clearly, each place has a different “family” of nearly - parallel
lines; higher effort level increases amplitude significantly and slope slightly, as
predicted. For all subjects, the families of lines for the voiced and unvoiced
fricatives always overlap, with the voiced cases mostly lower in amplitude
and occupying a smaller range of amplitudes than the unvoiced cases. The
results were similar for the other subjects.
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Figure 6.4: Average regression line fits (from F to 20kHz) of sustained
labiodental (top), alveolar (middle) and postalveolar (bottom) fricatives
from Corpus 1b at loud, medium and soft effort levels. Speaker ISSS.
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In a plot of A, by fricative, as shown in Figure 6.5 for one subject, /s, 7, [, 3/
have higher A, than /f, v/ as predicted. This holds for Corpora la and 1b
for all subjects. Ay also tends to be lower for voiced fricatives than for their
unvoiced counterparts, but this is less consistent across subject.

60
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/t/ /v/ /s/ [/ /I /3/

Figure 6.5: Dynamic amplitude of fricatives from Corpus la. Speaker
LMTJ. Number of tokens per fricative: /f/ —3; /v/ —4; /s/ - 5; [z/ — 6;

/I/ —5; /3] 6.

Figure 6.6 shows S, vs. effort level for subject ACC. Slope generally increases
with increased effort level, though this pattern is much more consistent for
unvoiced fricatives. This agrees with results in Shadle and Mair (1996) and
the predictions in Table 6.1. However, in a F' vs. (44 or S,) vs. S, graph
there is no consistent effect of effort level, as shown in Figures 6.7 and 6.8.
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Figure 6.6: Spectral slope of sustained fricatives from Corpus 1b at Loud
(L), Medium (M) and Soft (S) effort levels. The horizontal line is the
average value of all the examples. Speaker ACC.
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The predictions made for A; and S, in Section 6.3 are shown in the schematic
diagram of Figure 6.9. This expected clustering of sibilants separately from
/f, v/ is borne out by the results for all subjects, as shown in Figure 6.10. If
we use the value of F as a third dimension then on a F vs. A, vs. S, plot the
fricatives cluster by place (labiodental, alveolar and postalveolar) as shown
in Figure 6.11. F is not, of course, an independent parameter, but plotting
in this way allows us to check data for each place for the influence of other
factors.

Figure 6.9: Predicted A, vs. S, relations for the fricatives.
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As shown in Figure 6.12, we predict that on a S}, vs. S), plot each place will
cluster separately, with voiced tokens having lower S but similar S, relative
to their unvoiced counterparts. Figure 6.13 shows 5’1’, vs. S, values plotted
for Corpus la. For all speakers except ACC, both predictions were borne
out. For ACC the voicing relationship was maintained, but /s, z/ tokens
fell in between the /[/ and /3/ tokens. If we plot a F' vs. A4 vs. S, graph
the fricatives produced by all four speakers cluster by place, as shown in
Figure 6.14.

Figure 6.12: Predicted S, vs. S, relations for the fricatives.
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6.4.2 Fricatives in Context
6.4.2.1 Fricatives in Nonsense Words (Corpus 2)

In Figures 6.15 and 6.16, A; and S, are plotted vs. location of the analysis
window within the fricative (i.e. beginning, middle, or end) for Corpus 2.
For /f, v/ there is no consistent pattern; results in Shadle et al. (1996)
indicate that for these the vowel context may play more of a role. As for
the sustained fricatives, A, separates sibilants from /f, v/. A, is higher
on average at the middle of the fricative than at the beginning and end for
/s, z, [, 3/, as predicted. S, tends to be lower for the sibilants than for /f, v/,
but has no consistent trend with regard to location of the analysis window
within the fricative.

Speaker LMTJ Speaker ACC

A T T TR W A TR T A
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50 50
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605 605
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40/ 40
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10 10"
0 L 0
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Figure 6.15: Dynamic amplitude of fricatives from Corpus 2, at the Begin-
ning (B), Middle (M) and End (E) of the fricative.
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Figure 6.16: Spectral slope of fricatives from Corpus 2, at the Beginning
(B), Middle (M) and End (E) of the fricative.

On an F vs. (Ag or S}) vs. S, graph the fricatives in nonsense words (Cor-
pus 2) produced by all four speakers cluster by place as shown in Figures 6.17
and 6.18. When we use place knowledge, i.e. use F, to plot Ay vs. Sy, at
the beginning, middle and end the results are also inconclusive, as shown in
Figures 6.19 to 6.22.
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Figure 6.19: A, vs. S, at the beginning, middle and end of the fricative.
Top: Labiodental (/f/ — solid line, and /v/ — dashed line); Middle: Alveolar
(/s/ — solid line, and /z/ — dashed line); Bottom: Postalveolar (/[/ — solid
line, and /3/ dashed line). Corpus 2 (Speaker LMTJ).
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Figure 6.20: A, vs. S, at the beginning, middle and end of the fricative.
Top: Labiodental (/f/ — solid line, and /v/ — dashed line); Middle: Alveolar
(/s/ — solid line, and /z/ — dashed line); Bottom: Postalveolar (/[/ — solid
line, and /3/ dashed line). Corpus 2 (Speaker CFGA).
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Figure 6.21: A, vs. S, at the beginning, middle and end of the fricative.
Top: Labiodental (/f/ — solid line, and /v/ — dashed line); Middle: Alveolar
(/s/ — solid line, and /z/ — dashed line); Bottom: Postalveolar (/[/ — solid
line, and /3/ dashed line). Corpus 2 (Speaker ACC).
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Figure 6.22: A, vs. S, at the beginning, middle and end of the fricative.
Top: Labiodental (/f/ — solid line, and /v/ — dashed line); Middle: Alveolar
(/s/ — solid line, and /z/ — dashed line); Bottom: Postalveolar (/[/ — solid
line, and /3/ dashed line). Corpus 2 (Speaker ISSS).
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Comparisons of stressed and unstressed fricatives indicate little or no change
in A, and S,, as shown in Figures 6.23 and 6.24 for Corpus 2 fricatives, which
is not as predicted. We expected stress to act as increased effort level; that
is, we expected both A; and S, to be higher in stressed than in unstressed
syllables. However, it is clear that syllable stress does not affect fricatives in
context the way effort level affects sustained fricatives.

Speaker LMTJ Speaker ACC

T A S Y R Y I TR Y R N R Y TR

50r 50r

40r

20r

N
R

10

0 - 0
60; 60,
sl Speaker CFGA sl Speaker ISSS
—~
M 40 40r
=
SN—r
=30 30r
3 / % Z&
20 §§ X 20% %
10 10
5ME BME BME BME BME BME C BME BME BME BME BME BME

Figure 6.23: Dynamic amplitude of fricatives from Corpus 2, at the Begin-
ning (B), Middle (M) and End (E) of the fricative. Fricatives in stressed
syllables (solid line) and unstressed syllables (dashed line).
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Analysis of Corpus 2 fricatives, which occur in rounded and unrounded vowel
context, revealed no consistent effect of rounding on the values of A; and S,
as shown in Figures 6.25 to 6.28. It is possible that F', if measured for this
corpus, would show an effect, but the results from Corpus la indicate it
unlikely to be a strong or significant one.
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We also wished to pursue stress: were the parameters affected noticeably?
Did the overall amplitude of the spectrum of a fricative vary noticeably with
stress? To answer these questions, we superimposed the ensemble - averaged
spectra computed at the middle of all examples of each fricative in Corpus 2
(Speaker LMTJ). The overall amplitude of stressed and unstressed fricatives
is the same within +5 dB. The only significant difference seems to be the am-
plitude of the fundamental frequency component of voiced fricatives, which
is 10-15dB higher for stressed than for unstressed examples. It thus ap-
pears that stress results in a stronger voicing source, but does not affect the
fricative noise source.

6.4.2.2 Fricatives in Real Words (Corpus 3 and 4)

On F vs.( Agor S)) vs. S, graphs the fricatives in real words (Corpus 3 and
4), produced by all four speakers, cluster by place as shown in Figures 6.29
to 6.32. Of course, F is not an independent parameter, but given the large
number of tokens, using F' as in Figures 6.29 to 6.32 allows us to check
for other relationships more easily. Unlike in Corpus la, there is no clear
relationship between voiced and unvoiced versions of the same place.
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6.4.2.3 Correlations Between Duration, Word Position,
Vowel Context, Stress and Devoicing

Duration and devoicing correlations were also examined, as well as the re-
lationship to the parameters Ay and S,. There does not seem to be any
correlation between these two factors (duration and devoicing) and the val-
ues of our parameters. There is some evidence, however, that the vowel to
fricative duration ratio (Hogan and Rozsypal 1980) might be a better candi-
date than the duration of the fricative to make such a comparison.

We also studied the relationships between the values of A4, S, and dura-
tion, and various other contextual factors (stressed /unstressed syllables;
word - initial / medial / final fricatives; voiced / partially - devoiced / devoiced
fricatives), but without identifying any significant trends, as shown in Fig-
ures 6.33 to 6.35.
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Figure 6.35: Duration for: fricatives in stressed (ST) and unstressed
(UNST) syllables; word -initial (WI), word - medial (WM) and word - final
(WF) fricatives; voiced (V), partially devoiced (PDEV) and devoiced (DEV)
fricatives. Corpus 3 (Speaker LMTJ).
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6.5 Summary

In this chapter, Portuguese fricatives were analysed in ways designed to en-
hance our description of the language and to increase our understanding of
the production of fricatives. The parameters spectral slope, frequency of
maximum amplitude, and dynamic amplitude, were developed to character-
ize fricative spectra, and applied to corpora. The parameters behaved as
predicted for changes in effort level, voicing, and sampling time within the
fricative. Some combinations were also useful for separating the fricatives by
place or by sibilance.

The parameters capture source-related changes for the most part as pre-
dicted; for the sustained fricatives, they also separate fricatives by place.
However, for the nonsense words of corpus 2, comparisons of stressed and
unstressed fricatives indicate little or no change in A4 and S,, which is not
as predicted. Since this pattern occurs also in real words of Corpus 3, this
may be a characteristic of Portuguese; the effect on a fricative of syllable
stress is not the same as that of increased effort level.

A combination of parameters A; and S, was also useful for separating the
fricatives by sibilance, and a combination of parameters S, and S, separated
the fricatives both by place and sibilance.

Results from the four subjects seem for the most part to be consistent. There-
fore it is possible that these parameters are capturing aspects of Portuguese
that differ from English or French fricatives. The quantified spectral char-
acteristics of Portuguese fricatives can be related to specific properties of
the transfer function and source spectrum during the production of these
sounds, although using only the far-field acoustic signal will always present
a limitation to source- filter separation.
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Chapter 7

A Case Study of Bilinguality

7.1 Introduction

The main aim of this chapter was to compare the Portuguese results to pre-
viously published results for English fricatives. Corpora developed at the
University of Southampton for American English did not include such a rich
variety of real words as used in the Portuguese study. Therefore we designed
a new British English corpus, which included some of the sentences used in
a EU study by Shadle et al. (Shadle 1992; Shadle and Carter 1993), and col-
lected, in separate recording sessions, both the Portuguese and English data,
as produced by a male bilingual speaker, PS, and a female bilingual speaker,
RS. It was then possible to compare the various acoustic characteristics pre-
viously examined for the fricatives of four European Portuguese speakers,
with a similar set of English fricatives. We also wanted to eliminate one of
the main production variation factors: the across-speaker differences.

According to Watson (1991, p.27), when a child is learning the phonology
and phonetics of a single language, he or she must:

1. learn to recognise distinct, but non - invariant acoustic pat-
terns;

2. deduce the set of oppositions which constitute the phono-
logical structure of the language;

3. associate the acoustic patterns with the phonological system,
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despite the non-invariance of the former;

4. master the correct articulatory routines to produce acoustic
patterns which satisfy other native speakers as being ade-
quate realisations of different phonemes.

Although some bilinguals seem to attain monolingual - like speech production
in both languages, it is very likely that bilinguals choose different strategies
from monolinguals, which “reduce the difficulties created by their need to
use two systems, without thereby sounding in any way abnormal in either”
(Watson 1991, p. 37). Therefore we must consider the particulars of bilingual
speech when interpreting our cross - language results, and begin our study by
establishing the type of bilinguality exhibited by our subjects.

7.1.1 Type of Bilinguality

We used one of the measures of bilinguality proposed by Hamers and Blanc
(2000, p.40), which involved the collection of language biographies, self-
evaluation, and judgements of bilingual production by monolingual speakers
of Portuguese and of English. There are several ways of classifying bilinguals
in terms of their fluency and language dominance (Hughes 1989; Bachman
and Palmer 1996), so we used a previously tested procedure. Subjects filled
in the questionnaire shown in Appendix F, which was originally designed by
Hazan and Boulakia (1993).

The subjects used in this study were two adult bilingual siblings, with no
reported history of hearing or speech disorders. Subject PS was a 22 - year -
old male and Speaker RS was an 18- year-old female. The siblings’ mother
is a European Portuguese speaker and the father a British English speaker;
they reside in Cascais, Portugal. They have interacted with their parents
since infancy in their mother tongues: in Portuguese with their mother and
in English with their father. The age and context of acquisition of both
languages, their past and present use, and the degree of literacy was found,
after questioning, to be as follows:

Speaker PS  age 22.

1. Age and context of acquisition of Portuguese: acquired in the home
and with friends from infancy; received some education in Portuguese.
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2. Past and present use of Portuguese: used frequently at home and with
friends.

3. Age and context of acquisition of English: acquired in the home from in-
fancy and with friends from six years of age; received education mostly
in English (English School in Portugal, Secondary Boarding School in
England, and University in England).

4. Past and present use of English: used frequently at home, with friends
and at the University.

5. Degree of literacy: undergraduate degree.

Speaker RS — age 18.

1. Age and context of acquisition of Portuguese: acquired in the home
and with friends from infancy; received some education in Portuguese.

2. Past and present use of Portuguese: used frequently at home and with
friends.

3. Age and context of acquisition of English: acquired in the home from in-
fancy and with friends from six years of age; received education mostly
in English (English School in Portugal, Secondary Boarding School in
England, and University in England).

4. Past and present use of English: used frequently at home, with friends
and at the University.

5. Degree of literacy: secondary school.

The level of bilingual competence was evaluated informally by two speech
researchers, where the naturalness of the recorded Portuguese and English
sentence corpora was judged to be close to “native-like” for both speakers
and for both languages. Considering all of this information it is most proba-
ble that our subjects have developed a balanced and compound bilinguality
(Hamers and Blanc 2000, pp. 25- 30, 40, 129, 368, 369).
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7.1.2 Previous Studies of Bilinguality

The subject of acoustic phonetics is such a complex area of research where a
multitude of analysis and modelling methods is used, that it has always been
difficult to find a conceptual framework to investigate bilinguality. Therefore,
studies of bilingual speech have been mainly focused on categorical perception
of plosives. Spanish and English bilinguals and monolinguals were analysed
by Abramson and Lisker (1973), Williams (1977), Bond et al. (1980), and
Konefal and Fokes (1981). Voice onset times (VOTs) and voicing perception
of Spanish and English were different. The perception and production of
plosives were also studied for French - English bilinguals, monolingual French
speakers and monolingual English speakers by Caramazza et al. (1973).
Results showed that French and English monolingual speakers have different
VOTs, and that bilinguals use an “intermediate” voicing contrast. Watson
(1990) also studied the acquisition of plosive voicing contrast of French and
English monolinguals and bilinguals. Two cues of voicing were observed,
with only marginal differences between monolinguals and bilinguals: overall
duration of voicing of French VCVs and length of English vowels. Hazan and
Boulakia (1993) also showed that French - English bilinguals did not always
produce monolingual - like VOTs.

7.1.3 Previous Cross- Language Studies of Fricatives

In large cross - language studies of fricatives, different sets of acoustic param-
eters have been used. Ladefoged and Maddieson’s (1996) book describes in
great detail all fricatives in the TPA chart with examples from world lan-
guages, provides a good literature review and presents ideas to improve the
acoustical description of fricatives. Maddieson (1984) examined the frica-
tive inventories of many world languages, and described their frequency of
occurrence and the structure of systems of fricatives.

Nartey (1982) studied the fricatives of twelve different languages, reporting
the spectral peaks previously shown in Tables 5.1 and 5.2 for /f, v, 6, 9,
s, z, [, 3/ in three different nonsense-word vowel contexts /i, a, u/. The
peaks reported for each fricative vary over a range which is common to most
languages and the effect of lip rounding (the frequencies of all peaks are
lowered) can be observed for all languages. The fricative repertoire of each
language is quite different, which might account for some of the spectral
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differences.

Shinn’s (1985) analysis of Mandarin, Czech and German CV syllables, pro-
duced by three native speakers, consisted of an investigation of voice onset
time (VOT), noise duration (ND), the time interval from noise onset at the
beginning of the syllable to the sample with the highest amplitude (RT), fall
time (FT=VOT-RT), the energy (in dB) at noise onset divided by the energy
of the background noise (EN), and the energy at the consonant onset divided
by the average energy in the interval 20 to 70 ms after consonant onset (AT).
Results were compared with a study by Howell and Rosen (1983), who used
a similar methodology. Average results of the study by Shinn (1985) are
shown in Table 7.1 for fricatives in /a/ and /u/ vowel contexts (Mandarin
/s, [/, Czech /s, z, [, 3/ and German /f, v, z/).

Table 7.1: Results from the study of Shinn (1985).

‘ Mandarin ‘ Czech ‘ German ‘

|
| RT(ms) | 101 | 116 [ 90 |
| EN | 12 [ 15 | 12 |
| AT | 17 ] 19 | 16 |
ND (ms) /f/ - - 130
ND (ms) /s/ - 221 -
ND (ms) /z/ - 154 150
ND (ms) - /[/ - 201 -
ND (ms) - /3/ - 162 -

Parameters were averaged for the fricatives of each language, and the author
presented a detailed discussion of which parameters were the most useful
for place classification and language distinction. RT was very stable across
languages, and VOT quite variable. Average NDs were not significantly
different across languages, and the values of EN were very similar for the three
languages. There was no significant difference between the Mandarin, Czech
and German AT values. There was little information about the different
production strategies used by Mandarin, Czech and German speakers.

Flege et al. (1988) studied the linguapalatal contact patterns for /s/ and /t/
produced normally and with a bite block used to fix the jaw. The subjects
were two American English speakers and three Saudi Arabia Qassimi Arabic
speakers. FElectropalatography analysis of normal speech showed that the
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Arabic subjects had more narrow and more anterior /s/ grooves than English
subjects. English subjects compensated for the bite block more completely
than Arabic subjects.

Cross-language studies of Japanese and Russian by Funatsu (1995), and of
English, Bengali and Dutch by Evers et al. (1998), have been previously
discussed in Section 6.2.

7.2 Corpora Design and Recording

The Portuguese corpora had a very similar design to the corpora described
in Chapter 2. The English corpora was designed to provide valid data for
cross - language comparisons with the Portuguese corpora. It also included
sustained fricatives (Corpus la and 1b), a set of nonsense words (Corpus 2),
words (Corpus 3) and sentences (Corpus 4), as listed in Appendix G. Pre-
viously used English corpora (Shadle 1992; Shadle and Carter 1993) were
augmented to match the Portuguese corpora.

Each speaker was recorded in two separate sessions (Portuguese and En-
glish sessions), where the subjects counted and talked in the language of the
current session, and the order of corpora recording was one of decreasing
naturalness: we started by recording the sentence corpus (Corpus 4), fol-
lowed by the real word corpus (Corpus 3), nonsense word corpus (Corpus 2),
and finally the sustained fricative corpora (Corpora la and 1b). Technical
aspects of the recording method were the same as described in Section 2.3.

7.3 Results

The segmentation techniques, temporal and spectral analysis methods, and
parameterisation used in this Portuguese and English cross-language study,
were the same as in the study of Portuguese. The value of F' used for English
dental fricatives was the same as used for Portuguese labiodental fricatives,
that is, F/f’ v, 0,3/ = 5kHz. This resulted from an analysis of Corpus 1a

and Corpus 1b, that consisted of a comparison of the spectra of fricatives
/0, 8/ with those of fricatives /f, v/. The overall amplitude and spectral
peaks of /0, 8/ did not differ substantially from /f, v/, so an F' = 5kHz was
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considered adequate for both places of articulation.

7.3.1 Duration

The minimum, maximum and median ! durations of Portuguese and English
fricatives from Corpus 3 are shown in Table 7.2, and the median durations
are graphed in Figure 7.1. The median duration of the unvoiced fricatives is
always greater than the median duration of the voiced fricatives, which agrees
with results for the English language (Hogan and Rozsypal 1980; Crystal
and House 1988; Stevens et al. 1992; Pirello et al. 1997). However, there is
no significant difference by place of articulation or between Portuguese and
English in the results presented in Figure 7.1.

!Median the 50th percentile of a sample. The median is a robust estimate of the
centre of a sample of data, since outliers have little effect on it.
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Table 7.2: Duration of fricatives in Corpus 3.

Speaker PS — Portuguese

Minimum (ms) | Median (ms) | Maximum (ms)

7t/ 65 122 155
7 39 79 140
/s/ o1 124 168
Ja] 63 80 122
/1] 77 123 166
/3] 48 88 145

Speaker PS — English

Minimum (ms) | Median (ms) | Maximum (ms)

7t] 60 122 190
7 a7 77 142
76/ 89 99 153
/3] 12 49 81
/s/ 50 122 239
Ja] 57 94 152
/1] 94 120 204
/3] 65 85 111

Speaker RS — Portuguese

Minimum (ms) | Median (ms) | Maximum (ms)

Jt] 105 148 215
v/ 16 72 152
/s/ 129 168 271
Ja] 54 84 114
/1] 118 153 228
/3] 54 72 189

Speaker RS — English

Minimum (ms) | Median (ms) | Maximum (ms)

7t/ 114 151 241
7 38 92 179
76/ 95 138 192
/3] 23 64 124
/s/ 105 152 253
2] 64 99 165
71/ 120 173 256
/3] 62 87 203
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Figure 7.1: Median duration of fricatives /f, v, 0,9, s, z, [, 3/ in Cor-
pus 3. Portuguese solid line; English  dashed line; x  Speaker PS;
o — Speaker RS. Number of tokens per point: /f/ (PS, P./E.) - 24/19;
/f/ (RS, P./JE.) — 24/19; /v/ (PS, P./E.) — 30/24; /v/ (RS, P./E.) — 29/24;
/0/ (PS) — 9 /0/ (RS) —9; /o/ (PS) - 9; /6] (RS) - 9% /5/ (PS, P.JE.) -
27/33; /s/ (RS, P./JE.) 27/33; /z/ (PS, P./E.) 25/17; /z/ (RS, P./E.)
25/16; /[/ (PS, P./E.) 32/20; /[/ (RS, P./E.) 32/20; /3/ (PS, P./E.)
25/11; /3/ (RS, P.JE.)  25/11.

7.3.2 Devoicing

A complete inventory of devoiced, partially devoiced and voiced examples
in Corpus 3 is presented for both speakers in Tables 7.3 to 7.6. For both
Portuguese and English, most word - final fricative examples (48 out of 50)
were totally devoiced. Overall results from the analysis of devoicing show
that more than 50% of the fricatives devoice, except for /d/ produced by PS,
as shown in Figure 7.2. The percentage of devoicing is plotted by position
in words in Figure 7.3. There is no significant difference between Portuguese
and English in the results presented in Figures 7.2 and 7.3.
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Table 7.3: Inventory of all cases of devoicing. Values given are in the form
x/y, where x = number of devoiced, partially devoiced or voiced examples,
and y = total number of examples. Corpus 3, Speaker PS  Portuguese.

Fricative | Word - Word - Word - All Pos. | Voicing
Initial Medial | Final
/v/ 10/11 9/12 77 26/30 Devoiced
(90.9%) | (75%) | (100%) | (86.7%)
0 1/12 0 1/30 Partially
(8.3%) (3.3%) | Devoiced
1/11 2/12 0 3/30 Voiced
9.1%) | (16.7%) (10%)
/z/ 9/10 10/12 3/3 22/25 Devoiced
(90%) | (83.3%) | (100%) | (88%)
0 2/12 |0 2725 | Partially
(16.7%) (8%) Devoiced
1/10 0 0 1/25 Voiced
(10%) (4%)
/3/ 9/10 10/12 3/3 22/25 Devoiced
(90%) | (83.3%) | (100%) | (88%)
1710 1/12 0 2725 Partially
(10%) (8.3%) (8%) Devoiced
0 1/12 0 1/25 Voiced
(8.3%) (4%)
All Fric. | 28/31 | 20/36 | 13/13 | 70/80 | Devoiced
(90.3%) | (80.6%) | (100%) | (87.5%)
1731 | 4/36 |0 5/30 | Partially
(3.2%) | (11.1%) (6.3%) | Devoiced
2/31 | 3/36 |0 5/30 | Voiced
(6.5%) | (8.3%) (6.3%)
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Table 7.4: Inventory of all cases of devoicing. Values given are in the form
x/y, where x = number of devoiced, partially devoiced or voiced examples,
and y = total number of examples. Corpus 3, Speaker PS  English.

Fricative | Word - Word - Word - All Pos. | Voicing
Initial Medial | Final

/v/ 7/7 5/10 6/7 18/24 Devoiced
(100%) | (50%) | (85.7%) | (75%)

0 2/10 0 2/24 Partially

(20%) (8.3%) | Devoiced

0 3/10 1/7 4/24 Voiced
(30%) | (14.3%) | (16.7%)

/0/ 1/1 2/7 0 3/9 Devoiced
(100%) | (28.6%) (33.3%)

0 1/7 1/1 2/9 Partially

(14.3%) | (100%) | (22.2%) | Devoiced

0 4/7 0 4/9 Voiced
(57.1%) (44.4%)

/z/ 3/5 5/5 7/7 15/17 Devoiced
(60%) | (100%) | (100%) | (88.2%)

2/5 0 0 9717 | Partially

(40%) (11.8%) | Devoiced

0 0 0 0 Voiced

/3/ - 8/9 2/2 10/11 Devoiced
(88.9%) | (100%) | (90.9%)

- 1/9 0 1/11 Partially

(11.1%) (9.1%) | Devoiced

- 0 0 0 Voiced

All Fric. | 11/13 | 20/31 | 15/17 | 46/61 | Devoiced
(84.6%) | (64.5%) | (88.2%) | (75.4%)

2/13 | 4/31 /17 | 7/61 Partially

(15.4%) | (12.9%) | (5.9%) | (11.5%) | Devoiced

0 7731 1717 | 8/61 | Voiced
(22.6%) | (5.9%) | (13.1%)
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Table 7.5: Inventory of all cases of devoicing. Values given are in the form
x/y, where x = number of devoiced, partially devoiced or voiced examples,
and y = total number of examples. Corpus 3, Speaker RS  Portuguese.

Fricative | Word - Word - Word - All Pos. | Voicing
Initial Medial | Final

v | 8/11 10/16 | 3/3 21/30 | Devoiced
(72.7%) | (62.5%) | (100%) | (70%)

3/11  |3/16 |0 6/30 | Partially

(27.3%) | (18.8%) (20%) Devoiced

0 3/16 |0 3/30 | Voiced
(18.8%) (10%)

/z/ 5/10 8/15 - 13/25 Devoiced
(50%) | (53.3%) (52%)

5/10 | 6/15 |- 11/25 | Partially

(50%) (40%) (44%) Devoiced

0 1/15 - 1/25 Voiced
(6.7%) (4%)

/3/ 7/10 7/14 1/1 15/25 Devoiced
(70%) | (50%) | (100%) | (60%)

2/10 | 3/14 |0 5/25 Partially

(20%) (21.4%) (20%) Devoiced

1/10 4/14 0 5/25 Voiced
(10%) | (28.6%) (20%)

All Fric. | 20/31 | 25/45 | 4/4 19/80 | Devoiced
(64.5%) | (55.6%) | (100%) | (61.3%)

10/31 [ 12/45 |0 22780 | Partially

(32.3%) | (26.7%) (27.5%) | Devoiced

1731 [8/45 |0 9/80 | Voiced
(3.2%) | (17.8%) (11.3%)
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Table 7.6: Inventory of all cases of devoicing. Values given are in the form
x/y, where x = number of devoiced, partially devoiced or voiced examples,
and y = total number of examples. Corpus 3, Speaker RS  English.

Fricative | Word - Word - Word - All Pos. | Voicing
Initial Medial | Final
/v/ 6/7 8/10 77 21/24 Devoiced
(85.7%) | (80%) | (100%) | (87.5%)
0 2/10 0 2/24 Partially
(20%) (8.3%) | Devoiced
1/7 0 0 1/24 Voiced
(14.3%) (4.2%)
/0/ 1/1 6/7 1/1 8/9 Devoiced
(100%) | (85.7%) | (100%) | (88.9%)
0 0 0 0 Partially
Devoiced
0 1/7 0 1/9 Voiced
(14.3%) (11.1%)
/z/ 2/5 4/5 6/6 12/16 Devoiced
(40%) | (80%) | (100%) | (75%)
2/5 0 0 2716 | Partially
(40%) (12.5%) | Devoiced
1/5 1/5 0 2/16 Voiced
(20%) (20%) (12.5%)
/3/ - 7/9 2/2 9/11 Devoiced
(77.8%) | (100%) | (81.8%)
- 2/9 0 2/11 Partially
(22.2%) (18.2%) | Devoiced
- 0 0 0 Voiced
All Fric. | 9/13 | 25/31 | 16/16 | 50/60 | Devoiced
(69.2%) | (80.7%) | (100%) | (83.3%)
2/13 | 4/31 0 6/60 | Partially
(15.4%) | (12.9%) (10%) Devoiced
2/13 | 2/31 0 4760 | Voiced
(15.4%) | (6.5%) (6.7%)
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Figure 7.2: Percentage of complete and partial devoicing (Corpus 3), for
each subject, each language. The black portion of each bar in the graph
corresponds to the percentage of complete devoicing and the white portion
to the percentage of partial devoicing.
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Figure 7.3: Percentage of complete and partial devoicing by position in word
(Corpus 3). The black portion of each bar in the graph corresponds to the
percentage of complete devoicing and the white portion to the percentage
of partial devoicing.

7.3.3 Parameterisation of Spectra

We only examined Corpus 3 fricatives because these reflected language -
specific characteristics. In plots of A; and S, by fricative, as shown in Fig-
ures 7.4 and 7.5, /s, z, [, 3/ have higher A; and lower S, than /f, v, 0, 3/
for Speaker RS. The values of A; and S, for /6, 8/ produced by Speaker PS
seem to fall in between the values for /f, v/ and /s, z, [, 3/. On A, vs. S,
and S, vs. S, plots, there are separate clusters of sibilants and /f, v, 6, 8/
for Speaker RS. However, the cluster for /0, d/ produced by Speaker PS
seems to fall in between the /f, v/ cluster and the /s, z, [, 3/ cluster. Results
from both subjects seem, apart from this, to be consistent, and the same for
Portuguese and English fricatives.
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7.4 Summary

In this study, we designed fricative corpora ranging from sustained frica-
tives to real Portuguese and English words, and recorded and analysed two
bilingual speakers. Our goal was to test some conclusions from our study of
four monolingual Portuguese subjects, and to compare our results to those
of previous studies of English fricatives.

Our principal findings are as follows. Devoicing occurs more often in word -
final than word - initial position, both for Portuguese and English fricatives.
The percentage of totally devoiced Portuguese examples produced by the
four monolingual subjects was higher than for English examples produced
by the two bilingual subjects, but Portuguese and English bilingual results
were very similar.

The parameters spectral slope, frequency of maximum amplitude, and dy-
namic amplitude, were applied to the bilingual corpora. A combination of
parameters Ay and S, and of parameters S, and S was useful for separating
the fricatives by sibilance. Results for Portuguese and English fricatives seem
to be very similar. The parameters Ay, S, and S, are either capturing as-
pects of Portuguese that do not differ from English, or the subjects produce
Portuguese and English fricatives the same way.

The parameters in this cross-language study might not be capturing sub-
tle differences, and the time and frequency characteristics analysed for Por-
tuguese and English fricatives appear to be quite invariant. A possible ex-
planation for these results was given by Watson (1991, p.40-44):

A compromise seems to be reached by the bilinguals between two
needs to sound sufficiently like a native speaker to conform to two
different language communities and to reduce the processing load
of having to master two different phonetic repertoires.

Bilinguals modify the same variables in the production of both
their languages as monolinguals, within approximately the same
limits, but within these limits the details of their use of these
variables may differ.

It is possible that speakers PS and RS used different production strategies
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from monolinguals, without this being perceptible, but resulting in an atten-
uation of language acoustical contrasts. Therefore our British English corpus
should be used to collect data on monolingual subjects in the future.
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Chapter 8

Conclusions and Future Work

8.1 Introduction

In this thesis, the design of a corpus of European Portuguese fricative con-
sonants, the recording of four native Portuguese (monolingual) subjects, the
acoustic properties of fricatives and the parameterisation of their spectra,
have been described. This provided new clues to the production mechanisms
of fricatives, i.e., how the fricative sound source and filter dynamic behaviour
(deduced from the temporal and spectral analysis) are affected by different
effort levels, vowel contexts, stress and position in word.

Corpora were designed including Portuguese words, nonsense words following
Portuguese phonology, and sustained fricatives at three different effort levels;
these were recorded for four speakers. The speech corpus reflects the variety
of phonetic contexts in which fricatives occur.

The results from the temporal analysis, including durations of the fricatives,
and of the VF and FV transitions and a study of devoicing, were discussed.
An automatic measure of devoicing was compared with a manual one, and
the correlation between devoicing and duration investigated.

The broad spectral envelope was also analysed, and a description of signifi-
cant peaks and troughs was presented in great detail. The parameters spec-
tral slope and dynamic amplitude were developed to characterize fricative
spectra, and applied to corpora.
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The various acoustic characteristics examined for the fricatives of four Eu-
ropean Portuguese speakers, were also compared with a similar set of En-
glish fricatives. Both Portuguese and English data, as produced by a male
bilingual speaker and a female bilingual speaker, were collected in separate
recording sessions. The Portuguese corpus had a very similar design to the
one described in Chapter 2. The English corpus was designed to provide
valid data for cross-language comparisons with the Portuguese corpus.

8.2 Summary of Results for Labiodental,
Alveolar and Postalveolar Fricatives

This detailed study increases our knowledge of the acoustic phonetics of
Portuguese fricatives. Previous linguistic descriptions were based on very
limited temporal and spectral information on fricatives, and did not identify
devoicing as an intrinsic phenomenon of the Portuguese language. The re-
duction of vowel /i/ (Andrade 1994) and the reduction of vowel /u/ in final
word position have been shown always to occur in real words, far more often
than previously reported. The language - specific phonological rule presented
in Mateus and Andrade (2000, p.11), stating that Portuguese only allows
postalveolar fricatives word - finally, should be revised. Mateus and Andrade
(2000, p.12) also state “that phonetically any consonant may be found in
word final position”, which agrees with the results of the present study and
constitutes a strong argument towards the revision of specific linguistic rules.

The sustained fricative corpora were better controlled and easier to analyse
than Corpus 2, 3 and 4. They proved to be an important source of informa-
tion of relevant acoustic cues; their use was validated by the fact that very
similar spectral results were obtained for sustained fricatives and fricatives in
real words. There were naturally some differences, such as the high frequency
broad peaks not always being visible in real words or the “unique” devoicing
pattern of Speaker ACC in Corpus 2, but these seem to result from the fact
that the “naturalness” of the speech samples increases as we progress from
Corpus la to Corpus 4, and that different “unnatural” production strategies
were used by each speaker in Corpus 1la, 1b and 2.

The mean duration of the unvoiced fricatives is always greater than the mean

duration of the voiced fricatives, which agrees with previous results for the
English language, and the mean duration of the fricative is greater than the
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mean duration of the VF and FV transitions. These temporal characteristics
could be observed in both Corpus 3 and Corpus 4.

Voiced fricatives devoice in over one-half of the cases in both nonsense
and real words, the only exception being Speaker ACC who voiced most
of the Corpus 2 tokens. A possible explanation for such high percentages
of devoicing could be that, due to the structure of the language and its
vocabulary, Portuguese speakers are very seldom faced with confusions be-
tween voiced and devoiced examples. Devoicing increases from word - initial,
through word - medial to word - final positions, but there seems to be no par-
ticular vowel context that causes devoicing. In Corpus 3, the percentage of
devoicing seems to increase as the place of articulation moves posteriorly,
but in Corpus 4 /3/ doesn’t devoice as much as in Corpus 3. This could be
because Corpus 4 is a sentence corpus, or because the place of articulation of
/3/ is less posterior. The percentage of examples which were classified in the
same category (devoiced, partially voiced or voiced) using the manual and
automatic devoicing criterion is quite high, which shows great potential for
the use of the automatic technique in future work.

Spectral analysis showed that peak and trough locations are specific to each
place of articulation, and quite similar to some peak frequencies reported
previously for other languages. Only round back vowel context affects some
of the peak and trough locations in the spectra. Fricatives in the same vowel
context, within a word and across word boundaries, have similar temporal
and spectral characteristics. The high effort level of fricatives in Corpus 1b
does not correspond to any of the fricatives in words. The level used to
produce Portuguese fricatives seems to correspond to something between soft
and medium effort levels for sustained fricatives. The spectral amplitude has
a fairly similar falloff at all effort levels. The differences between the three
effort levels are smallest at low frequencies, and the amount of amplitude
difference at high frequencies varies with the fricatives and tends to be smaller
for the voiced fricatives. The overall amplitude of voiced fricatives is either
the same or lower than their unvoiced counterparts, the difference varying
between 0 and 20 dB. For postalveolar fricatives, there is a 20-30dB drop of
amplitude from the first broad peak (2.3-4.7kHz) to 20kHz. The effect of
effort level on the spectral peaks and troughs of each fricative varies among
speakers, and there is no correlation between stress of the syllable containing
the fricative in Corpus 2 and word position in Corpus 3.

Each place has a different “family” of nearly - parallel average regression fit
lines; higher effort level increases amplitude significantly and slope slightly,
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as predicted. The families of lines for the voiced and unvoiced fricatives
always overlap, with the voiced cases mostly lower in amplitude and occupy-
ing a smaller range of amplitudes than the unvoiced cases. /s, z, [, 3/ have a
higher A, than /f, v/, as predicted; this parameter also differentiates between
voiced fricatives and their unvoiced counterparts. Slope generally increases
with increased effort level, though this pattern is much more consistent for
unvoiced fricatives. When A, and S, are plotted vs. location of the anal-
ysis window within the fricative for Corpus 2, A, is higher on average at
the middle of the fricative than at the beginning and end for /s, z, [, 3/, as
predicted.

A combination of parameters A; and S, was useful for separating the frica-
tives by sibilance, and a combination of parameters F', A; and S, separated
the fricatives both by place and sibilance. On a F vs. A, or S, vs. S, graph
the fricatives cluster by place. If we use place knowledge, i.e. use F, to plot
Ag4 vs. S, at the beginning, middle and end, the results are inconclusive.

Preliminary comparisons of stressed and unstressed fricatives indicate little or
no change in A, and S, for Corpus 2 fricatives, not as predicted. The overall
amplitude of stressed and unstressed fricatives is the same, so the parameters
seem to capture the main spectral features. The only significant difference
seems to be the amplitude of the fundamental frequency component, which
is 10-15dB higher for stressed than for unstressed fricatives.

There seems to be no consistent effect of rounding in the values of A5 and S,,.
There is also no correlation between duration and devoicing, and the values
of parameters A; and S,. We also studied the correlation between the values
of Ay, S, and duration, and various other contextual factors (fricatives in
stressed and unstressed syllables; word - initial, word - medial and word - final
fricatives; voiced, partially devoiced and devoiced fricatives), without much
success.

8.3 Summary of Results for Uvular Fricatives
and Voiceless Tapped Alveolar Fricatives

The uvular fricative /y/ seems to be produced on a regular basis only by
speakers CFGA and ISSS, which is probably related to their particular pro-
duction strategies, and its voiced counterpart /i/ is used very seldom. Al-
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though the corpora we had available were very limited, for the study of uvular
fricatives, it allows us to propose /x/ as a phone of standard European Por-
tuguese, but more data are needed to confirm this hypothesis. Frequency

location of ] peaks (1.2-1.8kHz, 2.4-3kHz and 3.4-4kHz) clearly indicate
a back place of articulation, with median duration of 69 ms.

The median duration of [¢] was 22ms, very similar to the closure duration
of 20-30ms for alveolar taps reported by Recasens (1991) for one Catalan
speaker, the author, who also mentions that, for some vowel contexts, there
is an incomplete closure at the central alveolar area. This probably means
that some of his data included voiceless tapped alveolar fricatives (the au-
thor does not discuss in much detail the characteristics of the acoustic signal,
and mostly shows electropalatography analysis results). The overall ampli-
tude of [¢] was quite low, which perhaps suggests a different classification of
this speech sound, as an allophone of both /t/ and /d/, as previously sug-
gested by Kent and Read (1992, p. 141 - 142) for [¢]. The short duration of [¢]
suggests a stop-like manner of articulation, but it has fricative turbulence
noise characteristics, different from the transient burst noise of plosives. [t
seems to be quite common in European Portuguese, and definitely should be
considered in future fricative and plosive studies of this language.

8.4 Conclusions

The main contributions of the work described in this thesis were as follows.
A novel methodology of corpus design, a systematic and coherent temporal
analysis, including quantitative measures of devoicing, and spectral analysis
(time, frequency and ensemble averaging of power spectra). The methodol-
ogy is independent of the language, and so other researchers could use it. A
set of relevant acoustic properties of fricatives and the parameterisation of
their spectra, could be useful for future work on Portuguese phonetics and
the synthesis of Portuguese fricatives.

Much data has been collected reflecting the variety of phonetic contexts in
which fricatives occur, and there is a rich description of various dynamic
behaviours (e.g. VF and FV transition durations), which could be used for
improved speech synthesis. Durational data of both the fricatives and tran-
sitions, information about devoicing and the spectral parameters, should be
of interest to other researchers. The peak frequencies, spectral amplitude
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characteristics, and temporal information could be useful for formant syn-
thesis (Klatt 1980; Klatt and Klatt 1990; Holmes 1983; Holmes et al. 1990)
and the parameterisation of the spectra allows researchers to deduce the be-
haviour of sources for articulatory synthesis models such as the one proposed
by Narayanan and Alwan (2000).

Devoicing rate is generally very high, especially when compared with stud-
ies of other languages, and devoicing occurs more often in word - final than
word - initial position. It is thought that these are important characteristic
of European Portuguese, but comparisons with results from other languages
is very limited because of different methodologies used in different studies.
Therefore, the results presented in this thesis might be challenged by fu-
ture work of other researchers, and cross-languages comparisons constitute
a whole new area still to be explored further.

8.5 Further Work

A refined set of distinctive features for the Portuguese fricatives, that will be
useful for synthesizing more natural fricatives and for comparing the charac-
teristics of fricative consonants in Portuguese with other languages, could be
produced from this study. In a preliminary experiment involving two bilin-
gual siblings (one male and one female speakers of Portuguese and English)
the two subjects were asked to read, in separate recording sessions, the Por-
tuguese corpora, and English corpora very similar to that used in various
studies by Shadle et al. (Shadle 1992; Shadle and Carter 1993). These cor-
pora should be further analysed and extended to include monolingual English
speakers, where the focus should be on finding specific differences between
fricatives of Portuguese and English (devoicing, place and intensity), inde-
pendent of inter - speaker variations.

The large annotated acoustic database of Portuguese should be extended to
more speakers, therefore making it more representative of Furopean Por-
tuguese characteristics, and some of the corpora could also be extended to
include aerodynamic measurements (Rothenberg mask and intraoral pres-
sure) and acquisition of articulatory data (electropalatography).

It is very important to record different speakers in the future, because besides
studying specific fricative attributes (Corpus 1a, Corpus 1b and Corpus 2) we
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have also been investigating a large number of words (Corpus 3 and Corpus 4)
where the fricatives occur in a natural context. Some of the conclusions are
language - specific and so to validate the results we need a larger number of
speakers.

Electropalatography (EPG) could also be useful in the future, to investi-
gate, for example, if there is any place shift for the different effort levels of
sustained fricatives. If there are no place changes, it makes it more likely
that the only difference between the three effort levels is source intensity.
However, currently available articulatory measurement techniques have their
limitations, e.g., /3/’s possible place change might be hard to see with EPG
(partly off palate) and MRI (it is not possible to obtain complete 3D MRI
measurements of real words in sentences).

It could also be interesting to conduct a parallel study of the characteris-
tics of fricative consonants in Portuguese and English, using both the data
we have recently collected for the Portuguese language and the vast set of
English data available at the Department of Electronics and Computer Sci-
ence, University of Southampton. Magnetic resonance imaging (MRI) data
collected by Shadle et al. (1996) have been processed by Holtrup (1998), and
there is now detailed information about the dimensions of the vocal tract
that can be used in a future speech production model. Acoustic and MRI
data analysed in recent Ph.D. theses (Mohammad 1999; Jackson 2000), could
also be a useful source of information for the English language.

As far as the definition of a speech production model for fricative consonants
is concerned, an innovative hybrid of acoustic, aerodynamic and articulatory
models, currently used for speech synthesis, seems to be the most promising
way forward. A new fricative production model could be incorporated in an
articulatory synthesizer based on models developed by Scully (1990), Davies
et al. (1993), and Narayanan and Alwan (2000).
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Appendix A

Listings of Corpora 3 and 4

A.1 Corpus 3: Real Words

Portuguese words with fricatives /f, v, s, z, [, 3/ in initial and medial position
(nearly minimal pairs):

fofa - /fofe/ — English definition: soft.

viver — /vi'ver/ — to live.

viva /'vive/ hurrah! live (imperative), bless you.
cessa — /'sese/ — ceases (verb form).

Zézé — ['zeze/ — (diminutive of Joseph = Joe).
chocha /'fofe/ spineless, insipid, empty.
bochecha /bulfefe/ cheek.

Gigi - /3i'31/ — (diminutive of a woman’s first name).

Portuguese words with fricatives in initial position:
figo /figu/ fig.
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ferir  /fi'ric/ to hurt, to injure.
febra /febre/ a joint of pork.
ferro /'feru/ iron.

falir  /fellic/ to go bankrupt.
fala /'fale/ speech.

foco /foku/ torch.

fogo /'fogu/ fire.

furar — /fu'rac/ — to drill.

vila — /'vile/ — small town.
vermelho - /vicmefu/ - red .
ver — /ver/ — to see.

véu — /'vew/ — veil.

veia — /'veje/ — vein.

vaca — /'vake/ — cow.

volta — /'volte/ — go/come back! (imperative), turn.
voo — /vow/ — flight.

vogar — /'vugar/ — to row, to float.
sitio  /'sitju/ place.

secar /stkar/ to dry.

sede /'sedi/ thirst.

seta /'sete/ arrow.

saber /se'ber/ knowledge, to know.
sala /'sale/ room, suite.

sé6 /so/ alone, lonely, only.

sopa /'sope/ soup.
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subir  /su'bic/ to climb, to mount, to rise.

Zita /7ite/ (woman’s name, diminutive of a woman’s name).
zelar  /'zilac/ to watch over, to pay great attention to.
zelo  /'zelu/ zeal.

Zé [ze/ (diminutive of José = Joseph).

zarpar /zer'par/  to escape, to run away, to lift anchor.
Zaire /'zajri/ (proper noun).

Zépiro — /'zopicru/ — (proper noun).

zona — /'zone/ — zone.

zurrar — /zurar/ — to bray.

chicote — /[i'’koti/ — whip.

chegar — /[i'gar/ — to arrive.

cheta — /[ete/ — “nao ter cheta” — “to be penniless”.
cheque - /[eki/ — cheque.

chamar - /[e'mar/ — to call.

cha — /[a/ — tea.

choca — /'[oke/ — brooding (feminine), shocks (verb form).
choco /'foku/ brooding (masculine), cuttle fish.
chorar /[u'rar/ to cry.

girar  /zi'rar/ to spin.

gelado /ziladu/ ice cream.

gelo /zelu/ ice.

germe /'zermi/ germ.

jaqueta /ze'kete/ short jacket.

jacto /zatu/ jet.
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jéia  /'zoje/  jewel.

jogo — /'z0gu/ — game.

judeu — /zu'dew/ — Jew.
Portuguese words with fricatives in medial position:

efectuar /ifetwar/ to accomplish.
beneficio — /bini‘isju/ — benefit.
trefo — /'trefu/ — cunning, astute.
benéfico /binefiku/ beneficial.
afiar  /efi'ac/ to sharpen.

café — /ke'fe/ — coffee .

garrafa /ge'rafe/ Dbottle.

bafo /'bafu/ breath.

galhofa — /ge'fofe/ — amusement, frolic.
mofo /'mofu/ mould.

bufa /bufe/ to blow (verb form).
altivo — /al'tivu/ — haughty, arrogant.
dever /di'ver/ duty, to owe.

levar /livar/ to take.

relevo — /rilevu/ — relief.

leva /leve/ takes (verb form).
avé /e'vo/ grandmother.

cava - /’kave/ — digs (verb form).
bravo /'bravu/ brave, wild.

nova /move/ new.
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ovelha /o'veke/ sheep.

mover /muver/ to move.

uva /[uve/ grape.

ica /'ise/ lifts (verb form).

ressaca /risake/ hangover.

condessa /ko'dese/ countess.

péssego  /'pesigu/ peach.

aquecer — /vke'ser/ — to heat.

passear — /pe'sjar/ — to walk, to go for a walk.
assar — /e'sar/ — to roast.

caca — /'’kase/ — hunting (verb form), game.
possa — /'pose/ — can (verb form).

mocga — /'mose/ — girl.

possivel — /pu[sfivel/ — possible.

exacto — /i'zatu/ — exact.

mesinha — /mizipe/ — small table.

beleza — /bileze/ — beauty.

peso /'pezu/ weight.

mezinha /me'zipe/ traditional medicine.
Brasil /bre'zil/ (proper noun).

azar /ezar] bad luck.

azul /e'zul/ blue.

mazinha /ma'zipe/ pest, bad girl/woman.
asa ['aze/ wing.

rosa /'roze/ rose.
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amoroso /emu'rozu/ amorous, sweet.
acusar — /eku'zar/ — to accuse.

bicha - /'bife/ — queue.

bexiga /bifige/ bladder.

este — /'e[ti/ — this one.

meche - /'mefi/ — touches (verb form).
achar /efar/ to find, to think.
bolacha /bulafe/ biscuit.

tacho — /'taJu/ — pot, pan.

tocha /'tofe/ torch.

mocho /mofu/ owl.

capucho - /ke'pufu/ — hood.

originar — /orizinar/ — to originate, to generate.
tijolo /ti'zolu/ brick.

arejar /erigar/ to ventilate.

pejo — /'pezu/ — modesty.

Beja /beze/ (proper noun).

agir /e'zic/ to act.

cajado — /ke'zadu/ — crook.

ajudar — /e'zudar/ — to help.

haja /'age/ there is (verb form).
aloja - /eloge/ — lodges (verb form).
tojo — /'togzu/ — gorse.

tugir /tu'zic/ to speak low.
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Portuguese words with fricative /[/ in final position:

diz /dif/ says (verb form), tell me (imperative).
mares /marif/ seas.

més /mef/ month.

pés — /pef/ — feet.

perdas — /'pecdef/ — losses.

capaz — /ke'paf/ — capable.

pés — /pof/ — powders.

poés /pof/ put (verb form).

dos /'duf/ of (the).

Portuguese words with fricatives /f, v, s, z, 3/ in “simulated” final position.

chefe — /'[efi/ — chief.

Fafe — /'fafi/ — (proper noun).

teve /'tevi/ had (verb form).
leve /levi/ light.

ave /avi/ bird.

move /'movi/ moves (verb form).
partisse — /par'tisi/ — left (verb form).
batesse — /be'tesi/ — hit (verb form).
asse — /'asi/ — roast (verb form).
posse /'posi/  possession.

doce /'dosi/ sweet.

doze /'dozi/ twelve.

age /'azi/ acts (verb form).

hoje — /'o3i/ — today.
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A.2 Corpus 4: Real Words in Connected Speech

Corpus 4 sentences, listed in this appendix, were constructed using about
half of the words from Corpus 3, with sentences 1 to 10 making some sense
in Portuguese. Sentences 11 and 12 were devised to reproduce some of the
vocalic contexts used for Corpus 3 across word boundaries (this is signaled
in the phonetic transcription by boxes), but they make no sense.

1. “A Gigi é uma chocha e age em beneficio da avé doce.”
/e 3i'31 € 'ume 'fofe i 'azi ®] binifisju de »'vo 'dosi/
(Gigi is spineless and acts for the benefit of the sweet grandmother.)

2. “A vaca foge do gelo na zona.”
/e 'vake 'fozi du ‘zelu ne zone/
(The cow runs from the ice in the zone.)

3. “A ave, no voo a subir, move a asa para zarpar da seta.”
/e 'avi nu vow e su'bir 'movi e 'aze 'pere zerpar de 'sete/
(The bird, in a rising flight, moves his wing to escape from the arrow.)

4. “O chefe altivo fala a rosa de sede de beleza.”
/u '[efi al'tiva fale a 'roze di 'sedi di bileze/
(The haughty chief speaks to the rose about thirst and beauty.)

5. “Quero chorar hoje, arejar o sitio e vogar.”
/keru [u'rar 'ozi erizac u 'sitju i 'vugar/
(I want to cry today, air the place out and float.)

6. “O bravo do Zé quer ajudar o judeu sé.”
Ju 'bravu du ze ker e'zudac u zu'dew so/
(Brave Zé wants to help the lonely Jew.)

7. “O café cura a ressaca ao chegar da caca.”
/u ke'fe kure e ri'sake aw [i'gar de 'kase/
(Coffee cures a hangover when you arrive from hunting.)

8. “Ver a mesinha nova de volta a sala, é benéfico para o modo de viver
dos doze.”
/ver ® mizipe nove di 'volte a 'sale € binefiku ‘pere u 'modu di vi'ver
duf 'dozi/
(Tt is beneficial for the way of living of the twelve, to see the new table
back in the room.)
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10.

11.

12.

“Furar uma jéia choca a condessa Zita.”
/fu'rar ume 'zoje [oke v ko'dese zite/
(To drill a jewel shocks countess Zita.)

“O vermelho do fogo e o azul dos mares do Brasil.”
/u vicme£u du fogu i u e'zul duf marif du bre'zil/
(The red of fire and the blue of the sea of Brasil.)

“A cha no sitio é possivel achar.”

/ ntju € pvsl f/

(Tea in the place is possible to find.)

“Cava sala meche ver o dever de assar.”
/kav|e 'salle ‘mef[i ver|u di'ver|di|e'sal/
(Dig room touches see the duty to roast.)
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Appendix B

Listings of Corpora as
Presented to All Four Speakers

The listings of corpora in the following sections, include the instructions given

to subjects in italics.

B.1 Corpus la

“aS” — /\az@/

“Uevar” — / l‘Var /

1Chl" — /|[]a/

Sustain fricative for
1. Juvvvv ... u/

2. /e3333 ... &/

3. Jevvvy ... e/

4. /uffff ... u/
5. [ivvvy ... i/

el e/

D

{ilia” — /[5pie/

5s.
7. Juffff ... u/ 13. /effff ... v/
8. /ussss ... u/ 14. Jiffff ... i/
9. [ezzz7 ... v/ 15. /essss ... v/
10. /i3333 ... i/ 16. /izzzz ... i/

11. /issss ... i/

12. Juzzzz. ...
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17. /uzz3z ... u/

u/ 18. /iffff ... i/




B.2 Corpus 1b

1Chla" — /|Ja/|| filia” — /[3piv/

Sustain for 5s.

Medium, soft and loud for each fricative.

Repeat corpus twice.

L1/

baixo

alto
2. /s/

baixo

alto

baixo

alto

4. /3/

baixo

alto

5. /f/
baixo
alto

6. /z/
baixo

alto

baixo

alto

baixo

alto

B.3 Corpus 2

9. /f/
baixo

alto

10. /3/

baixo

alto

11. /z/

baixo

alto

12./1/

baixo

alto

((as@” _> /\az/

“evar” — /I[i]var/

Do about 12 repetitions in one breath.

1. /pifu/

2. /['pefi/

3. /puzu/
4. pifi/
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“é” — /a/ “(’)ia” — /'oje/

5. /pe'vu/

6. /pize/




7. /pize/ 23. /pe'zu/ 39. /pufu/

8. /pifi/ 24. /['pefi/ 40. /'pufi/
9. /pizu/ 25. /pifu/ 41. /pizu/
10. /'pevi/ 26. /peve/ 42. ['puzi/
11. /'pesi/ 27. /'pusi/ 43. /pizi/
12. /puvu/ 28. /pu'fe/ 44. /pufu/
13. /peze/ 29. /'pesi/ 45. /pi've/
14. /pi'se/ 30. /peze/ 46. /pu'ze/
15. /'puvi/ 31. /pife/ 47. [pi'su/
16. /pisi/ 32. /pusu/ 48. /'pufe/
17. /pefe/ 33. /pe'fu/ 49. /pese/
18. /pe'zu/ 34. /pivi/ 50. /'pufi/
19. /pivu/ 35. /puzu/ 51. /'pezi/
20. /pefu/ 36. /pizi/ 52. /pu'se/
21. /pefe/ 37. /puve/ 53. /pesu/
22. /['puzi/ 38. /pife/ 54. /puze/

B.4 Corpus 3

The carrier sentence is repeated in the following listings, because they were
based on the material that the speaker read in the recording session.

1. “Diga originar, por favor.” 5. “Diga s6, por favor.”

2. “Diga fala, por favor.” 6. “Diga leve, por favor.”

3. “Diga jogo, por favor.” 7. “Diga vogar, por favor.”

4. “Diga ferro, por favor.” 8. “Diga amoroso, por favor.”

200



10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.

33.

“Diga tojo, por favor.”
“Diga Zopiro, por favor.”
“Diga chefe, por favor.”
“Diga haja, por favor.”
“Diga sala, por favor.”
“Diga rosa, por favor.”
“Diga bolacha, por favor.”
“Diga zurrar, por favor.”
“Diga voo, por favor.”
“Diga ferir, por favor.”
“Diga asa, por favor.”
“Diga jaqueta, por favor.”
“Diga posse, por favor.”
iga dever, por favor.
“D d , f 7
“Diga fofa, por favor.”
“Diga cava, por favor.”
“Diga pejo, por favor.”

“Diga bafo, por favor.”

“Diga mezinha, por favor.”

“Diga chamar, por favor.”
“Diga perdas, por favor.”
“Diga cheta, por favor.”
“Diga café, por favor.”
“Diga judeu, por favor.”

“Diga azul, por favor.”
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34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

0.

ol.

02.

93.

H4.

25.

96.

57.

“Diga seta, por favor.”
“Diga caca, por favor.”
“Diga cheque, por favor.”
“Diga mazinha, por favor.”
“Diga hoje, por favor.”
“Diga saber, por favor.”
“Diga uva, por favor.”
“Diga figo, por favor.”
“Diga teve, por favor.”
“Diga exacto, por favor.”
“Diga furar, por favor.”
“Diga ave, por favor.”
“Diga arejar, por favor.”
“Diga falir, por favor.”
“Diga girar, por favor.”
“Diga beneficio, por favor.’
“Diga mesinha, por favor.”
“Diga cha, por favor.”
“Diga Beja, por favor.”

g Ja, p
“Diga afiar, por favor.”
“Diga este, por favor.”
“Diga mofo, por favor.”
“Diga doce, por favor.”

g » P

“Diga mover, por favor.”



58.
59.
60.
61.
62.
63.
64.
65.
66.
67.
68.
69.
70.
71.
72.
73.
74.
75.
76.
77.
78.
79.
80.
81.

82.

“Diga Brasil, por favor.”
“Diga vila, por favor.”
“Diga peso, por favor.”
“Diga febra, por favor.”

“Diga pés, por favor.”

“Diga cajado, por favor.”

“Diga cessa, por favor.”

“Diga chegar, por favor.”

“Diga ajudar, por favor.”

“Diga move, por favor.”

“Diga Zita, por favor.”

“Diga batesse, por favor.”

“Diga pés, por favor.”

“Diga garrafa, por favor.”

“Diga germe, por favor.”

“Diga bufa, por favor.”

“Diga capucho, por favor.’

“Diga sede, por favor.”
“Diga choco, por favor.”

“Diga sitio, por favor.”

“Diga chorar, por favor.”

“Diga age, por favor.”

“Diga chocha, por favor.”

“Diga volta, por favor.”

“Diga ressaca, por favor.”
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83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

“Diga sopa, por favor.”
“Diga zona, por favor.”

“Diga Zé, por favor.”

“Diga vermelho, por favor.’

“Diga péssego, por favor.”

“Diga avo, por favor.”

“Diga benéfico, por favor.”
g y P

“Diga foco, por favor.”
“Diga capaz, por favor.”
“Diga vaca, por favor.”
“Diga secar, por favor.”

“Diga relevo, por favor.”

“Diga possivel, por favor.”

“Diga diz, por favor.”

“Diga azar, por favor.”

“Diga efectuar, por favor.”

“Diga Zaire, por favor.”

“Diga bravo, por favor.”
g y P

“Diga fogo, por favor.”
ga 1ogo, p

“Diga ver, por favor.”

“Diga passear, por favor.”

“Diga véu, por favor.”

“Diga levar, por favor.”

“Diga bexiga, por favor.”
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107. “Diga trefo, por favor.” 131. “Diga aquecer, por favor.”
108. “Diga agir, por favor.” 132. “Diga doze, por favor.”
109. “Diga mocho, por favor.” 133. “Diga tacho, por favor.”
110. “Diga tijolo, por favor.” 134. “Diga chicote, por favor.”
111. “Diga veia, por favor.” 135. “Diga beleza, por favor.”
112. “Diga meés, por favor.” 136. “Diga ovelha, por favor.”
113. “Diga zarpar, por favor.” 137. “Diga assar, por favor.”
114. “Diga achar, por favor.” 138. “Diga dos, por favor.”
115. “Diga zelo, por favor.” 139. “Diga subir, por favor.”
116. “Diga choca, por favor.” 140. “Diga viva, por favor.”
117. “Diga partisse, por favor.” 141. “Diga meche, por favor.”
118. “Diga asse, por favor.” 142. “Diga bicha, por favor.”
119. “Diga gelo, por favor.” 143. “Diga jdia, por favor.”
120. “Diga tugir, por favor.” 144. “Diga pos, por favor.”
121. “Diga tocha, por favor.” 145. “Diga Gigi, por favor.”
122. “Diga viver, por favor.” 146. “Diga acusar, por favor.”
123. “Diga jacto, por favor.” 147. “Diga nova, por favor.”
124. “Diga altivo, por favor.” 148. “Diga ica, por favor.”

125. “Diga Fafe, por favor.” 149. “Diga leva, por favor.”
126. “Diga zelar, por favor.” 150. “Diga possa, por favor.”
127. “Diga gelado, por favor.” 151. “Diga aloja, por favor.”
128. “Diga galhofa, por favor.” 152. “Diga moca, por favor.”
129. “Diga Zézé, por favor.” 153. “Diga condessa, por favor.”
130. “Diga mares, por favor.” 154. “Diga bochecha, por favor.”
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B.5 Corpus 4

Read twice.

1. “A Gigi é uma chocha e age em beneficio da avé doce.”
2. “A vaca foge do gelo na zona.”

3. “A ave, no voo a subir, move a asa para zarpar da seta.”
4. “O chefe altivo fala a rosa de sede de beleza.”

5. “Quero chorar hoje, arejar o sitio e vogar.”

6. “O bravo do Zé quer ajudar o judeu s6.”

7. “O café cura a ressaca ao chegar da caca.”

8. “Ver a mesinha nova de volta a sala, é benéfico para o modo de viver
dos doze.”

9. “Furar uma joia choca a condessa Zita.”
10. “O vermelho do fogo e o azul dos mares do Brasil.”
11. “A cha no sitio é possivel achar.”

12. “Cava sala meche ver o dever de assar.”
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Appendix C

Calibration Method

A 94dB, 1000 Hz calibration tone produced by a Bruel & Kjaer 4620 cali-
brator was recorded on the same tape on which speech was recorded, with
the amplification varied by a known amount (see Table C.1).

Table C.1: Recordings’ settings.

‘ Date ‘ Speaker ‘ DAT Rec. Level ‘ Input Gain ‘ Output Gain ‘

Speech | Tone | Speech | Tone
6/11/1998 | LMTJ 6 20 10 20 10
25/1/1999 | LMTJ | Not registered 20 10 20 20
22/6/1999 ACC 6 20 10 20 10
19/11/1999 | CFGA 3.5 20 10 30 10
19/11/1999 | 1ISSS 5 20 10 20 10

To obtain an absolute spectral amplitude we will start by calculating a factor
A; which, when added to the internal arbitrary amplitude of the recorded
calibration tone, makes the sum equal to the known amplitude of the cali-
bration tone:

Ap = 94.1 — 20log(V,,,(1000))  (dB) (C.1)

where Y,,;(1000) is the arbitrary internal amplitude of the Fourier transform
at 1 kHz of the calibration tone. We will also have to calculate a second A,
that will be equal to the difference in amplification for the tone and speech:

AQ - Gcal - Gsp (dB) (CQ)

where (G, is the gain applied when the calibration signal was recorded, and
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Gsp is the gain applied when the speech signal was recorded. Therefore the
absolute spectral amplitude of the speech signal X,,;,(1000) is given by

Xabs = 20 log(anb(IOOO)) + Al + AQ (dB) (CS)

The spectra shown in this thesis do not present an absolute amplitude. We
are currently working on a method that uses the calibration signal to calculate
an absolute spectral amplitude that will be referred to a 1 Hz interval and will
thus allow comparison regardless of window lengths and averaging techniques.

The power spectrum (energy) of the speech signal is defined as:

E= [ la@Pa= [ X()Pdr (C.4)

If we increase the number of points in z(¢) (i.e. the size of the window) the
value of the integral (area delimited by the function) also increases. There-
fore, the window length used to calculate the power spectra affects the overall
amplitude. All else being equal, the larger the size of the window the higher
is the overall amplitude.

We used the same window size to calculate the power spectra of ambient
noise, sustained fricatives, fricatives in nonsense words and real words. We
used a larger number of windows to calculate the averaged power spectrum
of a longer segment of signal (ambient noise and sustained fricatives). This
allowed us to compare spectral amplitudes of Corpus 1a, 1b, 2, 3 and 4, for
a given recording session.
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Appendix D

Results of Devoicing Analysis
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Table D.1: Inventory of all cases of devoicing (using the manual criterion).
Values given are in the form z/y, where x = number of devoiced, partially

devoiced or voiced examples, and y = total number of examples. Corpus 3
(Speaker LMTJ).

Word- Word- Word- All Pos.
Initial Medial | Final

/v/ 6/14 4/14 8/9 18/37 Devoiced
(42.9%) | (28.6%) | (88.9%) | (48.7%)
2/14 2/14 0 4/37 Partially
(14.3%) | (14.3%) (10.8%) | Devoiced
6/14 8/14 1/9 15/37 Voiced
(42.9%) | (57.1%) | (11.1%) | (40.5%)

/z/ 5/10 12/17 3/3 20/30 Devoiced
(50%) | (70.6%) | (100%) | (66.7%)
2/10 | 2/17 |0 4730 | Partially
(20%) (11.8%) (13.3%) | Devoiced
3/10  |3/17 |0 6/30 | Voiced
(30%) | (17.7%) (20%)

/3/ 7/10 13/15 4/5 24/30 Devoiced
(70%) | (86.7%) | (80%) | (80%)
1/10 0 0 1/30 Partially
(10%) (3.3%) | Devoiced
2/10 | 2/15 1/5 5/30 | Voiced
(20%) (13.3%) | (20%) (16.7%)

All Fric. | 18/34 29/46 15/17 62/97 Devoiced
(52.9%) | (63%) | (88.2%) | (63.9%)
5/34 [ 4/46 |0 9/97 | Partially
(14.7%) | (8.7%) (9.3%) | Devoiced
11/34 13/46 2/17 26/97 Voiced
(32.4%) | (28.3%) | (11.8%) | (26.8%)
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Table D.2: Inventory of all cases of devoicing (using the manual criterion).
Values given are in the form z/y, where x = number of devoiced, partially

devoiced or voiced examples, and y = total number of examples. Corpus 3
(Speaker CFGA).

Word- Word- Word- All Pos.
Initial Medial | Final

/v/ 7/11 8/12 77 22/30 Devoiced
(63.6%) | (66.7%) | (100%) | (73.3%)
0 2/12 0 2/30 Partially

(16.7%) (6.7%) | Devoiced

4/11 2/12 0 6/30 Voiced
(36.4%) | (16.7%) (20%)

/z/ 8/10 12/14 2/3 22/27 Devoiced
(80%) | (85.7%) | (66.7%) | (81.5%)
1/10 2/14 |0 3/27 | Partially
(10%) (14.3%) (11.1%) | Devoiced
1/10 0 1/3 2/27 Voiced
(10%) (33.3%) | (7.4%)

/3/ 8/10 12/13 | 4/4 24/27 | Devoiced
(80%) | (92.3%) | (100%) | (88.9%)
1/10 0 0 1/27 Partially
(10%) (3.7%) | Devoiced
1/10 /13 |0 2/27 | Voiced
(10%) (7.7%) (7.4%)

All Fric. | 23/31 32/39 13/14 68/84 Devoiced
(74.2%) | (82.1%) | (92.9%) | (81%)
2/31 | 4/39 |0 6/84 | Partially
(6.5%) | (10.3%) (7.1%) | Devoiced
6/31 3739 1/14 10/84 | Voiced
(19.4%) | (7.7%) | (7.1%) | (11.9%)
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Table D.3: Inventory of all cases of devoicing (using the manual criterion).
Values given are in the form z/y, where x = number of devoiced, partially

devoiced or voiced examples, and y = total number of examples. Corpus 3
(Speaker ACC).

Word- Word- Word- All Pos.
Initial Medial | Final

/v/ 4/11 6/12 77 17/30 Devoiced
(36.4%) | (50%) | (100%) | (56.7%)
2/11 2/12 0 4730 Partially
(18.2%) | (16.7%) (13.3%) | Devoiced
5/11 4/12 0 9/30 Voiced
(45.5%) | (33.3%) (30%)

/z/ 4/10 8/12 3/3 15/25 Devoiced
(40%) | (66.7%) | (100%) | (60%)
410 | 3/12 |0 7]25 Partially
(40%) (25%) (28%) Devoiced
2710 /12 |0 3/25 | Voiced
(20%) (8.3%) (12%)

/3/ 9/10 11/11 | 3/4 23/25 | Devoiced
(90%) | (100%) | (75%) | (92%)
1710 |0 1/4 2725 Partially
(10%) (25%) (8%) Devoiced
0 0 0 0 Voiced

All Fric. | 17/31 25/35 13/14 55/80 Devoiced
(54.8%) | (T1.4%) | (92.9%) | (68.8%)
7731 5/35 1/14 13/80 | Partially
(22.6%) | (14.3%) | (71%) | (16.3%) | Devoiced
7731 5/35 |0 12/80 | Voiced
(22.6%) | (14.3%) (15%)
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Table D.4: Inventory of all cases of devoicing (using the manual criterion).
Values given are in the form z/y, where x = number of devoiced, partially

devoiced or voiced examples, and y = total number of examples. Corpus 3
(Speaker ISSS).

Word- Word- Word- All Pos.
Initial Medial | Final

/v/ 1/11 5/12 77 13/30 Devoiced
(91%) | (41.7%) | (100%) | (43.3%)
4711 0 0 4730 Partially
(36.4%) (13.3%) | Devoiced
6/11 7/12 0 13/30 Voiced
(54.6%) | (58.3%) (43.3%)

/z/ 8/10 11/12 3/3 22/25 Devoiced
(80%) | (91.7%) | (100%) | (88%)
0 0 0 0 Partially

Devoiced

2710 /12 |0 3/25 | Voiced
(20%) (8.3%) (12%)

/3/ 8/10 9/11 4/4 21/25 Devoiced
(80%) | (81.8%) | (100%) | (84%)
2710 1/11 0 3/25 Partially
(20%) (9.1%) (12%) Devoiced
0 1/11 0 1/25 Voiced

(9.1%) (4%)

All Fric. | 17/31 25/35 14/14 56/80 Devoiced
(54.8%) | (71.4%) | (100%) | (70%)
6/31 1735 |0 7/80 | Partially
(19.4%) | (2.9%) (8.8%) | Devoiced
8/31 9/35 |0 17/80 | Voiced
(25.8%) | (25.7%) (21.3%)
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Table D.5: Inventory of all cases of devoicing (using the manual criterion).
Values given are in the form z/y, where x = number of devoiced, partially

devoiced or voiced examples, and y = total number of examples. Corpus 4
(Speaker LMTJ).

Word- Word- Word- All Pos.
Initial Medial | Final

/v/ 5/14 7/18 1/2 13/34 Devoiced
(35.7%) | (38.9%) | (50%) | (38.2%)
1714 | 3/18 |0 4/34 | Partially
(71%) | (16.7%) (11.8%) | Devoiced
8/14 8/18 1/2 17/34 Voiced
(57.1%) | (44.4%) | (50%) | (50%)

/z/ 5/8 7/10 4/4 16/22 Devoiced
(62.5%) | (T0%) | (100%) | (72.7%)
1/8 2/10 |0 3/22 | Partially
(12.5%) | (20%) (13.6%) | Devoiced
273 1710 |0 3/22 | Voiced
(25%) (10%) (13.6%)

/3/ 7/8 5/9 3/5 15/22 Devoiced
(87.5%) | (55.6%) | (60.0%) | (68.2%)
1/8 3/9 0 4/22 Partially
(12.5%) | (33.3%) (18.2%) | Devoiced
0 1/9 2/5 3/22 Voiced

(11.1%) | (40%) | (13.6%)

All Fric. | 17/30 19/37 8/11 44/78 Devoiced
(56.7%) | (51.4%) | (72.7%) | (56.4%)
3/30  |8/37 |0 11/78 | Partially
(10%) (21.6%) (14.1%) | Devoiced
10/30 10/37 3/11 23/78 Voiced
(33.3%) | 27%) | (27.3%) | (29.5%)
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Table D.6: Inventory of all cases of devoicing (using the manual criterion).
Values given are in the form z/y, where x = number of devoiced, partially

devoiced or voiced examples, and y = total number of examples. Corpus 4
(Speaker CFGA).

Word- Word- Word- All Pos.
Initial Medial Final

/v/ 11/24 9/24 2/6 22/54 Devoiced
(45.8%) | (37.5%) | (33.3%) | (40.7%)
4724 | 6/24 | 3/6 13/54 | Partially
(16.7%) | (25%) (50%) (24.1%) | Devoiced
9/24 9/24 1/6 19/54 Voiced
(37.5%) | (37.5%) | (16.7%) | (35.2%)

/z/ 10/12 12/16 5/5 27/33 Devoiced
(83.3%) | (75%) | (100%) | (81.8%)
1/12 2/16 |0 3/33 | Partially
(8.3%) | (12.5%) (9.1%) | Devoiced
1/12 2/16 | 0 3/33 | Voiced
(8.3%) | (12.5%) (9.1%)

/3] 0/12 10/15 | 11/12 | 30/39 | Devoiced

(75%) (66.7%) | (91.7%) | (76.9%)
1/12 | 2/156 | 1/12 | 4/39 | Partially
(8.3%) | (13.3%) | (8.3%) | (10.3%) | Devoiced
2/12 | 3/15 |0 5/39 | Voiced

(16.7%) | (20%) (12.8%)
All Fric. | 30/48 | 31/ | 18/23 | 79/126 | Devoiced
(62.5%) | (56.4%) | (78.3%) | (62.7%)
6/48 | 10/55 | 4/23 | 20/126 | Partially
(12.5%) | (18.2%) | (17.4%) | (15.9%) | Devoiced
12/48 | 14/55 | 1/23 | 27/126 | Voiced

(25%) | (25.5%) | (4.4%) | (21.4%)
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Table D.7: Inventory of all cases of devoicing (using the manual criterion).
Values given are in the form z/y, where x = number of devoiced, partially

devoiced or voiced examples, and y = total number of examples. Corpus 4
(Speaker ACC).

Word- Word- Word- All Pos.
Initial Medial | Final

/v/ 14/23 12/26 3/4 29/53 Devoiced
(60.9%) | (46.2%) | (75%) | (54.7%)
1/23 2/26 |0 3/53 | Partially
(4.4%) | (7.7%) (5.7%) | Devoiced
8/23 12/26 | 1/4 21/53 | Voiced
(34.8%) | (46.2%) | (25%) | (39.6%)

/z/ 10/12 16/19 2/2 28/33 Devoiced
(83.3%) | (84.2%) | (100%) | (84.9%)
2/12 |0 0 9733 | Partially
(16.7%) (6.1%) | Devoiced
0 3/19 0 3/33 Voiced

(15.8%) (9.1%)

/3/ 9/12 13/18 3/9 25/39 Devoiced
(75%) | (72.2%) | (33.3%) | (64.1%)
3/12 | 3/18 | 3/9 9/39 | Partially
(25%) (16.7%) | (33.3%) | (23.1%) | Devoiced
0 2/18 | 3/9 5/39 | Voiced

(11.1%) | (33.3%) | (12.8%)

All Fric. | 33/47 41/63 8/15 82/125 Devoiced
(70.2%) | (65.1%) | (53.3%) | (65.6%)
6/47 | 15/63 | 3/15 14/125 | Partially
(12.8%) | (7.9%) | (20%) (11.2%) | Devoiced
8/47 | 17/63 |4/15 | 20/125 | Voiced
(17%) (27%) (26.7%) | (23.2%)
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Table D.8: Inventory of all cases of devoicing (using the manual criterion).
Values given are in the form z/y, where x = number of devoiced, partially

devoiced or voiced examples, and y = total number of examples. Corpus 4
(Speaker ISSS).

Word- Word- Word- All Pos.
Initial Medial | Final

v/ 6/16 | 5/16 | 2/4 13/36 | Devoiced
(37.5%) | (31.3%) | (50%) | (36.1%)
2/16 1716 |0 3/36 | Partially
(12.5%) | (6.3%) (8.3%) | Devoiced
8/16 | 10/16 | 2/4 20/36 | Voiced
(50%) | (62.5%) | (50%) | (55.6%)

/z/ 6/8 7/12 2/2 15/22 Devoiced
(75%) | (58.3%) | (100%) | (68.2%)
1/8 3/12 |0 422 | Partially
(12.5%) | (25%) (18.2%) | Devoiced
1/8 2/12 |0 3/22 | Voiced
(12.5%) | (16.7%) (13.6%)

/3/ 5/8 8/12 6/6 19/26 Devoiced
(62.5%) | (66.7%) | (100%) | (73.1%)
3/3 3/12 |0 6/26 | Partially
(37.5%) | (25%) (23.1%) | Devoiced
0 1/12 0 1/26 Voiced

(8.3%) (3.9%)

All Fric. | 17/32 20/40 10/12 47/84 Devoiced
(53.1%) | (50%) | (83.3%) | (56%)
6/32 | 7/40 |0 13/84 | Partially
(18.8%) | (17.5%) (15.5%) | Devoiced
9/32 13740 | 2/12 24784 | Voiced
(28.1%) | (32.5%) | (16.7%) | (28.6%)
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Appendix E

Listings of Uvular Fricatives
and Voiceless Tapped Alveolar
Fricatives

This appendix lists the results of the time analysis of Corpus 3 and 4 uvular
fricatives and voiceless tapped alveolar fricatives, and their VF and FV tran-
sitions. A broad phonetic transcription is also included. The data presented
include: the VF transition duration, the fricative duration F, and the FV
transition duration.

The file numbering of words from Corpus 4 has two parts: a number that
refers to the sentence where the words occur and a word number which is
the same as the one used in Corpus 3.

When the phonetic transcription, of words with fricatives at the beginning or
end has an additional initial or final phoneme, separated from the transcrip-
tion of the word we are analysing by a white space, this means that there is
coarticulation between the fricative and the final or initial phoneme of the
previous or following word in the sentence.
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Table E.1: Voiceless uvular fricative /y/. The data in the table is
grouped by speaker, the words are separated by fricative word posi-
tion (initial, medial and final), and ordered according to vowel context
/i, i, e, € ®, a, 0,0, u/.

| Corpus | Speaker | Example | IPA | File N. | VF (ms) | F (ms) | FV (ms) |

3 CFGA | relevo | [e xilev] 94 27 82 43

3 CFGA | ressaca | [e y'sake] 82 15 84 -

4 CFGA | ressaca | [e y'sake] | 7.82 28 55 -

4 CFGA | ressaca | [e y'sake| | 7r1_82 41 102 -

4 CFGA | ressaca | [e y'sake| | 7r2.82 25 75 -

3 CFGA rosa [e 'yoze] 14 36 55 33

4 CFGA rosa [e 'yoze] | 4.14 25 69 40

4 CFGA rosa [e 'yoze] | 4r2_14 24 54 33

3 CFGA | garrafa | [ge'yafe] 71 18 64 24

3 CFGA | zurrar [zu'yar] 16 38 47 36

3 | ACC | ferro | [efey] | 4 17 23 -

3 ISSS relevo | [e yilev] 94 19 102 33

3 ISSS ressaca | [e y'sake] 82 18 66 -

4 ISSS ressaca | [e y'sake] | 7.82 25 68 -

4 ISSS ressaca | [e y'sake] | 7r_82 25 55 -

3 ISSS rosa [e 'xoze] 14 20 100 25

4 ISSS rosa [e 'xoze] | 4.14 26 106 25

4 ISSS rosa [e 'yoze] | 4r 14 23 61 31

3 ISSS garrafa | [ge'yafe] 71 30 72 22

3 ISSS zurrar [zu'yac] 16 21 117 31

3 | ISSS | ferro | [fey] | 4 23 100 -
Table E.2: Voiced uvular fricative /¥/.
‘ Corpus ‘ Speaker ‘ Example ‘ IPA ‘ File N. ‘ VF (ms) ‘ (ms) ‘ FV (ms) ‘
| 4 | CFGA | rosa |[emoze]|4r114] 28 | 28 | 63 |
| 3 | ACC | garrafa |[gewafe]| 71 | 32 | 42 | 39 |
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Table E.3: Voiceless tapped alveolar fricative /c¢/ (Speaker LMTJ).

| Corpus | Example | TPA | File N. | VF (ms) | F (ms) [ FV (ms) |
4 ressaca | [ri'sake] 782 - 12 13
3 rosa i'roze] 14 - 15 39
4 rosa [a roze] 414 34 43 19
4 rosa la ‘toze] | 4_14r 35 52 16
4 ressaca [c'sake] 782r - 28 -
3 girar [3i'cac] 48 33 23 38
3 ferir [fi'ric] 18 36 15 21
3 vermelho | [vicme£] | 86_1r 41 21 -
3 vermelho | [vicme£] | 86_2r 32 24 -
3 Zaire | |7ajri] 99 32 22 16
3 arejar [eri'zal 46 43 16 14
4 arejar leri'zac] 5461 33 27 -
3 garrafa | [ge'rafe] 71 34 12 58
4 zarpar | [zecepar] | 3.113 25 23 -
4 zarpar | [zect'pac] | 3-113r 17 27 -
3 amoroso | [emu'roz] 8 31 27 30
3 chorar Ju'rac] 78 40 20 39
3 falir [felic] 47 29 18 -
3 subir [su'bic] 139 33 32 -
4 subir [su'bic] | 3.139r 40 42 -
3 viver [viver] 122 32 17 -
3 ver [veri] 102 24 23 -
4 ver [veru] | 12.102r 30 24 19
3 dever [di'veri] 22 32 20 -
3 mover | [mu'veri| 57 16 19 -
3 saber [se'ber] 39 29 25 -
3 efectuar | [ifetwac] 98 37 12 -
3 vogar | [e 'vugar] 7 21 21 -
3 assar [e'saci] 137 28 21 -
4 assar le'sac] | 12.137r 103 36 -
3 zarpar | [zec'paci] 113 24 37 -
3 zurrar [zu'Rar] 16 24 20 -
3 azar [e'zaci] 97 34 16 -
3 acusar [eku'ar] 146 30 24 -
3 chegar Ji'gac] 65 21 20 -
3 chamar | [fe'maci| 28 22 24 -
3 achar [e'fac] 114 25 18 -
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Table E.4: Voiceless tapped alveolar fricative /c¢/ (Speaker ACC).

| Corpus | Example |  TPA | File N. | VF (ms) | F (ms) [ FV (ms) |
3 rosa ['coze] 14 - 34 40
3 ressaca c'sake] 82 - 16 -
3 Zépiro [Zzopiru] 10 36 23 19
3 germe ['3ecm)| 72 34 18 -
4 zarpar [zec'pac] | 3r1.113 32 22 -
4 zarpar [zec'pac] | 3r2_.113 22 21 -
3 zurrar [zu‘gaﬂ 16 21 31 34
3 zurrar [Zu‘agi} 16 27 13 26
4 furar [fu'rac] 9rl_44 35 11 13
4 Brasil [bre'zil] 10r1.58 - 15 19
3 ferir [fi'ric] 18 23 28 -
3 falir [felic] 47 44 15 -
3 subir [su'bic] 139 30 24 -
3 agir [e'5ic] 108 30 20 -
3 Zaire [zajci] 99 30 19 -
3 viver | [viver] 122 14 33 -
3 ver [ver] 102 30 23 -
4 ver [ver] 12r1.102 51 24 -
3 dever [di'ver] 22 27 17 -
1 dever | [diveri] | 12r1_22 26 18 -
3 aquecer | [eke'ser] 131 40 25 -
3 efectuar | [i'fetwar] 98 24 23 -
3 levar li'vaci] 105 19 14 -
3 assar [e'sac] 137 17 25 -
4 assar [e'sac] 12137 30 33 -
4 assar [e'sac] 12r2_137 53 16 -
3 zelar [zilac] 126 27 20 -
3 azar [e'zac] 97 25 13 -
3 girar [3i'raci] 48 19 15 -
3 originar | [orizimari] 1 27 19 -
4 furar [fu'cac]” | 9r2.44 31 15 -
3 tugir [tu'sice] 120 - 15 -
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Table E.5: Voiceless tapped alveolar fricative /¢/ (Speaker CFGA).

| Corpus | Example | TPA | File N. | VF (ms) | F (ms) [ FV (ms) |

4

ver

fver 1]

12r2.102

65

36

21

4

assar

fosar

12r1.137

37

85

Table E.6: Voiceless tapped alveolar fricative /c/ (Speaker ISSS).

| Corpus | Example |  IPA | FileN. [ VF (ms) [ F (ms) | FV (ms) |
3 vermelho | [virme£u] 86 29 14 -
4 arejar leri'zac] 5.46 27 12 25
4 arejar [er'zac] 5r_46 28 26 -
3 mares [mac|] 130 12 22 -
3 ferir [fi'ric] 18 37 32 -
3 subir [su'bir] 139 40 22 -
4 subir [su'bic] 3r_139 40 42 -
3 agir [e'5ic] 108 43 36 -
3 Zépiro ['zopic] 10 35 24 -
3 chamar [[e'mac] 28 29 20 -
4 assar [e'sac] 12137 27 54 -
4 assar [e'sac] 12r_137 17 66 -
4 achar [efac] 11r_114 46 41 -
3 Zaire [zajc] 99 37 21 -

220




Appendix F

Bilingual Questionnaire

F.1 Speaker PS

1. Did you begin to learn both languages under five years of age? Yes.
2. If not, when did you become fluent in your second language?
3. Which language do you consider to be your primary language? Both.
4. Do you speak any other languages? Which one(s)? None.
5. What language do you speak with:
(a) parents? Portuguese with mother and English with father.
(b) brothers and sisters? Mainly Portuguese.
(c) partner? Portuguese.

(d) friends? Portuguese and English.
6. What language do you use:

(a) for general use? Portuguese and English.

(b) in the home? Portuguese and English.
(c) at work? English.

(d) on holiday? Depends on place.

7. When you think to yourself, do you think in:
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(a) Portuguese?
(b) English?
(c) both? /

8. Which language did you use:

(a) at school? English.
(b) at university? English.

9. How many years have you lived in:

(a) Portugal? 16
(b) England? 6

(c) other countries? 0

10. When you read books, do you mainly read in Portuguese or English?
English.

11. Which language do you:

(a) count in? Usually English.
(b) swear in? Both, usually Portuguese.

(c) dream in? Portuguese and English.

F.2 Speaker RS

1. Did you begin to learn both languages under five years of age? Yes.

2. If not, when did you become fluent in your second language?

3. Which language do you consider to be your primary language? Both.

4. Do you speak any other languages? Which one(s)? French.

5. What language do you speak with:

(a) parents? Portuguese with mother and English with father.

(b)

()
)

(d) friends? Portuguese and English.

brothers and sisters? Portuguese.

partner?
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6. What language do you use:

(a) for general use? Portuguese and English.
(b)
()

(d) on holiday? Portuguese.

in the home? Portuguese and English.

at work? English.

7. When you think to yourself, do you think in:

(a) Portuguese?
(b) English?
(c) both? /

8. Which language did you use:

(a) at school? English.
(b) at university? English.

9. How many years have you lived in:

(a) Portugal? 16
(b) England? 2

(c) other countries? 0

10. When you read books, do you mainly read in Portuguese or English?
English.

11. Which language do you:

(a) count in? English.
(b) swear in? Portuguese.

(¢) dream in? Portuguese and English.
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Appendix G

Listings of English Corpora

G.1 Corpus la

1. Juvvvv ... u/ 5. /ofllf-.. o/ 9. /offff ... o/
2. /03333 ... of 6. /uffff ... u/ 10. /uzzzz ... u/
3. /uffff ... u/ 7. Jussss ... u/ 11. Jossss ... o/
4. [ovvvv ... 9/ 8. [ozzzz ... 3 12. /uz333 ... u/
G.2 Corpus 1b
L /J/ 4. /3/ 7. [s/ 10. /3/
soft soft soft soft
loud loud loud loud
2. /s/ 5. [t/ 8. /v/ 11. /z/
soft soft soft soft
loud loud loud loud
3. /v/ 6. /z/ 9. /f/ 12. /[/
soft soft soft soft
loud loud loud loud
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G.3 Corpus 2

1. /puzu/
2. /poza/
3. /puvu/

4. /pafo/

G.4 Corpus 3

A total of 118 different words containing 142 fricatives: /f/ — 19 (11 word -
initial; 4 word - medial; 4 word-final); /v/ - 24 (7 word-initial; 10 word -
medial; 7 word-final); /0/ — 9 (4 word-initial; 1 word-medial; 4 word -
9 (1 word-initial; 7 word - medial; 1 word - final); /s/
17 (5 word - initial; 5

final); /d/

word - initial; 12 word - medial; 7 word - final); /z/
word - medial; 7 word-final); /f/ — 20 (6 word-initial; 8 word - medial; 6

N o o>

oo

. /pofa/
/pusu/
- /paga/

. /puzu/

9. /pove/
10. /pufu/
11. /pesa/

12. /pufu/

word - final); /3/ — 11 (9 word - medial; 2 word - final ).

Fifi /[ffifi/.
/fir/.
fever — /‘iv3w/.

finny — /'fmi/.

fear

fishing /‘Iﬁr_]/.
father / ‘a63~ /.

for /for/.

follow — /'foloy/.

Flossie /‘lnsi/.

floozy /‘luzi/.

frothing /‘rn()in/.

Fifi /'fi[f]i/.
leafy /'lifi/.
safer — /'seffls/.
/'kofi/.
thief /0if]/.

knife — /naif/.

coffee

half — /haf/.

'"No English word begins with /3/ (Ladefoged 1993, pp. 29).
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roof /ruf/.

veal /vil/.

vision — /[v]i3n/.

vet — /vet/.

velvet /[vielvot/.

vying /vam/.
void - /void/.
vulgar — /'valgs/.
leaving /liviy/.
TV /tivi/.
Levis — /li[viaz/.
fever — /'fifv]z/.
saver /'sefv]3/.
ivy /Jawi/.
lover — /lavs/.
hover — /'havs/.

cover /'kavs/.

velvet /vellvpt/.

live — /liv/.

give — /giv/.

save /sefv]/.
of /ov/.
dove - /dov/.

move — /muv/.

prove /pruv/.

theatre /'0iat"s/.
thief - /[0lif/.
think /Omk/.
thistle /[0]isl/.
frothing — /‘fro@ig/.
wreath — /'rif/.
death /'def/.
breath /'bref/.

bath — /b6

the - /3o/.
dither /'dids3/.
bather /'beidor/.

mother — /' mod3-/.
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father /‘fa@y/. missing /‘misiy/.

brother /'brads:/. kissing /'kisiy/.
clothing — /kloydiy/. icy — /'asi/.

soothing /‘su@ir_]/. thistle — /01s]l/.
breathe /'brid/ . precision /pro[shzn/.

desk /desk/.

Flossie - /"flo[s]i/.

see — /si/.
seizure - /[slfiz3+/. awesome — /osam/.
sees /[sliz/.
seizing /[sliziy/.
safer — /[sleif3/.
save — /[slerv/.

saver /[slerv3/.

Lucy /'lusi/.
inducing /m'dusey/.
monster - /'manst3+/.
across - /o'kras/.

hiss /his/.

. o mess /mes/.
saying /'sery/.

says /[skz/.

sandbar — /'sendbar/.

pass — /pas/.
moss — /mos/ .
sewing — /'souiy). blouse /'blays/.
Suzie /[sluzi/. cups /'kaps/.
soothing /[sJudmy/.
splashes — /[s]ple[oz/. zeal — /zil/ .

greasy — /'grisi/.
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zero /'zorau/. shocking /'[okiy/.

zip /71p/. shoo /[u:/.

zone — /zoun/. wishy — /'wifi/.

zoo — /zu/. fishing /‘flir_]/.

seizing /'siz]iy/. machine /main/.
easy /'izi/. splashes — /‘Spl?BQZ/-
Suzie — /'su[z]i/. crashing — /'krafiy/.
oozy — /uzi/. washy /wofi/.
floozy /fluz]i/. washing /'wofiy/.
sees /'si[z]/. ocean - /'oy[n/.

is — /1z/. dish — /dif/.

Levis — /livafz]/. mesh /mef/.

was /woz/. rash /raf/.
splashes /'spleefoz]/. hush - /haf/.

says — /'sg[z]/. crush — /kraf/.

has - /haz/.

push /puf/.

she /[1/. seizure /'sifz]3/.
shiny //fami/. Bijou — /br'zu/.
share — /[er/. vision /vizn/.
shark — /[ark/.
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precision /prosizn/. measure /'me3z3/.

leisure — /'lez3+/. azure /['®33+/.
treasure — /'trez3:/. beige - /baiz/ .
pleasure /'plezs:/. rouge — /ruz/.

G.5 Corpus 4

Only 62 of the 118 words in Corpus 3 were used in the sentences of Corpus 4.
They contained 74 fricatives: /f/ - 9; /v/ - 7; 0/ —3; 8/ —5; /s/ — 22; [z/

- 11;

/I] —12; /3/ = 5.

. “I see Fifi vying for a share of icy ocean.”

Jar si fifi 'varjm for o fer ov 'aisi 'oyfn/

. “She was in her leisure Levis and a shiny velvet blouse.”

/Jt woz m h3+ 'lez3~ livarz send o '[ami 'velvot 'blays/

“She splashes in the ocean, across a sandbar, saying “I fear a shark
may think a bather is a vision of an azure ocean”. Shoo finny shark!”
/]t 'spleefoz m 39 'oyfn o'kras o ‘seendbar 'seriy ar fir o [ark mer 'Ok o
'berdor 17 o 'vizn ov on ‘233 'oyfn [u: 'fmi [ark/

. “I see Fifi follow Suzie into the Bijou Theatre.”

Jar si 'fifi 'Toloy 'suzi 'intu da brzu 'Biat"s/

“The oozy shocking murk inducing a seizure in the azure monster is
awesome!”
/09 'uzi [okm) m3-k m'dusey o 'siz3* In do ‘233 'mansts: 1z 'osam/

“He sees coffee cups on the desk.”
/hi 'siz kofi 'kaps on o desk/

“My mother has a washing machine and a lover.”
/mar 'mod3 haez o 'wofiy mofin end o lavs:/

“He sees you and Lucy seizing Flossie.”
/hi 'siz ju send lusi 'siziy ‘flosi/
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9. “Wishy - washy, wishy - washy says the soothing frothing water, leaving
easy sewing of the greasy clothing.”
/'wifi 'wofi 'wifi 'wofi 'sez do 'sudiy 'frobiy 'wotsze liviyg 'izi ‘souiy ov do
grisi kloydiy/
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