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UNIVERSITY OF SOUTHAMPTONABSTRACTFACULTY OF ENGINEERING AND APPLIED SCIENCEDepartment of Electronics and Computer ScienceDoctor of PhilosophyACOUSTIC PHONETICS OF EUROPEAN PORTUGUESE FRICATIVECONSONANTSby Luis Miguel Teixeira de JesusThe production of fricatives is not yet fully understood because the mecha-nism is particularly complex. Studies of Portuguese fricatives have been verylimited, so in this thesis a novel methodology of corpus design, and temporaland spectral analysis techniques were developed to enhance our descriptionof the acoustic properties, and to increase our understanding of the produc-tion of fricatives. The data presented in this thesis could be used to improvethe naturalness of synthetic speech.Corpora were devised that included the fricatives /f, v, s, z, A, O/ in thefollowing contexts: sustained, repeated nonsense words of the form /pV1CV2/,Portuguese words containing fricatives in frame sentences, and the same setof words in sentences. Four subjects (two male, two female) were recordedsaying the corpora, using a microphone in the acoustic far - �eld and a laryn-gograph. Temporal analysis of the fricatives revealed a large number of de-voiced examples. Analysis of variance showed that devoicing was signi�cantlymore likely for word - �nal fricatives and posterior place of articulation.In addition to the fricatives listed above, we also noticed other fricativesoccurring as allophones of /?, 9/ in 100 words out of 365. Durations of thefricative segments were comparable to /?, 9/ and thus shorter on averagethan fricatives /f, v, s, z, A, O/. Some of the speech segments were contin-uous \noisy signals" very similar to those of fricatives. The spectral peakfrequencies of the fricatives occurring in place of /?/ were compared to theother fricatives, which indicated a place of articulation further back than/A, O/, and compared to velar and uvular fricative results previously reportedfor other languages. These comparisons indicated that the uvular fricatives[K, @] and the voiceless tapped alveolar [9�] were given the phonological roleof /?/ and /9/ respectively, though these fricatives have not previously beenreported as phones of standard European Portuguese.i



The fricative spectra were parameterised in terms of our knowledge ofthe underlying aeroacoustics. The parameters spectral slope, frequency ofmaximum amplitude, and dynamic amplitude were developed to characterisefricative spectra. The parameters behaved as predicted for changes in e�ortlevel, voicing, and location within the fricative. Some combinations were alsouseful for separating the fricatives by place or by sibilance.A preliminary cross - language study of Portuguese and English fricativesproduced by two bilingual siblings is also presented. Although results forPortuguese and English fricatives seem to be very similar this maybe dueto the use by bilinguals of di�erent production strategies from monolingualswhich attenuate cross - language acoustical contrasts. The English corpus de-veloped for the bilingual subjects could be used to study monolingual Englishspeakers.
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The Kathakali Man is the most beautiful of men. Because his body is hissoul. His only instrument.in \The God of Small Things" by Arundhati Roy. Flamingo, 1997, p. 230.
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Fonte 2No sorriso louco das m~aes batem as levesgotas de chuva. Nas amadascaras loucas batem e batemos dedos amarelos das candeias.Que balou�cam. Que s~ao puras.Gotas e candeias puras. E as m~aesaproximam-se soprando os dedos frios.Seu corpo move-sepelo meio dos ossos �liais, pelos tend~oese �org~aos mergulhados,e as calmas m~aes intr��nsecas sentam-senas cabe�cas �liais.Sentam-se, e est~ao ali num silêncio demorado e apressado,vendo tudo,e queimando as imagens, alimentando as imagens,enquanto o amor �e cada vez mais forte.E bate-lhes nas caras, o amor leve.O amor feroz.E as m~aes s~ao cada vez mais belas.Pensam os �lhos que elas levitam.Flores violentas batem nas suas p�alpebras.Elas respiram ao alto e em baixo. S~aosilenciosas.E a sua cara est�a no meio das gotas particularesda chuva,em volta das candeias. No cont��nuoescorrer dos �lhos.As m~aes s~ao as mais altas coisasque os �lhos criam, porque se colocamna combust~ao dos �lhos, porqueos �lhos est~ao como invasores dentes-de-le~aono terreno das m~aes.E as m~aes s~ao po�cos de petr�oleo nas palavras dos �lhos,e atiram-se, atrav�es deles, como jactospara fora da terra.E os �lhos mergulham em escafandros no interiorde muitas �aguas,e trazem as m~aes como polvos embrulhados nas m~aose na agudeza de toda a sua vida. xix



E o �lho senta-se com a sua m~ae �a cabeceira da mesa,e atrav�es dele a m~ae mexe aqui e ali,nas ch�avenas e nos garfos.E atrav�es da m~ae of �lho pensaque nenhuma morte �e poss��vel e as �aguasest~ao ligadas entre sipor meio da m~ao dele que toca a cara loucada m~ae que toca a m~ao pressentida do �lho.E por dentro do amor, at�e somente ser poss��velamar tudo,e ser poss��vel tudo ser reencontrado por dentro do amor.in \Poesia Toda" by Herberto Helder. Ass��rio e Alvim, 1996, p. 43.
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Chapter 1
Research Overview
1.1 IntroductionPortuguese is an important European language, spoken by over 180 millionpeople worldwide. Studies of Portuguese phonetics and phonology indicatethat fricatives are central to some interesting features of the language, yetstudies 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 theproduction of fricatives. The research presented in this thesis aims to in-vestigate the acoustic features which characterise the production of fricativeconsonants. The production of fricatives is not yet fully understood becausethe mechanism is particularly complex. We will be focusing on the analysisof frication in the Portuguese language, describing a novel methodology ofcorpus design, and temporal and spectral analysis techniques. Knowledgeaccumulated from data could be used for improved speech synthesis.1.2 Fricative Production MechanismsWhen a vowel is being uttered, the vocal tract is relatively unconstricted(�1 cm2 cross - sectional area at the most constricted region) and the vocalfolds vibrate periodically, causing the volume of air 
owing through the glot-1



tis to 
uctuate periodically as well. Fricative consonants are produced whenthe vocal tract is constricted (�0.1 cm2 at most constricted region) some-where along its length, as shown in Figure 1.1, enough to produce turbulencenoise when air is forced through the constriction. The place of constrictiona�ects the tract resonances (�lter properties), but also a�ects the shape of thetract downstream of the constriction and thus the source properties: wherethe turbulent jet will impinge on tract walls, generating more noise, and theparticular spectral characteristics of that noise.

Figure 1.1: Mid - sagittal magnetic resonance imaging (MRI) pro�les of thevocal tract during the production of voiceless fricatives: a) /f/, labiodental;b) /G/ (/th/), dental; c) /s/, alveolar; d) /A/ (/sh/), postalveolar. FromNarayanan, Alwan, and Haker (1995).It is known from studies of jet noise (Goldstein 1976) and mechanical models2



(Shadle 1985) that when a particular con�guration is held constant, andonly the air velocity is increased, the turbulence noise increases (i.e. soundpressure and power), and increases more at higher frequencies. Though it isnot easy to control nor measure parameters so precisely in the vocal tract,the same phenomenon appears to occur for fricatives (Hixon 1966; Hixonet 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 de�es an analytic formulation, requiring empiricalstudies;2. turbulence noise sources are much more sensitive to changes in thesurrounding geometry than are acoustic resonances (Shadle 1991);3. given the small constriction dimensions and the dependence of all aero-acoustic sources on 
ow velocities, it is much more diÆcult and moreimportant to get suÆciently accurate vocal tract shape and simultane-ous aerodynamic and acoustic data for fricative con�gurations.These diÆculties have been re
ected in the relatively poor quality of fricativeand a�ricate synthesis. Nevertheless, our understanding of fricative produc-tion has been improved by the use of existing expertise in the production ofspeech corpora, the extraction of magnetic resonance imaging (MRI) data(Narayanan et al. 1995; Shadle et al. 1996; Mohammad 1999; Engwall andBadin 2000), fricative aeroacoustics analysis methods (Shadle and Scully1995), and the incorporation of three - dimensional vocal tract data in speechsynthesis (Davies, McGowan, and Shadle 1993; Motoki, Badin, Pelorson, andMatsuzaki 2000; Motoki, Pelorson, Badin, and Matsuzaki 2000; Niikawa,Matsumura, Tachimura, and Wada 2000).1.3 Previous Studies of FricativesThe 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,3



Castelli, Brearley, and Shirt 1992). More speci�c studies of the articula-tion of fricatives include the palatographic experiments of Fletcher (1989)and Fletcher and Newman (1991), the extensive studies of tongue shapesby Stone et al. (1992) and Stone and Lundberg (1996), and the MRI andelectropalatography experiments of Narayanan (1995) and Narayanan et al.(1995). The study of the nature of the interaction between acoustic sourcesand vocal tract shapes for constricted consonantal con�gurations (Stevens1987; Stevens 1991; Badin 1991; Badin et al. 1994; Shadle 1995), and thestudy of mechanical models by Shadle (1985, 1990, 1991), has supplied im-portant data to drive various parametric multi - tube acoustic models (Zagar1986; Vescovi and Castelli 1995; Liu and Lacroix 1997; Riegelsberger 1997;Narayanan and Alwan 2000). See also the list of references for additionalreading on subjects related to fricative consonants at the end of this thesis.Further research is needed to determine speci�c acoustic, aerodynamic andarticulatory 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), andstudies that establish cavity aÆliation (Shadle et al. 1991) and the e�ectof vowel context on the acoustic characteristics of fricatives (Shadle et al.1995), have identi�ed some parameters that might be useful for the analysisof Portuguese fricative consonants. Researchers have used spectral momentsand locus equations on fricatives (Forrest et al. 1988; Sussman 1994; Jong-man et al. 2000) without much success, although such techniques work wellon stops. A di�erent parameter set, described in Chapter 6, based more onthe understanding of the acoustic mechanisms of fricative production, wasdeveloped and tested against a large corpus of fricatives. An initial study,based on an existing English and French fricative corpus, suggested somefruitful directions to pursue (Shadle and Mair 1996).1.4 Analysis of Portuguese FricativesOne of the �rst speci�c studies of Portuguese fricatives was that of Lac-erda and Rogers (1939), which consisted of the analysis of aerodynamic andacoustic readings using very primitive methods. Johns (1972) observed, froma study of slips of the tongue, that because of the diÆculty 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 a4



rank order of average duration and \intensity" of Portuguese fricatives. Un-fortunately, the methodology used to measure amplitude is rather outdatedand averaging of results inappropriate (as shown in Chapters 4 and 5).Lacerda (1982) describes the use of perceptual experiments to identify theacoustic features of /f, s, A/. /f/ has a 
at spectrum and low intensity level;/s/ has a broad-band spectral peak between 4.1 kHz and 5.7 kHz, and highintensity level; the energy in the high frequency bands (around 6 kHz) is per-ceptually important for /s/; /A/ has a high intensity level and an importantbroad-band spectral peak between 2.7 kHz and 3.5 kHz.The acoustic and aerodynamic study of Portuguese consonant clusters ofAndrade (1982, 1995) included an analysis of /asV/ sequences, where V wasone of the vowels /i, �, u/. Results showed that the duration of the fricationperiod is longer when the fricative is followed by /i/, because this vowel isweakened, or even not produced, in �nal position.Viana's study of Portuguese plosives (Viana 1984) also includes the analysisof fricative spectra. Results showed that fricative consonants have longeraverage duration than the neighboring vowels, and that in �nal position, theyhave lower average energy than in initial position. /f/ showed the weakestspectra.Martins et al. (1995) observed that when the vowel V1 in /V1ApV2/ and/V1AtV2/ sequences is weakened (or not produced), its formant structureis somewhat \transferred" (as designated by the authors) to the followingfricative /A/, allowing the listener to perceive the V1 vocalic segment.Andrade et al. (1999) studied the acoustical and perceptual e�ects 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 overallamplitude diminished for the rounded vowel context. Results from percep-tual tests of CVs generated by a formant synthesizer (Klatt 1980; Klatt andKlatt 1990) revealed F2 as a relevant cue for the distinction between /si/and /su/.Regional variations of Portuguese (Cunha and Cintra 1992) result in someinstances of substitution of fricative /A/ by a�ricate /tA/ in the north of Por-tugal, and various occurrences of phonemic variation, e.g. [Us] as produced inViseu (Mateus 1996). 5



There have been many studies of the phonetics and phonology of Portuguese,which have shown some interesting features of the language; it is unusuallyrich in instances of vowel reduction, consonant clusters, and plosives thatare realized as fricatives (Viana 1984). The study of Portuguese fricativeconsonants constitutes a challenging and complex research area, which is asyet incompletely explored. This is in part due to the lack of speci�c speechcorpora that re
ect the variety of phonetic contexts in which these speechsounds occur and the large number of variations in 
uent Portuguese speech.1.5 Thesis OverviewThis study focusses on the analysis of frication in Portuguese, by combininganalysis of fricative - rich Portuguese words and sentences with techniquesdeveloped in previous work using more controlled nonsense utterances. Thecorpus is described in Chapter 2. The segmentation and annotation of therecorded material is described in Chapter 3. A detailed description of timeand frequency domain analysis methods is also included in Chapter 3. Theresults of this analysis are presented in Chapter 4 (temporal and devoicinganalysis) 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 �rst step towards modelling and synthesis ofthe 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.
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Chapter 2
Design and Recording of aCorpus of Portuguese Fricatives
2.1 IntroductionA speech corpus has been designed to explore the fricatives of standard Eu-ropean Portuguese. The phonetic and phonological evidence underlying thedesign of the corpus are described in the sections that follow. The completecorpus 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 studywas focused on characterizing fricatives in general. Here, that methodologyhas been adapted to focus on Portuguese fricatives in particular, and thususes real words and phonology of Portuguese.2.2 DesignA rich variety of phonetic contexts using both real Portuguese words and non-sense words was selected to study the most relevant phoneme variants, anddescribe the spectral and articulatory characteristics of Portuguese fricativeconsonants. The corpora also included sustained fricatives, which are bettercontrolled (no phenomena such as coarticulation or devoicing occur during7



the production of sustained fricatives) and easier to analyse than those inwords.Fricatives that were produced more naturally, but still with contextual andstress 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 - speci�c phonological rules (Mateus and Andrade 2000, p. 11):1. any of the vowels /i, e, �, �, a, 4, o, u, ~�, ~e, ~�, ~o, ~u/ can occur in thetonic syllable 1;2. any of the vowels /i, i, e, �, �, a, 4, o, u, ~�, ~e, ~�, ~o, ~u/ can occur beforethe tonic syllable;3. only vowels /i, i, �, u/ can occur after the tonic syllable;4. the vowel /i/ does not appear in �nal position;5. the fricatives /f, v, s, z, A, O/ can all occur in initial and medial positions;6. /A/ is the only fricative that can occur in word - �nal position.In addition to these constraints and to facilitate comparisons, the corporawere designed to be compatible where possible with the fricative corporarecorded of English, American, French and German subjects (Shadle 1992;Shadle and Carter 1993).2.2.1 Corpus 1: Sustained FricativesCorpus 1a consisted of a set of VCV sequences, where V belongs to thereduced set of Portuguese vowels /i, �, u/, and C is one of the Portuguesefricative consonants /f, v, s, z, A, O/ sustained for 5 s (see Appendix B).As shown by Shadle et al. (1996), the vowel context, even for sustainedexamples, in
uences the articulatory and spectral characteristics of fricatives.Since the vocalic contexts of Corpus 1a overlap with those of Corpus 3 (set1Tonic syllable { syllable which carries maximal prominence, usually owing to a majorpitch change (Crystal 1997). 8



of Portuguese words), it is possible to make a comparative study betweenthe fricatives produced within these two experimental conditions.A separate set of Portuguese fricative consonants, sustained for 3 s, at medium,soft and loud e�ort levels, was also recorded (and is called Corpus 1b). Ideallywe would like the articulation to be held constant, and only the mean 
owvelocity at the constriction during its production to be varied. We attemptto elicit this by asking for a variation in e�ort level.2.2.2 Corpus 2: Nonsense WordsCorpus 2 (see Appendix B) consisted of /pV1CV2/ sequences, where V1, V2were one of the vowels /i, �, u/. The set comprised all possible vowel andfricative permutations, each repeated about 12 times in one breath. Thephoneme /p/ is an easily identi�able marker for segmentation and spectralanalysis, and has been used in Rothenberg mask recordings by Shadle et al.(Shadle 1992; Shadle and Carter 1993) to measure the subglottal pressureand to check where the zero is in the recorded time signal (no 
ow velocity).The stress was placed according to language - speci�c phonological rules, andsubjects were instructed to keep it the same through all the repetitions. Thesubjects were not always able either to produce the indicated stress patternor to produce a di�erent pattern consistently, so there were some instanceswith equal stress in both syllables, and with deleted vowels.2.2.3 Corpus 3: Real WordsCorpus 3 consisted of 154 words, each said within the frame sentence Diga. . . , por favor /^dig� . . . pu9 ^f�vo9/, which was used to record the words inthe corpus in a balanced phonetic context and with a neutral prosody. Thewords, listed in Appendix A, were presented in a randomised order.The 154 words consist of 8 words forming nearly minimal pairs with thepattern /FV1FV2/; 54 words with the pattern /FV / (fricative in initial po-sition); 69 words with the pattern / V1FV2 / (fricative in medial position);and 23 words with the pattern / VF/ (fricative in �nal position).9



The vowels in words with sequences /FV1FV2/, /FV/, /V1FV2/ and /VF/have been divided into three groups according to their location in the voweltriangle: /i, i, e/ { group 1; /�, �, a/ { group 2; /4, 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 vowelgroups.The vowel /i/ is generally deleted in �nal position, as shown by Andrade(1994), and so the resulting allophone is not expected to in
uence the pre-ceding fricative. Therefore words such as chefe /^A�fi/, ave /^avi/ and asse/^asi/, were used to `simulate' �nal position contexts. As mentioned by Ma-teus and Andrade (2000), phonologically, only /A/ can occur in �nal position,but phonetically any fricative can be found in �nal word position as a con-sequence of deletion of unstressed vowels. Appendix A lists examples ofPortuguese words with fricative consonants in �nal position.2.2.4 Corpus 4: Real Words in Connected SpeechCorpus 4 consisted of a set of sentences (see Appendix A) including 60 wordsfrom Corpus 3. Ten of the sentences are meaningful; two include word bound-aries within some of the phonetic sequences in Corpus 3, but are semanticallynonsense.2.3 Recording MethodThe subjects used in this study were two male (LMTJ and CFGA) and twofemale (ACC and ISSS) adult Portuguese native speakers, with no reportedhistory of hearing or speech disorders. Subject LMTJ, age 26, is from thecity 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 closeto Lisbon), and ISSS, age 21, is from Lisbon. At the time of the recordingsall 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 416512 inch microphone located 1m in front of the subject's mouth, connected to aBruel & Kjaer 2639 pre - ampli�er. The signal was ampli�ed and �ltered by aBruel & Kjaer 2636 measurement ampli�er, with high - pass cut - on frequency10



of 22Hz and low - pass cut - o� frequency of 22 kHz. A laryngograph signal(Lx) was also collected using a laryngograph processor 2. The acoustic speechsignal 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 computerfor post - processing. A 94 dB, 1000Hz calibration tone produced by a Bruel& Kjaer 4620 calibrator was also recorded on the same tape on which speechwas recorded (see Appendix C).2.4 SummaryIn this chapter, the design of the speech corpus and the underlying phono-logical rules that determined the selection of Portuguese words and nonsensewords have been described. Details of a corpus of sustained fricatives and acorpus of Portuguese sentences have also been presented. This chapter hasalso provided a description of the recording apparatus and techniques. Chap-ter 3 describes the segmentation and annotation, and presents the variousmethods used to analyse the speech corpora.

2Model LxProc, type PCLX produced by Laryngograph Ltd (UK).11



Chapter 3
Methods for Segmentation,Annotation, and Analysis
3.1 IntroductionThis chapter describes the method used to segment and annotate the variouscorpora presented previously. This is followed by an extensive de�nition ofboth a manual method and an automatic method to determine if a fricativeis devoiced. Finally we describe the three techniques used to average thepower spectra of the fricatives: time - averaging, frequency - averaging andensemble - averaging.3.2 Segmentation and AnnotationThe data on the DAT tape were digitally transferred to .wav computer �les,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 frequencyof 48 kHz.The time waveforms of all the corpus words were manually analysed to detectthe start of the vowel - fricative transition, the start of the fricative, the endof the fricative, and the start of the fricative - vowel transition. During the12



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 thesame 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 acousticand Lx signals, which aids the segmentation process. For example, as canbe seen in Figure 3.1, the FV transition also includes some frication noisebecause we've established that an unvoiced fricative would only correspondto a steady - state noise segment.
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laryngograph signal was an important cue in determining the boundariesbetween the di�erent phones. When it was not clear from the acoustic signalwhere the fricative started and ended (especially for voiced fricatives), thelaryngograph signal was used as an additional cue, because its amplitudediminishes during the VF transition and increases during the FV transition.The annotation �les generated for Corpus 3, which have been used by variousanalysis programs, consist of eight sample numbers referring to the followinglocations within the corpus word:1. start of �rst vowel - fricative transition;2. start of �rst fricative;3. end of �rst fricative (or start of �rst fricative - vowel transition);4. end of �rst 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 /^fal�/), values 5 through 8are set to zero.In examples such as este /^eAti/, where we have a vowel - fricative - plosivesegment, the fourth annotated value corresponds to the end of �rst frica-tive - plosive transition. When the words contain a �nal fricative, the fourthannotated 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 eachnonsense word in Corpus 2. However, the �rst and last, and any atypicaltokens were eliminated, thus resulting in ensembles of nine tokens each (seeSection 3.5.2).We have also created a set of �les containing a phonetic transcription, ac-cording to the International Phonetic Alphabet (IPA 1999), of all recordedspeech material. 14



3.3 DevoicingIn the word corpora, there were large amounts of devoicing. When the vocaltract is constricted for a voiced fricative, voicing is often maintained only overpart of the fricative, because if strong voicing was to be maintained thenthe amplitude of the noise source would become small, whereas a strongnoise source can only be achieved at the expense of weakened voicing orcessation of voicing (Stevens 1987, p. 388). When voiced fricatives devoice, itis with a whisper phonation (Abercrombie 1967, p. 137), distinguishing themfrom their voiceless counterparts which are realised with a glottal abductiongesture. Smith (1997) also suggested that the glottis is in a state intermediatebetween voicing and voicelessness, like the state of the glottis that is used inwhisper, with the glottis open but the folds very close together. The signalshown in Figure 3.2 is one such case. It corresponds to a segment that startsat the onset of the VF transition, and ends at o�set of the FV transition.
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Figure 3.2: Laryngograph signal and acoustic signal of fricative /z/ in digazarpar /^dig� z�r^par/. The dashed lines mark the start and end of thefricative. Corpus 3 (Speaker LMTJ).Haggard (1978) de�ned devoicing as presence of measurable friction in theabsence of continued glottal vibration, i.e., the periodic component of thevoiced fricative ceased before the friction component.15



Smith (1997, p. 478) used a criterion for devoicing in American English basedon the amplitude of the electroglottograph (EGG) cycles:The fricative was considered to be voiced during the portion ofits duration that the amplitude of the EGG cycles exceeded one -tenth of the EGG cycle amplitude at the time of maximum energyin the preceding vowel.She described three processes which may result in devoicing: an assimilatoryprocess, in which the position of the vocal folds is more open (a change inarticulation); a lenition process, in which the transglottal pressure drop orthe volume velocity of the air
ow across the glottis is insuÆcient to maintainvocal fold vibration (a change in aerodynamics); and a change in the aerody-namic conditions caused by the articulatory movement of the supralaryngealconstriction.A study by Pirello et al. (1997, p. 3756) presents an alternative measure ofvoicing based on the acoustic signal:An amplitude di�erence greater than 10 dB between the ampli-tude of the vowel and frication noise was classi�ed as voiceless.A di�erence of less than or equal to 10 dB sustained over 30mswas classi�ed as voiced.Both the acoustic signal and the laryngograph signal were used to determineif a fricative was devoiced. A fricative was called devoiced when less thanone - third of the frication interval showed periodic structure in the acoustic orlaryngograph signals. The term partially devoiced was used when more thanone - third but less than half of the frication interval contained steady acousticand laryngograph signal cycles. A fricative was called voiced when more thanhalf of the frication interval showed steady acoustic and laryngograph signalcycles, even if the amplitude was much lower than in the vowel (Docherty1992, p. 13). If the laryngograph signal was clearly periodic, the intervalwas classi�ed as voiced; if the laryngograph signal was zero or distorted, thesignal was classi�ed as voiced only if the acoustic signal was unambiguouslyperiodic.In Chapter 4 we present an inventory of all cases of devoicing, a detailedanalysis of the devoicing patterns found, and try to identify the factors (suchas vowel context, word position, etc.) in
uencing this phenomenon.16



3.3.1 Automatic Criterion for DevoicingAs 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 beenused in the past, but proved to be unsuitable for fricatives because in thisclass of speech sounds voicing has low energy. Therefore a new criterion,based on the laryngograph signal, was tested for the corpora used in thepresent study. The sample meanx = 1N NXi=1 xi (3.1)and sample variance �2(x) = 1N � 1 NXi=1 (xi � x)2 (3.2)of the laryngograph signal xN were calculated during the VF transition andduring the fricative. The ratio of variances of the two intervals,r�2(x) = �2t (x)�2f (x) ; (3.3)where �2t (x) is the variance of the signal during the VF transition and �2f (x)is the variance of the signal during the fricative, was used as an automaticcriterion for devoicing. Obviously the ratio gets bigger if the laryngographsignal during the fricative gets really small relative to the transition. Aheuristic threshold of 15 was used: for r�2(x) � 15, the fricative is labelleddevoiced; if r�2(x) < 15, voiced. Fricatives manually classi�ed as partiallyvoiced were considered to be in the devoiced category when comparing themanual and automatic criteria.The laryngograph signal presents, in some voiced fricative examples and inmost unvoiced fricative examples, a slowly increasing or decreasing amplitudeover the frication interval, which results in a large variance, and therefore amisclassi�cation as voiced. This problem has been solved using an averagedr�2(x). We have computed the mean x and the variance �2(x) for three con-secutive equal length sections of the frication interval, calculated the averagefrication 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 theaveraged r�2(x) but this does not improve signi�cantly the eÆciency of thismeasure of devoicing. 17



3.3.2 Vowel ReductionAnother striking feature of the corpus is the large number of highly reducedvowels, which are often also devoiced. Figure 3.3 shows an example of areduced /u/, and Figure 3.4 shows a reduced /i/. There are di�erent patternsof reduction (reduced throughout, partially reduced, . . . ) depending on thephonetic context. Vowel reduction results in a larger number of word - �nalfricatives and consonant clusters with a fricative, both factors contributingto devoicing of the fricative, especially if the phoneme preceding or followingthe 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 pêssego[^pesgu]). The dashed lines mark the start and end of the fricative. Cor-pus 3 (Speaker LMTJ).3.4 Uvular Fricatives and Voiceless TappedAlveolar FricativesThe voiced uvular fricative [@] has been referred to in a book by Mateusand Andrade (2000) as forming part of the phonetic repertoire of EuropeanPortuguese, manifested in a rhotic phonological role (of the uvular trill /?/).The voiceless uvular fricative [K] is mentioned in the same book as a phonein Brazilian Portuguese. Ladefoged and Maddieson (1996, pp. 166 -167) re-ported uvular fricatives in a number of di�erent languages, and assumed thesehad similar \vocal tract shape" as uvular stops. For an extensive articulatorystudy of pharyngeal consonants see the work of Esling (1996).To our knowledge, there is no reference to the voiceless tapped alveolar frica-19



tive [9�] in any study of European Portuguese. Voiceless tapped alveolarfricatives are described by Laver (1994, p. 263) as follows:A tapped fricative is made by a swift movement of the activearticulator towards the passive articulator, but where the max-imum degree of stricture reached is that of close approximationrather than complete closure.This constriction of the vocal tract lasts for a very short time and results ina low amplitude burst of frication noise. Laver (1994) mentions a Nigerianlanguage, 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). Sol�e et al. (1998) analysed the variation, impairment and extinctionof voiced and voiceless trills as a function of intraoral pressure and air
ow.Results revealed that the intraoral pressure and air
ow conditions for voicedtrills and fricatives are very similar. As the intraoral pressure dropped belowa 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 included21 examples of [K], similar to that shown in Figure 3.5, and two of its voicedcounterpart [@].Some of the speech segments (\noisy signals" very similar to those of frica-tives) were classi�ed as voiceless tapped alveolar fricatives [9�], because formost of the examples in the corpus they were given the rhotic /9/ phonologi-cal role. However, they also took the phonological role of an uvular trill /?/,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.1to E.3 and used for analysis because some of the fricatives were part of aconsonant cluster where it was impossible to determine precise boundariesfor each phoneme. Also from the phonetic transcriptions of Tables E.3 to E.6we can see that the speakers sometimes produced the close vowel [i] followingor preceding [9�], and that there was one tap [9] followed by [9�] and tappedfricative [9�] - tap [9] clusters.
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Figure 3.5. Laryngograph signal and acoustic signal of fricative [K] in relevo[� Ki^lev] (preceded by the word diga [^dig�]). The dashed lines mark thestart and end of the fricative. Corpus 3 (Speaker ISSS).Table 3.1: Number of occurrences of phones [?], [K] and [@], and theirparticular phonological role.Corpus Speaker [?] [K] [@]3 LMTJ 4 - -3 CFGA 1 5 { /?/ phon. role 1 { /?/ phon. role1 { /9/ phon. role3 ACC 1 1 { /?/ phon. role 1 { /?/ phon. role3 ISSS - 6 { /?/ phon. role -4 LMTJ - - -4 CFGA - 5 { /?/ phon. role 1 { /?/ phon. role4 ACC - - -4 ISSS - 4 { /?/ phon. role -
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Table 3.2: Number of occurrences of phones [9] and [9�], and their particularphonological role.Corpus Speaker [9] [9�]3 LMTJ 25 26 { /9/ phon. role2 { /?/ phon. role3 CFGA 50 -3 ACC 30 22 { /9/ phon. role2 { /?/ phon. role3 ISSS 42 8 { /9/ phon. role4 LMTJ 28 9 { /9/ phon. role4 { /?/ phon. role4 CFGA 61 2 { /9/ phon. role4 ACC 51 { /9/ phon. role 9 { /9/ phon. role3 { /?/ phon. role 3 { /?/ phon. role4 ISSS 37 6 { /9/ phon. role3.5 Spectral Analysis of Labiodental,Alveolar and Postalveolar FricativesStochastic signals require some form of averaging for their spectra to beboth consistent and low - error estimates of the underlying distribution (Ben-dat and Piersol 2000, pp. 423 - 442). For a stationary signal, time - averagingcan be used; for nonstationary signals where an ensemble exists, ensem-ble - averaging can be used; or a single spectrum can be smoothed, and theaveraging achieved at the expense of frequency resolution. We varied themethod according to corpus. In Corpus 2, where multiple tokens of the non-sense words existed, ensemble - averaging was used; time - averaging was usedelsewhere (Corpus 1a, 1b, 3 and 4), as shown in Figure 3.6.
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Figure 3.6: Diagram showing how windows are placed within fricative to-kens, and how the corresponding power spectra Xk(f) are combined tocompute ensemble and time averaged spectra.3.5.1 Time -Averaged SpectraThe �rst phase of spectral analysis consisted of a study of the averaged Dis-crete Fourier Transform (DFT) spectra, used to see the broad characteristicsof the fricatives. The duration of the windows (10ms both for time andensemble - averaging) was chosen so that a reasonable number of windowscould be used to cover adequately the wide range of fricative durations inthe corpora (from 40ms to 200ms). For the shorter fricatives the windowsoverlapped. We used nine windows to calculate the averaged spectra, becauseobservation of Corpus 2 indicated that there were always at least nine validrepetitions of the nonsense words. This allowed us to compare the spectra of23



fricatives calculated from real Portuguese words (Corpus 3 and 4) with theensemble - averaged spectra of nonsense words.A window's placement was related to the proportion of the distance throughthe fricative interval. Thus, regardless of the fricative length, the segmentsused to calculate the averaged spectra were always placed in a time positionthat corresponded to the same speech event. This allowed us to compare thespectra of short and long fricatives.We used time - averaging with nine 10ms Hamming windows, one left - alignedto the start of the fricative, one right - aligned to the end of the fricative, onecentered at the middle of the fricative, and the rest evenly distributed in be-tween (centered at 18 , 14 , 38 , 58 , 34 and 78 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 spectrumfor each fricative is given byPT (f) = 1N NXi=1 jXi(f)j2 (3.4)where Xi is the DFT of a portion of the fricative signal, xi, corresponding tothe ith windowed segment.
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windowsFigure 3.7: Placement of windows for the calculation of the time - averagedspectrum of a fricative (more than 120ms).
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0 1/8 1/4 3/8 1/2 5/8 3/4 7/8 1

windowsFigure 3.8: Placement of windows for the calculation of the time - averagedspectrum of a fricative (less than 120ms).The same time - averaging technique was used to calculate the spectra ofsustained fricatives in Corpus 1a and Corpus 1b, but since the sustainedfricatives were so long, we used N = 100 windows (each 10ms long). Acomparative study of all fricatives in di�erent phonetic contexts was thereforepossible. For example, the main spectral peak of fricative /s/ in Figure 3.9is shifted down when compared with the spectra of the same fricative shownin Figure 3.10 (for medium e�ort level it is actually fairly similar), becauseof 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 1a(Speaker LMTJ).
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Figure 3.10: Time - averaged spectra of fricative /s/ sustained at three dif-ferent e�ort 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). 26



An example of the time - averaged spectrum of a fricative in a Portugueseword is presented in Figure 3.11. The spectrum is not shown above 20 kHzbecause human hearing does not usually go beyond that limit (and the low -pass frequency is 22 kHz), and the spectrum below 22Hz has also been �lteredout (0Hz in the �gure actually corresponds to 21Hz of the whole frequencyrange) because it clearly corresponds to room noise and other external arti-facts. The dashed curve in the same �gure corresponds to the time averageof the room noise (N = 500; 10ms windows). The �gure has a signi�cant lowfrequency peak that corresponds to room noise. The speech signal amplitudeis considerably higher than the noise amplitude for most of the examples.In the future we should also consider having a neutral vowel /
/ context forfricatives in Corpus 1b, because the speaker naturally uses some vowel beforestarting the production of the actual fricative.
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Figure 3.11: Time - averaged spectrum of fricative /O/ in jaqueta /O�^ket�/.The dashed curve is the averaged spectrum of the room noise. Corpus 3(Speaker LMTJ).
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3.5.2 Ensemble -Averaged SpectraEnsemble averaging, based on one DFT computed at the same event in eachof nine tokens, was used for Corpus 2. Three 10ms windows located relativeto events within one fricative were used: one left - aligned to the start of thefricative, one centred at the centre of the fricative, and one right - aligned tothe end of the fricative, as shown in Figure 3.12. The ensemble - averagedpower spectrum of each fricative is given byPE(f) = 19 9Xk=1 jXk(f)j2 (3.5)where Xk is the DFT of a portion of the fricative signal, xk, correspondingto the windowed segment (at the beginning, middle or end of the fricative) ofthe kth token. Figure 3.13 shows examples of the ensemble - averaged spectraof fricative /f/ in Corpus 2.
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Figure 3.12: Schematic drawing of the placement of windows for the cal-culation of the ensemble - averaged spectra of fricative consonants, allowingfor di�ering lengths of tokens.
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3.6 Spectral Analysis of Uvular Fricatives andVoiceless Tapped Alveolar FricativesThe spectral smoothing procedure was di�erent from the one used to analysefricatives /f, v, s, z, A, O/. Since some of the fricatives were very short(11 to 117ms), the necessary spectral averaging was achieved by �rst time -averaging and then spectral smoothing. Time - averaged spectra such as theone shown in Figure 3.14 (top), computed using three 10ms windows (oneleft - aligned to the start of the fricative, one right - aligned to the end of thefricative and one centred at the middle of the fricative), were smoothed inthe frequency domain (according to Bendat and Piersol 2000, pp. 432 - 434)by averaging together the results of 10 contiguous spectral components (seeFigure 3.14, bottom).
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Figure 3.14: Time - averaged (top) and time and frequency - averaged (bot-tom) spectra of fricative [K] in \ressaca" [� K^sak�] (preceded by the word\diga" [^dig�]). The dashed curve is the time - averaged spectrum of theroom noise. Corpus 4 (Speaker CFGA).3.7 SummaryIn this chapter the method used to segment and annotate the corpora hasbeen described. This was followed by the de�nitions of manual and au-tomatic criteria for voicing classi�cation. Techniques used to average thepower spectra of the fricatives (time - averaging, frequency - averaging andensemble - averaging) were also presented.
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Chapter 4
Results of Temporal andDevoicing Analysis
4.1 IntroductionThis chapter presents a detailed discussion of the results from the tempo-ral analysis of both the acoustic and laryngograph signals. This includesdetailing 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, togetherwith discussion of some possible causes of this phenomenon. The correlationbetween devoicing and duration was also investigated.Two devoicing criteria (a manual criterion and a criterion based on the ratioof variances of the laryngograph signal during the VF transition and duringthe fricative) were used to classify the examples into two/three categories.The results of the automatic measure of devoicing are compared with themanual ones, and an explanation for observed misclassi�cations is presented.
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4.2 Duration of Fricatives, and of the VF andFV TransitionsThere have been various studies in the past reporting the duration of frica-tives, and of the VF and FV transitions, which identi�ed several temporalcues aiding the perception of these sounds. The most relevant to the studypresented in this thesis are revised in the section that follows.4.2.1 Literature ReviewResearch results characterising the duration of American English fricativesinclude those of Behrens and Blumstein (1988) for voiceless fricatives in non-sense words: /f/ { 149ms; /G/ { 134ms; /s/ { 174ms; /A/ { 175ms. Stevenset al. (1992) also used nonsense words, but obtained signi�cantly di�erentresults: /f/ { 94ms; /v/ { 64ms; /s/ { 108ms; /z/ { 78ms. They observedthat the preceding vowel was longer when followed by a voiced fricative.Pirello et al. (1997) showed that the alveolar fricatives /s, z/ tend to havelonger durations than the labiodental fricatives /f, v/ (mean durations in VCsyllables said in isolation: /f/ { 214ms; /v/ { 128ms; /s/ { 236ms; /z/ {167ms). Although vowel length played a role in the perception of voicing inword - �nal fricatives, it did not serve such a role in word - initial fricatives.Jongman et al. (2000) showed that the mean duration of fricatives, producedby 20 American English Speakers in nonsense words, di�ered signi�cantly forsibilants 1 versus nonsibilants: /f/ { 166ms; /v/ { 80ms; /G/ { 163ms; /�/{ 88ms; /s/ { 178ms; /z/ { 118ms; /A/ { 178ms; /O/ { 123ms.Docherty (1992), in a study of British English obstruents in real words saidin isolation and in a carrier sentence, reported mean durations of 110ms for/f/, of 108ms for /G/ and of 137ms for /s/. The mean durations accord-ing to word - position are shown in Table 4.1. Results for Hebrew reportedby Berkovits (1993) showed that the position in the sentence played an im-portant role in the duration of word - �nal fricatives: sentence -medial /f/ {84ms; sentence - �nal /f/ { 235ms; sentence -medial /v/ { 63ms; sentence -�nal /v/ { 184ms; sentence -medial /x/ { 80ms; sentence - �nal /x/ { 257ms.1 Sibilant { a fricative sound made by producing a narrow, groove - like stricture betweenthe blade of the tongue and the back part of the alveolar ridge (Crystal 1997); /s, z/ and/A, O/ are examples. This is a phonetic classi�cation based on the manner of articulation(see also de�nition of strident on page 89). 33



Table 4.1: Mean durations of British English fricatives in ms. AfterDocherty (1992). /f/ /v/ /G/ /�/ /s/ /z/ /A/Word - Initial 158 91 143 62 157 102 156Word - Final 132 103 125 85 167 99 168The di�erence in duration between unvoiced and voiced fricatives has beenreported in many studies. One of the earliest ones was that of Slis andCohen (1969), who reported unvoiced fricatives were on average 50ms longerthan voiced for Dutch. O'Shaughnessy (1974) proposed a durational modelfor the synthesis of American English consonants, observing that unvoicedfricatives were on average 30 - 40ms longer than voiced fricatives, and thatword - initial consonants were longer than word - �nal consonants. The resultsof Docherty (1992) also clearly showed that the duration of British Englishunvoiced fricatives was longer than their voiced counterparts, as shown inTable 4.1. Scully, in an acoustic and aerodynamic study of British Englishreal words, reported mean durations of 90ms for /s/ and of 45ms for /z/, butalso concluded that the \relative durations of vowels and fricatives are crucialfor 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 ofAmerican English by Cole and Cooper (1975, pp. 1286 - 1287):In general, the primary cue for voiced - voiceless distinctions insyllable - �nal fricatives appears to be the ratio of durations ofthe frication and the preceding vowel, whereas the primary cue insyllable - initial fricatives appears to be duration of the followingvowel.These are interesting conclusions which will be referred to brie
y when theresults for Portuguese are discussed in Section 4.2.2. It is worth investigatingfurther if Portuguese has the same duration cues.Hogan and Rozsypal (1980) reported that the durations of Canadian Englishword - �nal /f/ and /s/ were longer on average than their voiced counterparts/v/ and /z/. Manrique and Massone's (1981) study of Argentine Spanishfricatives showed that the average durations of voiceless fricatives were 850msin isolation and 550ms in CV context, and the durations of voiced fricativeswere 400ms in isolation and 250ms in CV context. Soli (1982, pp. 376 -377), in a study of American English, showed that the proportional durations34



of the transition and steady-state portions of the vowel in nonsense words(utterances of /jus/ and /juz/), were the main source of fricative informationin the time domain:... as the duration of a vowel is lengthened or shortened due tothe voicing of a postvocalic fricative, the relative timing of thetransition and steady - state portions of the vowel is also mod-i�ed. These di�erences in the temporal structure of the vowelwere shown to provide information for the voicing contrast, indi-cating that the vowel structure can combine with durational cuesto specify linguistic information... Moreover, it appears that innatural speech the preceding vowel contains the major voicingcues for a �nal fricative, while the acoustic characteristics of thefriction noise itself provide secondary voicing cues.Scully et al. (1992, p. 40) stated that the underlying perceptual mechanismsof 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 orabsence of voicing at the time of rapid formant transitions asso-ciated with rapid changes of the vocal tract alveolar constrictioncross - section areas.Baum and Blumstein's (1987) acoustic and perceptual analysis of durationalcharacteristics distinguishing American English fricatives in nonsense wordsshowed that while the overall mean value of the voiceless fricatives (/f/ {149ms, /G/ { 134ms and /s/ { 174ms) was longer than the voiced frica-tives (/v/ { 116ms, /�/ { 107ms and /z/ { 152ms), there was considerableoverlap in the duration distribution of voiced and voiceless fricative tokens.This was later con�rmed by Crystal and House (1988), who also found thatvoiceless fricatives were longer than voiced fricatives (47ms di�erence), andthat the probability density distribution curves of the durations of voiced andvoiceless fricatives, overlapped signi�cantly, as shown in Figure 4.1. Stevenset al. (1992) reported a 30ms voiced - voiceless di�erence 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 signi�cantlylonger before /z/ than before /s/. Mair and Shadle (1996) studied voiced -voiceless distinction using EPG, acoustic and aerodynamic data for a male35



French speaker, by comparing the voiceless - voiced pairs /s, z/ and /A, O/in nonsense words. A detailed statistical study revealed that the durationof voiceless fricatives was longer, and that durations of the preceding andfollowing vowels were longer for voiced fricative consonants. The total VCVduration was longer for voiced fricatives, and voicing amplitude diminishedearlier and resumed later in the voiceless compared with the voiced fricatives.A variety of work has also concentrated on investigating the in
uence ofstress on fricative durations. Klatt (1971, 1974) studied real word - levelphenomena (stress, word position, number of syllables, etc.) that in
uencedthe duration of /s/ produced by three male American English speakers (RK,KNS and DHK). Analysis of broadband spectrograms showed that the meanfricative durations, in words where /s/ was in various sV, VsV and sV vowelcontexts (the corpus also included words where /s/ was part of a consonantcluster), were 127ms for RK, 125ms for KNS and 100ms for DHK. Stressed/s/ was approximately 15% longer than /s/ in an unstressed syllable (seeTable 4.2). The duration of /s/ in a word with many syllables was shorterthan in single syllable words, but /s/ was more resistant to shortening thanvowels.Table 4.2: Duration of fricative /s/ in ms for American English speakersRK, KNS and DHK. After Klatt (1971, 1974). RK KNS DHKWord - initial and stressed (primary) 142 140 106Word - initial and stressed (secondary) 122 125 93Word - initial and unstressed 118 119 96Word -medial and stressed (primary) 136 131 108Word -medial and stressed (secondary) 134 116 95Word -medial and unstressed 115 117 96Word - �nal 130 121 98However, in a more complete study of connected discourse read by an Amer-ican English speaker, Klatt (1975) reported little or no e�ect of stress on themean duration of fricatives, as shown in Table 4.3. The results of Crystaland House (1988) are also inconclusive regarding the e�ect of stress. Theprobability densities of the durations of fricatives occurring in stressed andunstressed syllables overlapped signi�cantly, 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 thanin stressed ones, as shown in Table 4.3.36



Table 4.3: Duration of fricatives in American English (Klatt 1975) andArgentine 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 -[G] stressed 100 -[G] unstressed 95 -[�] stressed 60 98[�] unstressed 60 104[s] stressed 120 148[s] unstressed 120 187[z] stressed 60 -[z] unstressed 60 -[A] stressed 110 170[A] unstressed 110 210[O] stressed - 98[O] unstressed - 149
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(a) (b)

(c) (d)

Mean

PSfrag replacementsFigure 4.1: Probability density distribution curves of the durations of:(a) voiced /v, �, z/ and voiceless /f, G, s/ fricatives; (b) fricatives occur-ring in stressed and unstressed syllables; (c) voiced and voiceless fricativesoccurring in stressed and unstressed syllables; (d) word - initial voiced andvoiceless fricatives occurring in stressed and unstressed syllables. FromCrystal and House (1988).The in
uence of vowel context on the duration of fricatives has also beenwidely studied. Schwartz (1969) reported that, for American English frica-tives in nonsense words, the duration of /s/ and /A/ in /i - i/ vowel contextwas signi�cantly longer than in /a - a/ vowel context. Schwartz also con-cluded that both the /s/ and /A/ duration di�erences were the result of anin
uence of the �nal vowel and not the initial. This interpretation was drawnfrom the �nding that the fricatives in /a - i/ and /i - i/ vowel contexts werelonger than those in /i - a/ and /a - a/, whereas no signi�cant duration dif-ferences existed between the /i - a/ and /a - a/ and between the /a - i/ and/i - i/ vowel contexts. LaRiviere et al. (1975) also reported signi�cant e�ects38



of vowel context on the duration of American English unvoiced fricatives:� /�/ { 126ms; /fa/ { 130ms; /fu/ { 175ms;� /Gi/ { 122ms; /Ga/ { 142ms; /Gu/ { 128ms;� /si/ { 160ms; /sa/ { 148ms; /su/ { 148ms;� /Ai/ { 160ms; /Aa/ { 190ms; /Au/ { 175ms.However, the study of Behrens and Blumstein (1988) showed minimal e�ectsof vowel context on duration of American English fricatives. Mair and Shadle(1996) reported that, for a male French speaker, the total VCV duration wasa�ected 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 FricativesA 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/ � 128ms (mean=72ms);88 � /s/ � 180ms (mean=127ms); 48 � /z/ � 120ms (mean=79ms);62 � /A/ � 191ms (mean=114ms); 55 � /O/ � 128ms (mean=85ms).The mean duration of the unvoiced fricatives is always greater than the meanduration of the voiced fricatives, as shown in Figure 4.2. There is no signif-icant di�erence by place of articulation. The mean duration of the fricativeis greater than the mean duration of the VF and FV transitions, and themean duration of the VF transition is greater than the mean duration of theFV transition for speakers LMTJ, ACC and ISSS, as shown in Figures 4.3and 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 thefricative diminishes. This was only observed for this fricative produced bySpeaker LMTJ.
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Figure 4.2: Mean duration of fricatives /f, v, s, z, A, O/ in Corpus 3. SpeakerLMTJ { solid line; Speaker CFGA { dash-dotted line; Speaker ACC {dashed line; Speaker ISSS { dotted line.
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Figure 4.3: Mean duration of VF transitions in Corpus 3. Speaker LMTJ {solid line; Speaker CFGA { dash-dotted line; Speaker ACC { dashed line;Speaker ISSS { dotted line.
40



        
10

20

30

40

50

60

70

PSfrag replacements
f v s z A O

Duration(m
s)

Figure 4.4: Mean duration of FV transitions in Corpus 3. Speaker LMTJ {solid line; Speaker CFGA { dash-dotted line; Speaker ACC { dashed line;Speaker ISSS { dotted line.
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Table 4.4: Duration of fricatives and of VF and FV transitions in Corpus 3.Speaker LMTJVF Transition Fricative FV TransitionMin.(ms) Mean(ms) Max.(ms) Min.(ms) Mean(ms) Max.(ms) Min.(ms) Mean(ms) Max.(ms)/f/ 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/A/ 29 58 123 76 133 194 21 38 53/O/ 24 57 129 60 93 139 15 40 115Speaker CFGAVF Transition Fricative FV TransitionMin.(ms) Mean(ms) Max.(ms) Min.(ms) Mean(ms) Max.(ms) Min.(ms) Mean(ms) Max.(ms)/f/ 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/z/ 18 30 44 41 75 133 23 29 48/A/ 20 37 67 58 104 237 19 36 49/O/ 18 27 44 54 77 122 23 33 53Speaker ACCVF Transition Fricative FV TransitionMin.(ms) Mean(ms) Max.(ms) Min.(ms) Mean(ms) Max.(ms) Min.(ms) Mean(ms) Max.(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/z/ 20 37 60 55 77 100 13 24 36/A/ 21 35 50 56 107 176 13 22 34/O/ 17 35 48 46 82 131 13 23 39Speaker ISSSVF Transition Fricative FV TransitionMin.(ms) Mean(ms) Max.(ms) Min.(ms) Mean(ms) Max.(ms) Min.(ms) Mean(ms) Max.(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/z/ 20 29 40 50 83 129 16 28 39/A/ 15 30 48 58 112 158 15 24 38/O/ 22 33 51 61 87 119 13 28 4842
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ies. The mean duration of the fricatives in the word corpus (Corpus 3) isquite similar to the mean duration of fricatives from the sentence corpus(Corpus 4).As previously observed for Corpus 3 fricatives, the duration of Corpus 4unvoiced fricatives is always greater than the duration of their voiced coun-terparts, as shown in Figure 4.9, which agrees with results for the Englishlanguage (Hogan and Rozsypal 1980; Crystal and House 1988; Stevens et al.1992; Pirello et al. 1997). The mean duration of the fricatives is greaterthan the duration of the VF and FV transitions, and comparing the meanduration of the VF and FV transitions, no consistent pattern can be foundfor any of the speakers (compare with results for Corpus 3), as shown inFigures 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 - �nalfricatives at the end of the sentences read by Speaker LMTJ have much longerduration than other examples in Corpus 4.
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Figure 4.9: Mean duration of fricatives /f, v, s, z, A, O/ in Corpus 4. SpeakerLMTJ { solid line; Speaker CFGA { dash-dotted line; Speaker ACC {dashed line; Speaker ISSS { dotted line.
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Figure 4.10: Mean duration of VF transitions in Corpus 4. Speaker LMTJ{ solid line; Speaker CFGA { dash-dotted line; Speaker ACC { dashed line;Speaker ISSS { dotted line.
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Figure 4.11: Mean duration of FV transitions in Corpus 4. Speaker LMTJ{ solid line; Speaker CFGA { dash-dotted line; Speaker ACC { dashed line;Speaker ISSS { dotted line. 48



Table 4.5: Duration of fricatives and of VF and FV transitions in Corpus 4.Speaker LMTJVF Transition Fricative FV TransitionMin.(ms) Mean(ms) Max.(ms) Min.(ms) Mean(ms) Max.(ms) Min.(ms) Mean(ms) Max.(ms)/f/ 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/A/ 31 42 58 40 130 186 23 43 74/O/ 17 40 79 48 85 156 21 32 40Speaker CFGAVF Transition Fricative FV TransitionMin.(ms) Mean(ms) Max.(ms) Min.(ms) Mean(ms) Max.(ms) Min.(ms) Mean(ms) Max.(ms)/f/ 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/z/ 17 30 53 49 78 168 16 32 50/A/ 15 33 54 99 120 145 19 40 72/O/ 16 32 65 36 70 123 23 33 47Speaker ACCVF Transition Fricative FV TransitionMin.(ms) Mean(ms) Max.(ms) Min.(ms) Mean(ms) Max.(ms) Min.(ms) Mean(ms) Max.(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/z/ 12 27 49 41 69 122 12 26 44/A/ 17 27 39 79 110 146 13 23 45/O/ 12 24 47 40 68 121 12 22 41Speaker ISSSVF Transition Fricative FV TransitionMin.(ms) Mean(ms) Max.(ms) Min.(ms) Mean(ms) Max.(ms) Min.(ms) Mean(ms) Max.(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/z/ 21 32 55 35 77 152 16 30 61/A/ 16 22 28 80 121 157 13 24 41/O/ 19 24 40 21 73 140 13 23 4049
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place of articulation (labiodental, alveolar and postalveolar) and position inword (word - initial, word -medial and word - �nal) on the dependent variableduration of fricatives in Corpus 3 and in Corpus 4. Two separate ANOVAswere run to study the correlation between place of articulation and duration,because from the analysis presented in previous subsections, it was clear thatthe duration of unvoiced fricatives was always signi�cantly greater than theirvoiced counterparts. Since place was the independent variable and not voic-ing, the two subgroups /f, s, A/ and /v, z, O/ 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. Therewas a signi�cant e�ect of the factor speaker on the duration of fricatives/f, s, A/ both in Corpus 3 (F (3; 344) = 21:667, p < 0:001) 2 and Corpus 4(F (3; 318) = 11:041, p < 0:001). Both values of F are inaccurate because theLevene test 3was signi�cant. There was a signi�cant 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 signi�cant e�ect of the factor speaker on the duration of frica-tives /v, z, O/ in Corpus 3 (F (3; 337) = 1:876, p = 0:133), but in Corpus 4there was a signi�cant e�ect (F (3; 409) = 10:064, p < 0:001). Both valuesof F are inaccurate because the Levene test was signi�cant. There was asigni�cant linear trend in Corpus 4: F (1; 409) = 16:567, p < 0:001.There was a signi�cant e�ect of the factor place on the duration of fricatives/f, s, A/ 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 inaccuratebecause the Levene test was signi�cant. There was a signi�cant linear trendin Corpus 4: F (1; 319) = 6:391, p = 0:012.There was a signi�cant e�ect of the factor place on the duration of fricatives2The F statistic is the ratio of the mean squares for each source of variability (modelmean squares and residual mean squares). The degrees of freedom used to assess F arethe degrees of freedom of the model, 3, and the degrees of freedom for the residuals of themodel, 344. The p - value is derived from F , and as F increases the p - value decreases. Forp < 0:05 results are signi�cant. For this example, the p - value of less than 0.001 meansthat there is less than 0.1% chance that the F - ratio of 21.667 would happen by chancealone (Field 2000, p. 112).3\... if Levene's test is signi�cant at p � 0:05 then we can conclude that the nullhypothesis is incorrect and that the variances are signi�cantly di�erent { therefore, theassumption of homogeneity of variances has been violated. If, however, Levene's test isnon - signi�cant (i.e. p > 0:05) then we must accept the null hypothesis that the di�erencebetween the variances is zero { the variances are roughly equal and the assumption tenable"(Field 2000, p. 238). 54



/v, z, O/ 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 theLevene test was signi�cant. There was a signi�cant linear trend (Corpus 3 {F (1; 338) = 21:787, p < 0:001; Corpus 4 { F (1; 410) = 26:091, p < 0:001). InCorpus 3, as the place of articulation moved further back, duration increasedproportionately.There was a signi�cant e�ect of the factor position in word on the durationof fricatives /f, s, A/ both in Corpus 3 (F (2; 345) = 11:547, p < 0:001) andCorpus 4 (F (2; 319) = 10:309, p < 0:001). Both values of F are inaccuratebecause the Levene test was signi�cant. There was a signi�cant linear trendin Corpus 3: F (1; 345) = 11:128, p = 0:001.There was a signi�cant e�ect of the factor position in word on the durationof fricatives /v, z, O/ both in Corpus 3 (F (2; 338) = 49:834, p < 0:001) andCorpus 4 (F (2; 410) = 5:425, p = 0:005). Both values of F are inaccuratebecause the Levene test was signi�cant. There was a signi�cant 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 �nal word position, duration increased proportionately.4.2.4 Temporal Analysis of Uvular Fricatives and Voice-less Tapped Alveolar FricativesDuration of the steady state portion of the fricatives and of their VF andFV transitions were measured to describe the characteristics of EuropeanPortuguese and to compare them with results reported for various otherlanguages. The duration of fricative [K] varied from 23ms to 117ms (me-dian duration=69ms), the VF transition from 15ms to 41ms (median du-ration=25ms), and the FV transition from 22ms to 43ms (median dura-tion=32ms), as shown in Table E.1. The duration of fricative [9�] varies from11ms to 85ms (median duration=22ms), the VF transition from 12ms to103ms (median duration=30ms) and the FV transition from 13ms to 58ms(median duration=21ms), as shown in Tables E.3 to E.6. Twelve out ofthe 86 examples of this fricative occurred word - initially (14%), 20 word -medially (23%), and 54 word - �nally (63%).These durational results for Portuguese uvular fricatives are di�erent fromthose of Manrique and Massone's (1981) study of Argentine Spanish, who55



showed that for velar fricatives the average durations for four speakers were:/x/ (unstressed) { 196ms; /x/ (stressed) { 147ms; /�/ (unstressed) { 92ms;/�/ (stressed) { 58ms. Results of a study by Alwan (1986), of the productionand perception of Arabic pharyngeal and uvular consonants, revealed frica-tive duration values similar to those of Manrique and Massone. The voicelessconsonants were longer (/K/ { 169ms averaged across all vowel contexts andfour speakers) than the voiced consonants (/@/ { 113ms), but vowel contextdid not signi�cantly a�ect the duration of the consonants. European Por-tuguese fricatives are shorter probably as a result of the naturalness of thecorpora studied here (only real words), contrary to the focus on nonsensewords in the studies of Manrique and Massone (1981) and Alwan (1986).4.3 DevoicingIn this section a study of devoicing in Corpora 2, 3 and 4 is presented.We start by reviewing early works reporting frequent devoicing of voicedfricatives, including those of Raphael (1972), Klatt (1976), Haggard (1978),Hogan and Rozsypal (1980), Scully (1971), Soli (1982), Veatch (1989), andScully (1992).4.3.1 Literature ReviewStevens et al. (1992) reported a signi�cant number of devoiced examples ofAmerican English /v/ and /z/, e.g., 22% of the tokens of the fricative in [az
]were devoiced. /v/ tended to exhibit glottal vibration continuing throughoutthe entire fricative more often than /z/, and fricatives in word - �nal positionwere virtually always devoiced. An early study of the e�ect of devoicingon 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 usingvowel duration or the ratio of fricative duration to preceding vowelduration as a primary cue for the voicing contrast.
56



Hogan and Rozsypal (1980, p. 1770), quoting the same (Klatt 1976) studyand 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 durationor 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 e�ective inin
uencing the recognition scores.Haggard (1978) studied devoicing of British English voiced fricatives in vowelcontext, and the e�ects of a stop before the fricative and a voiceless phonemeafter it. The speech material was originally collected in 1969. Results showedthat devoicing depends upon place of articulation, a preceding stop or asucceeding voiceless phoneme, and that there is higher incidence of devoicingfor /z, O/ than for /v, �/. The mean percentage of devoicing in variouscontextual conditions in real words is shown in Table 4.6.Table 4.6: Mean percentage of devoicing. After Haggard (1978)./v/ /z/ /O/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 29Word -medial between stressed vowels 37 90 -Word - �nal after stressed vowel 95 99 100Word - �nal 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 higherwhen the fricative follows a stressed vowel than when it precedes a stressedvowel, or in word - initial position. This e�ect was due to the stress place-ment resulting from an emphatic stress 4 rather than a lexical stress 5 as inthe experiment with real words.4Emphatic stress { used to provide a means of distinguishing degrees of emphasis orcontrast in sentences.5Lexical stress { stress pattern as marked in language speci�c phonetic dictionaries.57



Scully's (1979) acoustic and aerodynamic study of British English /s, z/,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 Englishobstruents in real words, said in isolation and in a carrier sentence by �vemale speakers, revealed that most of the /v, �, z/ tokens were fully voiced,as shown in Table 4.7, and that /v/ had longer intervals of voicing than/z/. Fricative /�/ had longer intervals of voicing than /v/ and /z/, probablybecause of its short duration.Table 4.7: Inventory of all cases of devoicing. Values given are in the formx=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%) Devoiced16/68 (24%) 20/65 (31%) 36/133 (27%) Partially Devoiced38/68 (56%) 33/65 (51%) 71/133 (53%) Voiced/�/ 4/21 (19%) 5/18 (28%) 9/39 (23%) Devoiced- 7/18 (39%) 7/39 (18%) Partially Devoiced17/21 (81%) 6/18 (33%) 23/39 (59%) Voiced/z/ 3/41 (7%) 17/113 (15%) 20/154 (13%) Devoiced8/41 (20%) 68/113 (60%) 76/154 (49%) Partially Devoiced30/41 (73%) 28/113 (25%) 58/154 (38%) VoicedAll Fric. 21/130 (16%) 34/196 (17%) 55/326 (17%) Devoiced24/130 (19%) 95/196 (49%) 119/326 (37%) Partially Devoiced85/130 (65%) 67/196 (34%) 152/326 (47%) VoicedSoli (1982) reported that most of the tokens of the fricative in the nonsenseword /juz/, produced by an American English speaker, were devoiced andexhibited a brief interval of voicing in the VF and FV transitions.Smith (1995, 1997) also observed high percentages of devoicing for AmericanEnglish /z/: 47% devoiced; 36% partially devoiced; 17% voiced. She alsonoted 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 orin a syllable coda. All sentence - �nal /z/s were completely devoiced, morethan at the end of syllables. There was more devoicing in syllable - initial,word -medial position than in word - initial position. /z/ was devoiced moreoften word - �nally than at the middle of a word. /z/ was distinct from/s/ occurring in the same context, regardless of whether the /z/ was voiced58



or devoiced. Vowels were signi�cantly longer before /z/ than before /s/,a durational di�erence which might aid the perceptual distinction between/z/ and /s/ in the absence of vocal fold vibration. /z/ was in
uenced bythe preceding as well as following context, and the likelihood of devoicingincreased under voiceless context. There was no consistent pattern acrossspeakers and di�erent /z/ tokens as to the e�ect of stress and context ondevoicing.The study of Pirello et al. (1997) investigated whether or not systematicpatterns of voicing could be identi�ed as a function of phonetic context forAmerican English fricatives and whether or not an acoustic property forvoicing in fricatives, that remained stable despite various types of variability,could be identi�ed. There was a greater preponderance of voicing throughoutfor the labiodental fricatives: /v/ { 5% devoiced, 35% partially devoiced and60% voiced; /z/ { 20% devoiced, 40% partially devoiced and 40% voiced.Although contextual in
uences emerged, they did not necessarily occur inthe majority of the utterances, and there was variation amongst di�erentspeakers.4.3.2 Results of Devoicing Analysis Using the ManualCriterionThe fricatives in nonsense words from Corpus 2 were analysed using themanual criterion for devoicing. Results show a very high percentage of de-voiced examples for speakers LMTJ, CFGA and ISSS, as can be seen in theinventory presented in Table 4.8. Speaker ACC voiced most of her tokens,possibly as a result of her careful, even somewhat unnatural articulation ofthe fricative in the nonsense words. Speaker ACC reported having used a\dictation style" when reading the nonsense words, because she did not haveany reference in the Portuguese language as to how to pronounce them in a\conversational style". She also had a di�erent background from the otherthree 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 ofvoiced fricatives present a very low laryngograph signal amplitude during thefrication interval. For some of the nonsense words with voiceless fricatives/f, s, A/, the laryngograph signal amplitude is zero during the VF transition,but the vowel is still voiced, as can be seen from the acoustic signal. Some59



vowels devoice, as judged from the laryngograph signal, before the startof the vowel - to - unvoiced fricative transition, which could mean that thelarynx moves vertically. The amplitude of the laryngograph signal for voicedfricatives increases to \vowel level" before the fricative ends. Although theother speakers were faced with the same problems when reading the nonsensewords, 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 manualcriterion). Values given are in the form x=y, where x = 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 examplesof Speaker LMTJ (only the devoiced and voiced categories have been used).Speaker LMTJDevoiced Partially Devoiced Voiced/v/ 64/101 (63.4%) - 37/101 (36.6%)/z/ 63/116 (54.3%) - 53/116 (45.7%)/O/ 58/124 (46.8%) - 66/124 (53.2%)All Fric. 185/341 (54.3%) - 156/341 (45.8%)Speaker CFGADevoiced 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%)/O/ 124/173 (71.7%) 30/173 (17.3%) 19/173 (11%)All Fric. 298/492 (60.6%) 90/492 (18.3%) 104/492 (21.1%)Speaker ACCDevoiced 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%)/O/ 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 ISSSDevoiced Partially Devoiced Voiced/v/ 60/108 (55.6%) 7/108 (6.5%) 41/108 (38%)/z/ 64/118 (54.2%) 22/118 (18.6%) 32/118 (27.1%)/O/ 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 in
uence of vowel context in the devoicingof Corpus 2 fricatives, speakers LMTJ and ACC have been analysed, with60



the results presented in Figures 4.16 and 4.17. No consistent pattern canbe observed in the two graphs, so this study was not pursued for speakersCFGA and ISSS. Smith (1997) and Pirello et al. (1997) had also previouslyobserved that there is no clear e�ect of vowel context on devoicing.
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A complete inventory of devoiced, partially devoiced and voiced examplesin 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) ofthe 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/ weretotally devoiced. 86% (92 out of 107) of the examples of fricative /O/ weretotally devoiced. Most word - �nal fricative examples (93% { 55 out of 59)were totally devoiced, and the percentage of devoicing increased as the placeof articulation moved posteriorly.Veatch's (1989) study of American English fricatives showed that word - �nalfricatives devoiced 25 - 100% of the time, depending on context. Although de-voicing in our Corpus 3 ranges from 9 to 100%, word - �nal fricatives devoice93% of the time.A di�erent carrier sentence (Diga . . . , bem dito /^dig� . . . b~� ^ditu/) was usedin the second recording session of Speaker LMTJ, to test the in
uence of thephoneme that follows the word where the fricative is contained. Althoughit was expected that the voiced plosive /b/ might result in less devoicing ofthe target word's �nal fricative, this was not borne out. Essentially the sameamount of devoicing occurred.In a preliminary study, similar to that reported previously for Corpus 2, thein
uence of vowel context on devoicing was analysed for a limited numberof words from Corpus 3 (Speakers LMTJ and ACC) that follow the pattern/V1FV2/. Results are shown in Figures 4.18 and 4.19, where V1 and V2 arevowels which belong to one of the groups: group 1 { /i, i, e/; group 2 { /�,�, a/; group 3 { /4, o, u/. Again, there does not seem to be any particularvowel context in
uencing the voicing of /v, z, O/. Therefore, this study hasnot been extended to speakers CFGA and ISSS. Both the results of Corpus 2and Corpus 3 show that there is no e�ect of vowel context on devoicing ofPortuguese fricatives, just as previously observed by Smith (1997) and Pirelloet al. (1997) for the English language.
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The results shown in Tables D.5 to D.8 indicate that in Corpus 4: 44% (77out of 177) of the examples of fricative /v/ were totally devoiced; 78% (86out of 110) of the examples of fricative /z/ were totally devoiced; 71% (89 outof 126) of the examples of fricative /O/ were totally devoiced. The Corpus 4fricatives devoiced mostly word - �nally, but less often than in Corpus 3:word - initial { 97=157 = 62% (in Corpus 3, x1=y1 = z1%); word -medial {111=195 = 57% (in Corpus 3, x2=y2 = z2%); word - �nal { 44=61 = 72%(in Corpus 3, x3=y3 = z3%). As can be seen from the listings of Corpus 4sentences in Appendix A, some of the fricatives that have been classi�ed asword - �nal are followed by voiced phonemes. Some of the words that followthese fricatives even start with a vowel. This might account for the lowerword - �nal average percentage of devoicing in Corpus 4 when compared withCorpus 3. Indeed, some voiceless fricatives become voiced in Corpus 4, likelyas a result of cross - word coarticulation: eleven tokens of word - �nal /A/ wereproduced as [O] by speakers LMTJ and ACC when followed by a word startingwith a voiced phoneme ([d] or [m]).There is a slightly lower number of devoiced examples of /O/ than /z/, whichcontradicts the very clear results of Corpus 3 fricatives (in which the per-centage of devoiced examples decreases as the place of articulation movesanteriorly). One possible explanation could be that /O/ is produced in amore anterior place in continuous speech than in isolated word production.This hypothesis can only be con�rmed with additional articulatory data,which is planned as future work.In summary, overall results from the analysis of devoicing in Corpora 2, 3and 4, using the manual criteria, show that more than 50% of the fricativesdevoice (see Figure 4.20) for all speakers except for Speaker ACC, who has avery low percentage of devoiced tokens in Corpus 2 (see Figure 4.21). Thereis more �nal devoicing in Corpus 3 than in Corpus 4 (see Figure 4.22), butthe real words of Corpus 4 do exhibit more than 50% total devoicing forall subjects. Devoicing rate di�ers among the three fricatives, and amongCorpora 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 withina word, and relates it to syllable stress. There is a signi�cant increase in de-voiced examples from word - initial, through word -medial to word - �nal po-sitions, for Corpus 3 fricatives: word - initial { 75=127 = 59%; word -medial {111=155 = 72%; word - �nal { 55=59 = 93%, across all subjects. Although wemight expect that voicing contrast weakens in unstressed syllables and, thus,unstressed fricatives would devoice disproportionately, the opposite appearsto 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) partiallydevoiced; /z/ { 77% (166 out of 217) devoiced and 12% (26 out of 217) par-tially devoiced; /O/ { 78% (181 out of 233) devoiced and 13% (30 out of 233)partially devoiced.PSfrag replacements
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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% partiallydevoiced. The comparable �gures for initial stressed /v, z/ in Corpora 3 and4 are 32%, 55% devoiced and 16%, 23% partially devoiced. It thus appearsthat there is more devoicing in Portuguese than in American English.4.3.3 Evaluation of the Automatic Devoicing CriterionThe ratio of variances (r�2 � 15), described in Section 3.3.1, was used as thecriterion 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 whichare classi�ed di�erently from the manual criterion (see Section 3.3.1) shownin Tables D.1 and D.5. Still, the percentage of examples from Corpus 3 whichwere classi�ed 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 /O/ { 83.3% (25 outof 30). The percentage of \correctly classi�ed" 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 /O/.Table 4.9: Inventory of all cases of complete devoicing (using the automaticcriterion). Values given are in the form x=y, where x = number of devoicedexamples, 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%)/z/ 6/10 (60%) 15/17 (88.2%) 3/3 (100%) 24/30 (80%)/O/ 5/10 (50%) 13/15 (86.7%) 4/5 (80%) 22/30 (73.3%)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 automaticcriterion). Values given are in the form x=y, where x = number of devoicedexamples, 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%)/z/ 3/8 (37.5%) 8/10 (80%) 3/4 (75%) 14/22 (63.6%)/O/ 4/8 (50%) 4/9 (44.4%) 3/5 (60%) 11/22 (50%)All Fric. 10/30 (33.3%) 19/37 (51.4%) 6/11 (54.6%) 35/78 (44.9%)70



For Corpus 3 most of the discrepancies result from cases on the partiallydevoiced / completely devoiced borderline, giving promise that this automaticmeasure can be reliably used in the future. Some examples present a fewpeaks in the laryngograph waveform, which contribute to a larger variancethan initially expected. Whether these peaks are included in the fricative orin the adjacent vowels depends on the criteria used for segmentation. Thereare also some examples in Corpus 3 manually classi�ed as voiced but witha ratio of variances greater than 15. Although there is voicing throughoutthe whole frication interval, the amplitude of the laryngograph signal duringthe fricative is much lower than during the VF transition. Most examplespresent a signi�cant amplitude reduction of the laryngograph signal for theduration of the voiced fricative.A total of 39 examples from Corpus 4 was misclassi�ed as voiced becausethere 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 laryngographduring the production of the fricative (41% { 16 out of 39). The remainderof misclassi�ed examples (8% { 3 out of 39) resulted from a dc drift in thelaryngograph signal for the duration of the fricative.The r�2 metric was also successful when used for the unvoiced fricatives/f, s, A/ of Corpus 3 and 4. The percentage of \correctly classi�ed" examplesof Corpus 3 was: /f/ { 96.2% (25 out of 26); /s/ { 85.2% (23 out of 27); and/A/ { 93.8% (30 out of 32). For Corpus 4 the results were: 81% (13 out of16) of /f/; 55% (16 out of 29) of /s/; 85% (17 out of 20) of /A/.4.3.4 Analysis of Variance of DevoicingOne -way analysis of variance (ANOVA) was used to study the e�ects ofthe independent variables (factors) speaker (LMTJ, CFGA, ACC and ISSS),place of articulation (labiodental, alveolar and postalveolar) and position inword (word - initial, word -medial and word - �nal) on the dependent variableamount of devoicing of fricatives (using the manual criterion) in Corpus 3and in Corpus 4. There was a signi�cant e�ect of the factor speaker on thevoicing of fricatives /v, z, O/ in Corpus 3 (F (3; 337) = 3:146, p = 0:025), butno signi�cant e�ect in Corpus 4 (F (3; 409) = 0:890, p = 0:446). The valueof F in Corpus 3 is inaccurate because the Levene test was signi�cant.There was a signi�cant e�ect of the factor place on the voicing of fricatives71



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 testwas signi�cant. There was a signi�cant 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 devoicingincreased proportionately.There was a signi�cant e�ect of the factor position in word on the voicingof fricatives in Corpus 3 (F (2; 338) = 10:983, p < 0:001), but no signi�cante�ect in Corpus 4 (F (2; 410) = 2:164, p < 0:116). Both values of F areinaccurate because the Levene test was signi�cant. There was a signi�cantlinear trend in Corpus 3 (F (1; 338) = 13:285, p < 0:001) indicating that asthe position of the fricative moves from initial, through medial, to �nal wordposition, the amount of devoicing increased proportionately.4.4 Duration and Devoicing CorrelationsEvidence of correlation between duration and devoicing has been reportedby Smith (1997) in a study of four American English speakers. The meanduration of /s/ was 101ms and for /z/ the mean durations grouped intovoicing categories were: 81ms (devoiced), 61ms (partially devoiced) and64ms (voiced). However, in a previous study by Crystal and House (1988),results show no clear correlation between devoicing and duration, as canbe seen from the overlap of the probability density distribution curves ofduration shown in Figure 4.1. In the present study there is also no consistentpattern between the percentage of devoiced tokens and the average durationof the nine tokens used to ensemble average the spectra of fricatives fromCorpus 2, as shown in Figure 4.23.Figures 4.24 to 4.27 present the average durations of the fricatives /v, z, O/from Corpus 3 and relate them to devoicing. The manual criterion has beenused to classify the fricatives, considering only totally devoiced examples.When a fricative devoices its FV transition, duration diminishes and theduration of fricatives increases (for a few examples the duration remains thesame). The VF transition duration is fairly stable.
72
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4.5 SummaryIn 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 3and 4), and a study of devoicing in Corpus 2, 3 and 4, were presented. Theresults of the automatic measure of devoicing were compared with the manualones, and the correlation between devoicing and duration investigated.The mean duration of the unvoiced fricatives is always greater than the meanduration of the voiced fricatives, and the mean duration of the fricative isgreater 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 fricativesin 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 - �nal than word - initial position. De-voicing rate by fricative di�ers between the two measures, and between Cor-pus 2 and 3, but it is generally very high, especially when compared withstudies of other languages. It is thought that this is an important character-istic of European Portuguese, which would have to be incorporated in anyproduction model to obtain more natural - sounding synthetic speech.Other factors that might be correlated with devoicing were investigated usingCorpora 3 and 4 for two of the subjects, LMTJ and ACC. First, there is noconsistent pattern between duration of the fricatives /v, z, O/ and percentageof devoicing. Second, there seems to be no particular vowel context that isprimarily associated with devoicing. We note that the speakers all produceda large number of repeated tokens of nonsense words in one breath (more than12 tokens). This high rate of speech (compared with previous recordings ofsimilar corpora by French, American English and German speakers) couldbe one of the reasons why there are so many devoiced examples.A preliminary evaluation of the automatic criterion for devoicing showedgreat potential for the use of this technique in future work. The percentageof examples from Corpus 3 and 4 which were classi�ed in the same categoryusing the two methods (manual and automatic) is quite high (64 - 93%).Analysis of variance showed that devoicing was signi�cantly more likely forword - �nal fricatives and posterior place of articulation. Also, results of78



linear regression analysis showed that as duration of fricatives increased theamount of devoicing increased proportionately.Relationships between duration of fricatives and the spectra to be presentedin Chapter 5 will be investigated in Chapter 6, and so the results discussedin this chapter constitute a set of time - domain acoustic characteristics thatwill be related to frequency - domain parameters in the following chapters.
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Chapter 5
Results of the Spectral Analysis
5.1 IntroductionIn the following sections, a detailed study of the time - averaged spectra ofsustained fricatives (Corpus 1a and 1b) and of fricatives in real words (Cor-pus 3 and 4), together with a study of the ensemble - averaged spectra ofnonsense words (Corpus 2), is presented. It includes a discussion of the mainspectral peaks and troughs, and some considerations on the amplitude of thespectra, and the in
uence of vowel context, word position and stress.Substantial di�erences 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 di�erences in spectral shape occur. Othercomparisons of e�ort level in sustained fricatives to position in the wordare added to a knowledge of the interaction of voice and frication source inPortuguese.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 turnchanges its frequency response. Shadle and Scully (1995, pp. 59 - 60) dis-cussed these issues in detail:A �rst - order model of fricative production consists of a noisesource independent of the tract transfer function, exciting it. The80



vocal tract resonances, modelled as poles, appear as peaks in thespectrum, but intermediate position of the source in the tractgenerates zeros as well, which may appear as troughs or maysimply reduce the amplitude of the peaks. The zeros occur inthree groups: one zero always occurs at very low frequency, caus-ing a low amplitude at low frequencies for unvoiced fricatives; oneset occurs at frequencies approximately equal to the frequenciesof all back cavity poles, thus e�ectively cancelling those poles;and one set occurs at frequencies related to the distance betweenthe constriction and the source location. The most obvious spec-tral peaks and troughs are then the low - frequency zero, the frontcavity poles, and the constriction - source zeros....An overall increase or decrease in spectral amplitude, then, wouldbe most simply ascribed to the source characteristics; small shiftsin peak frequencies, to changes in the lengths of the correspondingcavities; radical changes in relative amplitude of peaks, to changesin the distance between the constriction and source location.Since spectral troughs do not show clearly in the spectra of speech (becauseof e�ects such as pole - zero cancellation, window leakage from the analysistechnique and noise 
oor superimposition) spectral peaks tend to be the mostprominent feature. They will therefore be referred to as one of the mostimportant acoustic features, and the following three \categories of peaks"as illustrated in Figure 5.1, will be considered: peaks, medium bandwidthpeaks and broad peaks.The term bandwidth is usually used to describe a single pole, but the mediumbandwidth peaks observed in the fricative spectra probably result from morethan one pole and zero. Peaks and troughs can be observed in the spectrawhich are related to underlying poles and zeros, resulting in an extremelycomplex transfer function. Shifts in any pole or zero frequency a�ect allpeaks and troughs, sometimes substantially (Stevens 1998, pp. 130 - 137), andradiation impedance increases bandwidth as frequency increases, but muchmore for front cavity resonances (Stevens 1998, pp. 152 - 156). The fact thatthere is noise excitation during the production of fricatives increases thediÆculty of determining cavity aÆliation of peaks and troughs (Shadle et al.1991). However, peaks and troughs which appeared consistently were usedto describe the spectra of Portuguese fricatives.81
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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. Spectrogramsshowed a more intense and longer frication noise in /s/.Lindblad (1980) studied the acoustics of speech production, the articulationand the perception of Swedish sibilants (see de�nition in page 33). The spec-tra of fricatives /s/ and /A/ were relatively 
at and with no clear formants,but characterised by a wide band of strong high frequency energy which waslimited abruptly below a sharp cut - o� frequency (highest in [sig] and lowestin [sug]). In Swedish, there is a wide geographical phonetic variation of /A/,e.g., [Us] in central Sweden dialects (a phonemic variant of which has also beenreported 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 di�erent vowelcontexts. Spectral peaks were observed at 1.5 - 2.2 kHz (mean=1.7 kHz) and8.5 kHz (mean) for /f/, 1.5 kHz (mean) for /�/, 4.3 - 5.6 kHz (mean=5kHz)and 8 kHz (mean) for /s/, 2.2 - 3.4 kHz (mean=2.8 kHz) and 5 kHz (mean)for /A/, 3 kHz (mean) and 5.5 kHz (mean) for /O/.Behrens and Blumstein (1988) presented a spectral analysis of AmericanEnglish voiceless fricatives. The context used was nonsense words of theform /FV/, where the fricative F was followed by three vowels V=/i, a, u/.Results revealed an increase in amplitude (10 dB for /f/ and /G/, and 20 dBfor /s/ and /A/) from the beginning to the middle of the fricative. Majorpeaks occurred in the following frequency ranges: /f/ and /G/ { 1.8 - 8.5 kHz;/s/ { 3.8 - 8.5 kHz; /A/ { 2.3 - 7 kHz.Hoole et al.'s (1989) analysis of the spectra of /sagsag/, /sigsig/, /AagAag/ and/AigAig/, produced by two male English speakers, showed a major peak at 5 kHzfor /s/, and revealed that the spectra of /A/ had higher overall amplitudethan /s/.Badin's (1989) study of French voiceless fricatives included the spectral anal-ysis of sustained /f, s, A/, and the replication of natural speech using a modelof the vocal tract area functions (Badin and Fant 1984). For natural speechspectra, Badin (1989) observed the following: /f/ { peaks around 500Hz,1.5 kHz, 2.5 kHz and 3.8 kHz; /s/ { peaks around 500Hz and 1.8 kHz, andbroad peaks around 4.5 kHz and 8 kHz; /A/ { a peak around 400Hz, a trougharound 1 kHz, and broad peaks around 1.8 kHz, 2.5 kHz and 3.5 kHz. Frica-tive /A/ exhibited the greatest spectrum tilt change, whereas /f/ showed the83



smallest and least regular changes. This appeared to re
ect variations in thesource spectrum rather than in the transfer function.Beautemps et al. (1993, 1995) measured, on a male French subject, a setof midsagittal pro�les and the corresponding spectral peaks : /f/ { 397Hz,1282Hz, 2504Hz and 3665Hz; /G/ { 386Hz, 1456Hz, 2677Hz and 3869Hz;/s/ { 400Hz, 1500Hz, 2647Hz, 4276Hz and 5062Hz; /A/ { 450Hz, 1710Hz,2230Hz and 2952Hz.Badin (1991) reported that the /A/ spectra of a female American Englishspeaker exhibited fewer pole/zero pairs in the low frequency region than amale French speaker, because of lesser amount of coupling between front andback cavities (the female speaker produced constriction areas half as large asthe 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 aÆliation of peaks and troughs, shown in Figure 5.2. Re-sults showed spectral peaks located at the following frequencies:� /s/ (female American English speaker) { 500Hz, 1.5 kHz, 2.5 kHz, 4 kHzand 5 - 5.5 kHz;� /s/ (male French speaker) { 500Hz, 1.5 kHz, 2.5 kHz, 3.8 kHz and5.5 kHz;� /A/ (female American English speaker) { 500Hz, 1.8 kHz, 2.8 kHz, 3.5 kHzand 5 kHz;� /A/ (male French speaker) { 500Hz, 1.5 kHz, 2.5 kHz, 3.8 kHz and 5.5 kHz.The spectral shape of /A/ had a region of high energy between 1.5 kHz and6 kHz for the male speaker, and between 2.5 kHz and 7 kHz for the femalespeaker. There was an abrupt drop in amplitude at 6 kHz in the malespeaker's spectra, but the amplitude level fell o� steadily for the femalespeaker. The spectra for the female speaker presented the �rst four peaksevenly 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 American84



English speaker. They reported fricative peaks in /pafa/ around 1.5 kHz,2.7 kHz, 4 kHz and 5.2 kHz, as shown in Figure 5.3. The spectra at the centreof fricatives /G/ and /f/ were very similar, but in the VF and FV transitionsoverall amplitude was higher and formant frequencies were shifted relativeto those of /f/. The authors proposed the following explanation for thisphenomenon:A possible explanation is that since the tongue tip is required toform a constriction for /G/ but not for /f/, formants shift during/G/ transitions. The direction of shift will depend on the vowel.The timing di�erences in boosting of high - frequency energy arelikely due to sequencing di�erences that result when the tonguehas a long versus a short distance to travel.The fricative in /pasa/ had peaks around 800Hz, 1.5 kHz, 2.8 kHz, 4.5 kHz,5.2 kHz and 6.5 kHz. The overall amplitude of /s/ at the low frequencies(� 4:5 kHz) was the same at the beginning, middle and end of the fricative.For higher frequencies (5 kHz to 17 kHz), the spectrum at the end of thefricative had the lowest amplitude, at the start it was 20 dB higher than atthe end, and at the middle the overall amplitude of /s/ was the highest (5 dBhigher than at the start). This study was extended to include also a maleFrench speaker (Shadle, Moulinier, Dobelke, and Scully 1992; Shadle andScully 1995) with the following spectral characteristics. For /pafa/, peakswere approximately at 800Hz, 1.8 kHz, 2.5 kHz, 3 kHz, 4 kHz and 5 kHz, anda broad peak around 11 kHz. The same spectral di�erences between /f/ and/G/ observed for American English were also noted for French. For /pasa/,peaks were at 500 - 600Hz, 1.5 - 2 kHz, 2.5 - 2.7 kHz and 3.5 - 4 kHz, and broadpeaks at 4.4 - 5.5 kHz, 7.5 - 11.5 kHz and 15 kHz, as shown in Figure 5.4. Frica-tive /z/ spectra displayed fairly similar patterns, with an overall amplitudeapproximately 10 dB lower than the corresponding spectra of /s/, as shownin Figure 5.5. For /paAa/, a peak around 1.8 kHz, and broad peaks around2.2 kHz, 3.5 kHz, 4.5 kHz and 11 kHz, as shown in Figure 5.6. The overallamplitude of /A/ in /paAa/, at low frequencies (� 4 kHz), was the same atthe beginning, middle and end of the fricative. For higher frequencies, thespectrum at the end of the fricative had the lowest amplitude; at the start itwas 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, A, �c/ produced by a female American English speaker CS and a maleFrench speaker PB. Formants F1, F2, F3, F4, F5 and F6 were identi�ed bytransfer 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/pafa/ (solid line) and /paGa/ (dotted line). From Shadle, Dobelke, andScully (1992).

Figure 5.4: Time - averaged spectra of six sustained tokens of fricative /s/produced by a male French speaker PB. Formants F1, F2, F3, F4 and F5were identi�ed by transfer function measurements. From Shadle and Scully(1995).
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Figure 5.5: Ensemble - averaged spectra of the fricative in /paza/ (solidline), /pizi/ (long dashes) and /puzu/ (short dashes), produced by a maleFrench speaker PB. From Shadle and Scully (1995).

Figure 5.6: Ensemble - averaged spectra at the beginning (beg), middle(mid) and end of the fricative in /paAa/, produced by a male French speakerPB. 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 F2 � F1 plots.Results showed that voicing onset time and formant structure provided im-portant place information. Wilde (1995a, 1995b) also analysed amplitudes in88



restricted frequency regions of the fricative and quanti�ed them with respectto the neighboring vowel. Labiodental and dental fricatives had relativelyweak and 
at spectra, alveolars had a peak above 4 kHz, and postalveolarshad a broad peak that fell in the frequency region 2 - 4 kHz, which con�rmedresults �rst reported by Hughes and Halle (1956). The variation of the am-plitude over the duration of the fricative was calculated by subtracting theamplitude value at the end of the fricative from the amplitude value at themiddle of the fricative. For the 1 - 4 kHz range there was greater amplitudefor /f/, and the end was stronger than the middle for all fricatives. For /f/the 4 - 8 kHz band amplitude at the end was greater than the amplitude atthe middle, and for /s/ and /A/ the 4 - 8 kHz band amplitude at the end waslower than the amplitude at the middle. The maximum fricative amplitudeabove 2 kHz, normalized by subtracting the �rst formant amplitude in thefollowing vowel from the maximum amplitude peak above 2 kHz in the frica-tive, were 15 - 20 dB higher for /s/ than for /A/. Fricative /f/ showed greateroverall amplitude variability than /s/ and /A/, a characteristic that had alsobeen previously observed by Badin (1989) for French. Fricatives were weakerand shorter before reduced vowels, at times appearing stop - like in manner.Narayanan's (1995) study of American English fricatives, produced by twomale and two female native speakers, included a detailed acoustic analysis oftime - averaged power spectra. Strident fricatives 1 exhibited a dynamic rangeabout 15 - 30 dB greater than nonstridents. The overall amplitude of voicedfricatives was 5 dB lower than their unvoiced counterparts. There was aconsiderable inter - speaker variability in the frequency and bandwidth of themain spectral peaks, which was mainly due to di�erences in the front cavitydimensions across subjects. However Narayanan (1995) could still observe abroad high frequency peak around 10 kHz for labiodentals; a broad peak at9 - 10 kHz for dentals; a broad peak at 5 - 6.6 kHz and signi�cant secondarypeaks at 1.6 - 1.8 kHz, 2.5 - 2.9 kHz and 4.6 - 4.8 kHz for alveolars (with a freezero at 2 - 3.7 kHz arising from the cavity between the source and the oralconstriction for /s/); and a broad peak at 5 - 7 kHz and peaks at 1.5 - 1.8 kHzand 2 - 3.5 kHz for postalveolars.Jongman et al. (2000) studied spectral peak location of fricatives producedby 20 American English speakers in nonsense words. Results showed thatthe mean frequency of the highest - amplitude spectral peak of fricatives de-1 Strident { speech sound produced by a relatively complex stricture and marked byrelatively high frequency and intensity (Crystal 1997); /s, z/ and /A, O/ are examples, andin some systems /f, v/. This is a phonetic classi�cation based on the source features ofthe sound (see also de�nition of sibilant on page 33).89



creased as the place of articulation moved back: /f/ { 7.7 kHz; /v/ { 7.5 kHz;/G/ { 7.8 kHz; /�/ { 7 kHz; /s, z/ { 6.8 kHz; /A, O/ { 3.8 kHz.Vowel context has been shown to a�ect the spectra of fricatives. Komshianand Soli (1981) reported that, for American English alveolar fricatives innonsense words, the highest amplitude spectral peak was located at approxi-mately 4 kHz in /su/ and at 5 kHz in /si/ and /sa/. The fricative peak in thefrequency range 1 - 2.5 kHz in /si/ was 60 - 180Hz higher than in /sa/ and/su/. Soli (1981) examined the e�ects of anticipatory vowel coarticulationon the spectra of American English fricatives spoken in isolation and initialnonsense word position. Results from the analysis of the LPC mean spectrarevealed:� /s/ { a peak around 2 kHz; /si/ { peaks around 1.8 kHz, 2.8 kHz and3.5 kHz; /sa/ { peaks around 1.5 kHz and 3.7 kHz, and a trough around1 kHz; /su/ { a peak around 1.5 kHz;� /z/ { a peak around 1.7 kHz; /zi/ { peaks around 1.8 kHz and 3.5 kHz;/za/ { a peak around 3.5 kHz; /zu/ { a peak around 1.6 kHz;� /A/ { a peak around 2.4 kHz; /Ai/ { peaks around 1.9 kHz and 2.5 kHz;/Aa/ { a peak around 1.7 kHz; /Au/ { peaks around 1.7 kHz and 2.4 kHz,and a trough around 3 kHz;� /Oi/ { peaks around 1.9 kHz and 2.4 kHz; /Oa/ { peaks around 1.8 kHzand 2.4 kHz; /Ou/ { peaks around 1.8 kHz and 2.4 kHz, and a trougharound 3 kHz.The spectral peaks of alveolar fricatives were more clearly visible for highvowel contexts, /i/ and /u/, than for the low vowel /a/ context.Nartey's (1982) study of twelve di�erent world languages revealed that thefricatives most a�ected by vowel context di�ered from language to language,and that the e�ect of /u/ context was not consistent with regards to thevarious 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 peakof French /s/ was shifted down for /u/ vowel context. Wilde (1993) showedthat voiceless fricatives were more dependent on vowel context, and that therewas less acoustic variability in fricatives in high front vowel context than inback vowel context (Wilde 1995a, 1995b). The 4 - 8 kHz band intensity ofalveolar fricatives increased before rounded vowels.90



Table 5.1: Peak frequencies in kHz for fricatives /f, v, G, �/. For a givenplace of articulation the same number of columns is used, and if a peak ispresent its frequency range is given. After Nartey (1982)./i�/ /afa/ /ufu/Amharic 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 - 3.2Polish 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/ /ava/ /uvu/Hebrew - -; 2.3 - 2.7 -Hopi -; 1.3 - 2 0.9 - 1.1; - 0.8 - 0.9; -Papago -; 1.3 - 1.7 0.9 - 1.3; - -Pima 0.9 - 1.1; 1.7 - 2 0.9 - 1.1; 2 - 2.3 -Polish - -; 1.3 - 1.5 -/iGi/ /aGa/ /uGu/Arabic -; 1.7 - 2; - 0.5 - 0.6; 1.5 - 1.7; - -; 1.7 - 2; -/i�i/ /a�a/ /u�u/Pima 0.2 - 0.3; 0.9 - 1.1;2.7 - 3.7 0.1 - 0.2; 0.9 - 1.1;2.7 - 3.2 0.2 - 0.3; 1.1 - 1.5;2.7 - 3.2
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Table 5.2: Peak frequencies in kHz for fricatives /s, z/. For a given place ofarticulation the same number of columns is used, and if a peak is presentits frequency range is given. After Nartey (1982)./isi/ /asa/ /usu/Amharic -; 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 - 9.5Arabic -; 2 - 2.3; 3.7 - 4.4; - -; 1.5 - 2; -; 7.7 - 9.5 -; 1.5 - 1.7; -; 6.4 -7.7Hebrew -; 2.3 - 2.7; -; 7.7 -9.5 -; 2.4 - 2.7; -; 7.7 -9.5 -; -; 3.7 - 4.4; 7.7 -9.5Hopi 0.8 - 0.9; 1.7 - 2;4.4 - 5.3; - -; 1.3 - 1.5; 4.4 - 5.3;- -; 1.5 - 1.7; 3.7 - 4.4;-Japanese -; 1.5 - 2; 5.3 - 6.4; - -; 1.1 - 2; -; 7.7 - 9.5 -; 1.7 - 2.3; -; 7.7 -9.5Korean -; -; 4.4 - 5.3; 6.4 -7.7 -; 2 - 2.3; -; 6.4 - 9.5 -; 1.7 - 2.3; 3.7 - 4.4;-Navajo -; 1.7 - 2; -; 6.4 - 7.7 -; 1.7 - 2.3; -; 6.4 -7.7 -Papago -; 1.7 - 2; -; - -; 1.1 - 1.7; -; 6.4 -7.7 -; 1.3 - 1.7; -; 6.4 -7.7Pima -; 1.7 - 2; -; 6.4 - 7.7 -; 1.7 - 2; -; 6.4 - 7.7 -; 1.7 - 2; 3.2 - 3.7;6.4 - 7.7Polish 1.1 - 1.3; 1.7 - 2.3; -;7.7 - 9.5 1 - 1.1; 1.5 - 2; -;6.4 - 9.5 -; 1.5 - 1.7; 3.7 - 4.4;7.7 - 9.5Yoruba -; 1.7 - 2; -; 6.4 - 7.7 -; 1.3 - 2; -; 6.4 - 7.7 -; 1.5 - 1.7; 3.2 - 3.7;6.4 - 7.7Zuni -; 2 - 2.3; -; 6.4 - 7.7 -; 1.7 - 2; -; 6.4 - 7.7 -; 1.7 - 2; -; 6.4 - 7.7/izi/ /aza/ /uzu/Amharic 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 - 7.7Arabic - 1.3 - 1.7; -; 6.4 - 7.7 -Hebrew - 2.4 - 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; -; 6.4 - 7.7 -Polish 1.3 - 1.5; 2 - 2.3;6.4 - 7.7 1.3 - 1.7; -; 6.4 - 9.5 1.3 - 1.5; 3.2 - 3.7;6.4 - 7.7
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Table 5.3: Peak frequencies in kHz for fricatives /A, O/. For a given place ofarticulation the same number of columns is used, and if a peak is presentits frequency range is given. After Nartey (1982)./iAi/ /aAa/ /uAu/Amharic 1.7 - 2; 3.2 - 3.7; - 1.7 - 2; 2.3 - 2.7; - 1.5 - 2; -; -Arabic -; 2 - 2.3; 3.7 - 4.4 1.7 - 2; -; 3.7 - 4.4 1.7 - 2; -; -Hebrew -; 2.7 - 3.2; - 1.7 - 2.4; 3.2 - 3.7; - -; 2.3 - 3.2; -Japanese 1.5 - 2; -; 4.4 - 6.4 1.3 - 1.7; -; 4.4 - 5.3 -; -; 3.7 - 4.4Navajo -; 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 - 4.4; - -; 3.7 - 4.4; - -; 2.7 - 3.7; 6.4 - 7.7/iOi/ /aOa/ /uOu/Amharic - -; 1.7 - 2; 2.3 - 3.2 -Navajo - -; -; 3.2 - 4.4 -Polish - 0.8 - 0.9; 1.5 - 1,7;3.2 - 3.7 -Results from Shadle, Moulinier, Dobelke, and Scully (1992) and Shadle andScully (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 forthe nonsense word /pusu/, and the overall amplitude for high frequencies(� 4 kHz) was lower, relative to /pisi/ and /pasa/ contexts. The overallamplitude of the spectra of /s/ in /pisi/ and /pasa/ was very similar, butin /pusu/ it was 10 - 25 dB lower, except for the second broad peak around7.5 kHz. A possible explanation would be a di�erent source mechanism forthe fricative in /pusu/, suggestive of a breathy whistle. In Shadle and Mair(1996) the most striking spectral change due to vowel context also occurredfor /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 /pu�/ and/puGi/. They observed that /i/ vowel context moved the place of constrictionanteriorly, increasing the front cavity resonances, and that the rounded vowelcontext /u/ decreased formant frequencies and bandwidths. Shadle, Mair,and Carter (1996, p. 194) also showed that for one of their two subjects (amale French speaker) the frequency of the fricative peak in /pu�/ at 1.5 -2 kHz, increased from beginning, through middle, to end:
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A spectral peak corresponding in frequency range to the secondformant ... is highest in frequency for the [i - i] context, and low-est for the [u - u] context. The higher peak in the [i - i] contextis accompanied by the lowest amplitude low - frequency trough atapproximately 1 kHz; one explanation of this is that the troughcorresponds to a zero with a frequency related to source and con-striction location, which do not change; the zero becomes morevisible.The spectra of fricatives /f/ and /G/ were the most variable, and the mostnoticeably a�ected by vowel context.From the results of the studies reported in this section, it can clearly be seenthat the detailed spectral characteristics of fricatives are language dependent,but also that there are some e�ects of context, such as the downward shiftof peak frequencies due to rounding, that could be observed for a varietyof speech material. The data collected from all the di�erent bibliographicalsources referred to in this section will be compared with some speci�c spectralcharacteristics observed for Portuguese.5.3 Results of the Analysis of Spectral Peakand Trough Frequencies, and of SpectralAmplitude { Labiodental, Alveolar andPostalveolar Fricatives5.3.1 Fricative /f/Fricative /f/, for all subjects and all corpora, has spectral peaks at 1.4 -1.9 kHz, 2.2 - 2.8 kHz, 3.1 - 3.9 kHz and 4.1 - 5.3 kHz, and a broad peak at 8 -11.5 kHz. The �rst peak and the broad peak tend to be shifted down infrequency to lower ranges for back vowel contexts, an e�ect reported previ-ously for various other languages (see Literature Review in Section 5.2).The �rst peak is located in the same frequency range as the one observedfor Argentine Spanish (Manrique and Massone 1981); for Amharic, Arabic,Polish and Yoruba (Nartey 1982); for American English in various studies by94



Shadle et al.; and for French (Badin 1989; Beautemps et al. 1993; Beautempset 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 andAmerican English in studies by Shadle and various colleagues. The broadpeak seems to be also a spectral characteristic of Argentine Spanish (Man-rique and Massone 1981) and French (Shadle, Moulinier, Dobelke, and Scully1992; Shadle and Scully 1995).Analysis of Speaker LMTJ's fricative /f/ spectra has revealed that, for mostexamples, the amplitude of the �rst peak is 4 - 10 dB higher than the ampli-tude of the second peak, as shown in Figure 5.7.
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Figure 5.7: Time - averaged spectra of fricative /f/ sustained at three dif-ferent e�ort 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 LMTJ, when there is no stress, or the stress is placedin the syllable containing the fricative, the amplitude at the beginning andend of the fricative decreases by 5 - 15 dB. When the stress is placed in thesyllable before the fricative, the spectrum at the beginning, middle and endare quite similar in amplitude remaining within 5 dB of each other. ForSpeaker ACC, there is a 20 - 30 dB di�erence between the amplitude of the95



�rst peak and that at 20 kHz. The high frequency amplitude (� 14 kHz) islower for /pufu/.5.3.2 Fricative /v/Peaks at 1.3 - 1.7 kHz, 2.2 - 3 kHz, 3.6 - 4 kHz and 4.5 - 5.3 kHz have been ob-served for fricative /v/, for all subjects and all corpora. Although no highfrequency broad peak could be observed for /v/, its frequency ranges of thepeaks are otherwise quite similar to those found for /f/. However, the overallamplitude of /v/ was 5 - 20 dB lower than for /f/. Narayanan (1995) observedthat the overall amplitude of American English /v/ was 5 dB lower than itsunvoiced counterpart. Nartey's (1982) study also revealed a �rst peak ina similar frequency range as Portuguese /v/ for Hopi, Papago, Pima andPolish; and an equivalent second peak for Hebrew.In Corpus 1b, ACC's fricative /v/ spectral amplitude is identical in thelow frequencies (� 5 kHz) for all e�ort levels, as shown in Figure 5.8. Theamplitude di�erence between high and medium e�ort level spectra is 10 -20 dB, and the amplitude of medium and low e�ort levels is identical, athigher frequencies.
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Figure 5.8: Time - averaged spectra of fricative /v/ sustained at three dif-ferent e�ort 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). 96



5.3.3 Fricative /s/Fricative /s/ has peaks at 1.4 - 2 kHz, 2.3 - 3.2 kHz and 4 - 5 kHz, for all sub-jects and all corpora. There are also broad peaks at 5.5 - 8.5 kHz (usuallyshifted down to 4 - 5 kHz for back vowel contexts) and 9.5 - 16 kHz. All thepeaks and the �rst broad peak in Portuguese /s/ were also observed in thespectra of the twelve world languages studied by Nartey (1982). In stud-ies of French spectra, peaks and broad peaks were reported to be locatedin the same frequency ranges as given above for Portuguese (Badin 1989;Shadle, Badin, and Moulinier 1991; Shadle, Moulinier, Dobelke, and Scully1992; Shadle and Scully 1995; Beautemps, Badin, and Laboissi�ere 1993;Beautemps, Badin, and Laboissi�ere 1995). American English studies showedthe same spectral characteristics, but the highest frequency broad peak wasnot visible (Shadle, Dobelke, and Scully 1992; Wilde 1995a; Wilde 1995b;Narayanan 1995).The amplitude di�erence of /s/ in Corpus 1b (Speaker LMTJ) between lowand medium e�ort level spectra, and between medium and high e�ort levelspectra is about 15 dB at the �rst broad peak and about 30 dB at higherfrequencies (above 5.5 - 8.5 kHz). For Speaker ACC, the amplitude di�erencebetween low and medium e�ort level spectra, and between medium and highe�ort level spectra, is the same as for LMTJ at the �rst broad peak and athigher frequencies.In Corpus 2, above 5 kHz the spectral amplitude is highest mid - fricativeand 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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The spectra of Corpus 4 (Speaker LMTJ) /s/ present a 20 - 35 dB drop inamplitude from the �rst broad peak to the second broad peak. There aresome vowel and consonant contexts where the �rst broad peak has a reducedbandwidth, see Figure 5.10 { (a), due to the close presence of the secondbroad peak, as shown in Figure 5.10 { (b). For the words of ACC (Corpus 3and 4), the most \reliable" spectral characteristics of /s/ are the �rst twopeaks and a trough at 2.3 - 2.6 kHz (also observed for American English byNarayanan (1995)).
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Figure 5.10: Time - averaged spectrum of fricative /s/ in sala ([a ^sal�]):(a) { First broad peak; (b) { second broad peak. The dashed curve is theaveraged spectrum of the room noise. Corpus 4 (Speaker ACC).5.3.4 Fricative /z/The spectrum of fricative /z/ has peaks at 1.1 - 1.8 kHz, 2.3 - 3.5 kHz and4 - 5 kHz; broad peaks at 5.3 - 8.5 kHz and 9.8 - 17 kHz, for all subjects andall corpora. The �rst broad peak is shifted down for back vowel contexts, asshown in Figure 5.11. The �rst peak tends to be located at higher frequencies(1.6 - 1.8 kHz) for Speaker ISSS. The most prominent peaks and broad peaksof /z/ are located in the same frequency ranges as its unvoiced counterpart,but the overall amplitude of /z/ is 10 - 15 dB lower than that of /s/, as previ-ously observed for French (Shadle and Scully 1995). There are also referencesto some low frequency peaks, in the same range as the Portuguese results, in99



studies of various other languages (Komshian and Soli 1981; Nartey 1982).
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Figure 5.11: Time - averaged spectra of fricative /z/ in zelar /^zilar/ (top)and zona /^zon�/ (bottom). The dashed curve is the averaged spectrum ofthe room noise. Corpus 3 (Speaker LMTJ).In Corpus 1b, for speakers LMTJ and ACC, there is a 10 - 30 dB di�erencebetween the amplitude of the �rst broad peak and that at 20 kHz. Thespectral amplitude is identical in the low frequencies (� 4 kHz) for all e�ortlevels. The amplitude di�erence at higher frequencies (4 to 20 kHz) variesbetween 5 and 20 dB, as shown in Figure 5.12 for Speaker LMTJ.100
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Figure 5.12: Time - averaged spectra of fricative /z/ sustained at three dif-ferent e�ort 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 - 2.6 kHz couldalso 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 thatthe bandwidth of the third peak increases and the bandwidth of the two broadpeaks decreases (Stevens 1998, pp. 130 - 137), resulting in a spectrum wherethere is a \third category of peaks" (designated in Figure 5.1 as \mediumbandwidth peaks"). It is thought this is due to the proximity of poles andzeros of the transfer function (as referred to in the introduction).For back vowel contexts /4, o, u/, in Corpus 4 (Speaker LMTJ), the di�erencein amplitudes between the �rst broad peak and the �rst 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 /4, o, u/ results in low-ering of front cavity peak frequencies and decreases their bandwidth whichis strongly in
uenced by the radiation impedance. This decreased band-width contributes to enhancing the prominence of the broad peak (Stevens1998, pp. 290 - 294). For back cavity resonances, that result in the spectralpeaks at 1.1 - 1.8 kHz, 2.3 - 3.5 kHz and 4 - 5 kHz for Portuguese, deduced bycomparison with results on cavity aÆliation of peaks and troughs by Shadleet al. (1991), the bandwidths are only weakly in
uenced by the radiation101



impedance (Stevens 1998, pp. 152 - 156).5.3.5 Fricative /A/The spectrum of fricative /A/ has a peak at 1.4 - 2.2 kHz, and broad peaks at2.5 - 4.5 kHz, 6 - 9.5 kHz and 12.1 - 16.9 kHz, for all subjects and all corpora.The peak and the �rst broad peak tend to be shifted down for back vowelcontexts. There is also a trough at 0.6 - 1.3 kHz in the spectra of speak-ers LMTJ and ACC. Speaker ISSS's peak tends to be located at a higherfrequency range (1.9 - 2.2 kHz), as shown in Figure 5.13.
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Figure 5.13: Time - averaged spectrum of sustained /A/. The dashed curveis the averaged spectrum of the room noise. Corpus 1a (Speaker ISSS).French /A/ spectra presents a peak and a trough in the same frequency rangeas Portuguese, but the broad peaks are located at lower frequencies (Badin1989; Shadle, Moulinier, Dobelke, and Scully 1992; Shadle and Scully 1995).American English (Shadle, Badin, and Moulinier 1991; Narayanan 1995) andvarious other world languages (Nartey 1982), seem to have fewer broad peaksthan Portuguese, with quite di�erent peak and broad peak locations.In Corpus 1b, LMTJ's /A/ spectrum has a fairly similar fallo� at all levels; thedi�erence between high and low e�ort level amplitudes at high frequenciesis about 30 dB. For Speaker ACC, the amplitude di�erence between low and102



medium e�ort level spectra, and between medium and high e�ort level spectrais 5 - 20 dB. There is a 20 - 30 dB di�erence between the amplitude of the �rstbroad peak and that at 20 kHz.Word �nal fricative /A/ produced by Speaker LMTJ has lower amplitudesabove 7 kHz than LMTJ's other /A/ spectra in Corpus 3 and 4. In Corpus 4,this fricative's spectra present a 25 - 40 dB drop of amplitude from the �rstbroad peak to the second broad peak (approximately 2.5 to 9.5 kHz).5.3.6 Fricative /O/The spectrum of fricative /O/ has a peak at 1.2 - 2.1 kHz, and broad peaksat 2.3 - 4.7 kHz, 6 - 8 kHz and 9.5 - 16.3 kHz, for all subjects and all corpora,as shown in Figure 5.14. There is also a trough at 0.8 - 1.1 kHz for speakersLMTJ and ACC. For Speaker ISSS, the �rst peak tends to be located athigher frequencies (1.9 - 2.1 kHz). The �rst two broad peaks have a muchnarrower bandwidth (previously designated as \medium bandwidth peaks")for speakers LMTJ and ACC than for speakers CFGA and ISSS. The over-all amplitude di�erence between /O/ and /A/ is quite variable for di�erentspeakers and corpora (0 - 30 dB).
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Figure 5.14: Time - averaged spectrum of sustained /O/. The dashed curveis the averaged spectrum of the room noise. Corpus 1a (Speaker CFGA).103



In Corpus 1b, for Speaker LMTJ, generally there is less amplitude di�erenceat high frequencies between medium and high e�ort, than between low andmedium e�ort. For Speaker ACC, the amplitude di�erence between e�ortlevels for /O/ is 5 - 10 dB, less than for /A/. There is a 30 dB drop of amplitudeon the spectra from the �rst broad peak to 20 kHz.In the Corpus 4 spectra of Speaker LMTJ, there is a 20 - 30 dB drop in am-plitude from the �rst broad peak to the last broad peak, and the overallamplitude of /O/ varies over a similar range (� 40 dB) to that of /A/.5.3.7 The E�ect of E�ort LevelThe di�erent e�ort levels tend to be associated with a shift in frequency ofone or even two broad peaks of fricative /s/ for Speaker LMTJ, of fricative/z/ for speakers LMTJ and CFGA, and of fricative /A/ for all speakers. The\direction" of such a frequency shift (up or down) varies among fricatives andspeakers, which probably is the result of disparate strategies among speakersin the somewhat unnatural task of producing sustained fricatives at the threee�ort levels.5.3.8 The Corpus 1a Spectra of Speakers LMTJ andACCThe peaks in the spectra of Speaker ACC are much broader and their topsmuch 
atter than for Speaker LMTJ, as can be seen in Figure 5.15. Theoverall amplitude of the spectra of fricatives produced by Speaker ACC is' 10 - 20 dB higher than for Speaker LMTJ. The \voice bar" (�rst peak inthe spectra) of fricatives /v, z, O/ for Speaker ACC is ' 10 dB higher thanfor Speaker LMTJ.
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5.4 Syllable Stress and E�ort Level { Labio-dental, Alveolar and Postalveolar Frica-tivesIt was expected that varying the e�ort level of sustained fricatives, as inCorpus 1b, would have the same e�ect as varying the stress of the syllablecontaining the fricative in Corpus 2 and 3, and possibly also position withinthe word in Corpus 3. Results show that the spectral shapes and amplitudesof unstressed fricatives are similar to the soft e�ort level, and stressed frica-tives are similar to the medium e�ort level. No fricatives from Corpus 2 or 3resemble their high - e�ort - level Corpus 1b counterparts.Figures 5.16 to 5.22 contrast spectra for /A/ with similar vowel context fromCorpora 2 and 3 (Speaker LMTJ). For four of the seven pairs - by - vowel -context the Corpus 2 spectral amplitude was slightly higher than that ofCorpus 3 for frequencies above 6 kHz (see Figures 5.16 to 5.19). This ampli-tude di�erence across the frequency range corresponds strongly with a dif-ference in stress between the two fricatives. In each of these four cases, theCorpus 3 fricative was in an unstressed syllable, and the Corpus 2 fricativewas in a stressed syllable.The other three such cases showed a di�erent pattern, with the spectralamplitudes di�ering 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 inFigure 5.22); the third case, shown in Figure 5.21, did not match, and theamplitude di�erence at the peak was the largest (stressed Corpus 2 is 15 dBabove unstressed Corpus 3). The same set of 7 examples was also analysed forSpeaker ACC, but the overall spectral amplitude of fricatives from Corpus 2and Corpus 3 was approximately the same.These points taken together (see summary in Table 5.4) give us informationneeded to model the fricative. Corpus 2 is better controlled and easier toanalyse than Corpus 3 or 4; validating its use gives an important advantage.However the inconclusive results for Speaker ACC raised the question ofhow general (di�erent fricatives and speakers) the previous discussion was.Therefore we concluded that this line of research, with the current limitednumber of speakers, would not bear fruit.106



Table 5.4: Spectral amplitude comparisons; paired by vowel context; stressof syllable containing the fricative di�ers. Spectral amplitudes > 2 kHz.Speaker LMTJ.Corpus 1a Amplitude Corpus 2 and 3e.g. [uA... Au] e.g. [puAu], [k�^puA]high e�ort no equivalents in Corpus 2 or 3medium � all stressedlow � all unstressedCorpus 2 Amplitude Corpus 3stressed; [pi^A�] > unstressed; [^biA�]stressed; [p�^Au] > unstressed; [^taA]stressed; [puAu] > unstressed; [^moA]stressed; [puAu] > unstressed; [k�^puA]stressed; [p�^A�] � stressed; [�^Aa9]stressed; [p�^A�] � unstressed; [bu^laA�]unstressed; [^puA�] � unstressed; [^t4A�]
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Figure 5.16: Averaged power spectra of fricative /A/ in [^biA�] from Corpus 3(solid line), and in [pi^A�] from Corpus 2 (dash - dotted line). The dashedcurve is the averaged spectrum of the room noise. Speaker LMTJ.
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Figure 5.17: Averaged power spectra of fricative /A/ in [^taA] from Corpus 3(solid line), and in [p�^Au] from Corpus 2 (dash - dotted line). The dashedcurve is the averaged spectrum of the room noise. Speaker LMTJ.
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Figure 5.18: Averaged power spectra of fricative /A/ in [^moA] from Corpus 3(solid line), and in [puAu] (both syllables equal stress) from Corpus 2 (dash -dotted line). The dashed curve is the averaged spectrum of the room noise.Speaker LMTJ. 108
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Figure 5.19: Averaged power spectra of fricative /A/ in [k�^puA] from Cor-pus 3 (solid line), and in [puAu] (both syllables equal stress) from Corpus 2(dash - dotted line). The dashed curve is the averaged spectrum of the roomnoise. Speaker LMTJ.
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Figure 5.20: Averaged power spectra of fricative /A/ in [�^Aa9] from Corpus 3(solid line), and in [p�^A�] from Corpus 2 (dash - dotted line). The dashedcurve is the averaged spectrum of the room noise. Speaker LMTJ.109
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Figure 5.21: Averaged power spectra of fricative /A/ in [bu^laA�] from Cor-pus 3 (solid line), and in [p�^A�] from Corpus 2 (dash - dotted line). Thedashed curve is the averaged spectrum of the room noise. Speaker LMTJ.
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Figure 5.22: Averaged power spectra of fricative /A/ in [^t4A�] from Corpus 3(solid line), and in [^puA�] from Corpus 2 (dash - dotted line). The dashedcurve is the averaged spectrum of the room noise. Speaker LMTJ.
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5.5 Spectral Analysis of Uvular Fricatives andVoiceless Tapped Alveolar FricativesThe spectrum of fricative [K] has peaks around 1.2 - 1.8 kHz, 2.4 - 3 kHz and3.4 - 4 kHz; troughs around 1.9 - 2.2 kHz 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 - 40 dBfallo� of amplitude over the 1.5 - 20 kHz frequency range. If we compare thespectrum of [K] shown in Figure 5.23 (top) with the spectrum of [A] (bottom ofFigure 5.23), we can see the main spectral peak being shifted down becausethe place of articulation moves back from postalveolar ([A]) to uvular ([K]). Aspectrogram of a word with the fricative [K] is given in Figure 5.24. In ourlimited inventory we've registered only two productions of fricative [@], asshown in Table E.2, with spectral characteristics very similar to its unvoicedcounterparts.The spectral results for Portuguese are comparable to those of velar anduvular fricatives in various other languages. Jassem (1967) reported spectralpeaks for Polish /x/ at 0.5 kHz, 1.4 kHz and 2.1 kHz, and for /K/ at 0.6 kHz,1.1 kHz, 2.3 kHz and 3.4 kHz. Delattre's (1971) study of American English,Arabic, French, German and Spanish pharyngeal consonants included a de-tailed description of the di�erent articulatory gestures used to produce /x/,/K/ and /@/. Manrique and Massone's (1981) analysis of Argentine Spanishfricatives, in di�erent vowel contexts, revealed spectral peaks at 0.5 - 3 kHz(mean=1.7 kHz) for /x/. Nartey (1982) studied fricatives of twelve di�erentlanguages, reporting the spectral peaks shown in Table 5.5 for /x/ and /K/in three di�erent 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 itsfrequency range is given. After Nartey (1982)./ixi/ /axa/ /uxu/Arabic -; 1.7 - 2.3; -; 6.7 - 7.7 0.5 - 0.6; 1.1 - 1.3;3.7 - 4.4; - 0.5 - 0.6; -; 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; -; -/iKi/ /aKa/ /uKu/Hebrew 1.5 - 1.7; 3.2 - 3.7 1.1 - 1.3; 3.2 - 3.7 0.9 - 1.1; 3.2 - 3.7111



Alwan's (1986) results from acoustic vocal tract models showed that for uvu-lar fricatives /K, @/ formant F1 should be a Helmholtz resonance, F2 and F4front - cavity resonances and F3 a back cavity resonance. These predictionswere con�rmed by spectral analysis results which revealed the peaks shownin Table 5.6. The waveform envelope of /@/ was lower in amplitude thanthat of the surrounding vowels and the formants above F1 were very weak.Table 5.6: Fricative formant frequencies in kHz. The values are averagedacross four speakers. After Alwan (1986)./Kig/ /Kag/ /Kug/F1 0.4 0.6 0.4F2 1.6 1.3 0.9F3 2.6 2.5 2.6/@ig/ /@ag/ /@ug/F1 0.4 0.5 0.4F2 1.4 1.2 0.7F3 2.5 2.6 2.6Beautemps et al. (1993, 1995) reported spectral peaks for French /x/ at600Hz, 1211Hz, 2180Hz and 3665Hz. Shadle et al. (1995) also presentedresults of a spectral analysis of /x/ produced by American, French and Ger-man speakers. The unvoiced velar fricative /x/ had evenly spaced peaksfrom 1 to 1.5 kHz, front cavity aÆliated peaks at 2 and 3.8 kHz, and a trougharound 3 kHz.The spectrum of fricative [9�] has peaks around 1.4 - 1.7 kHz and 2.5 - 3.1 kHz;a trough around 2 - 2.4 kHz; and a low amplitude broad peak that can becentred from 9kHz to 12 kHz, for all subjects and all corpora. However,these cues in the spectra are not always visible and there is great variabilityof the spectral structure (but not the overall amplitude). There is a 15 - 30 dBfallo� of amplitude over the 1.5 - 20 kHz frequency range. A spectrogram ofa word with the fricative [9�] is given in Figure 5.25.
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Figure 5.23: Power spectra of [K] (top) in ressaca [� K^sak�] (preceded by theword diga [^dig�]), and [A] (bottom) in meche [^m�Ai]. The dashed curve isthe time - averaged spectrum of the room noise. Corpus 4 (Speaker CFGA).
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5.6 SummaryIn 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 spectralenvelope was analysed, and then a re�ned description of speci�c frequencybands which present signi�cant peaks or troughs was proposed. The analysisof results from di�erent corpora showed that the peak and trough locationsthat characterize each place of articulation were: labiodentals { peaks at1.3 - 1.9 kHz, 2.2 - 3 kHz, 3.1 - 4 kHz and 4.1 - 5.3 kHz, and a broad peak at8 - 11.5 kHz; alveolars { peaks at 1.1 - 2 kHz, 2.3 - 3.5 kHz and 4 - 5 kHz, andbroad peaks at 5.3 - 8.5 kHz and 9.5 - 17 kHz.; postalveolars { peak at 1.2 -2.2 kHz, and broad peaks at 2.3 - 4.7 kHz, 6 - 9.5 kHz and 9.6 - 16.9 kHz. Onlyback vowel context seems to a�ect some of the peak and trough locationsin the spectra of Portuguese fricatives. The peak locations (in the range 1to 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 10 kHzobserved in sustained fricatives are not visible in the spectra of fricativesfrom the word corpus.From the analysis of the time - averaged spectra of di�erent fricatives fromCorpus 1b we have observed that the amplitude di�erences between the threee�ort levels are smallest at low frequencies. The amount of amplitude dif-ference at high frequencies varies with the fricatives and tends to be smallerfor the voiced fricatives. These di�erences are associated with source typeand strength, and are similar to results for American English and Frenchsubjects.All of this detailed spectral information will be used in the parameterisationmodel proposed in Chapter 6, especially the location of the highest frequencypeak of /f, v/ and of the lowest frequency broad peak of /s, z, A, O/.
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Chapter 6
Parameterising the SpectralCharacteristics of Fricatives
6.1 IntroductionFricative spectra have been parameterised to aid comparisons across speakerand across corpus, and to gain insight into the production mechanisms un-derlying the language - speci�c variations. The parameters spectral slope,frequency of maximum amplitude, and dynamic amplitude, derived fromprevious studies, were used to analyse changes in e�ort level, voicing, andsampling time within the fricative. Some combinations of the spectral pa-rameters were also used. Results discussed in Chapter 5 will be related todi�erences in production mechanisms via these parameters: we expect tohave di�erent spectral parameters for each place of articulation; di�erent dy-namic amplitude and slope values for the various e�ort and stress levels; thee�ect of rounding to be captured by the frequency of maximum amplitudeparameter, etc.6.2 Previous Studies Parameterising FricativesWhile our long - range goal is improved synthesis of Portuguese, the analysismethods described in this thesis are more closely related to other goals that117



have long proven diÆcult for fricatives. Distinguishing fricatives in spite ofchanges caused by context e�ects is the fundamental task of speech recog-nition. Identifying di�erences in production when the intended fricative isknown is needed for studies of disordered speech, and changes in speech overtime, e.g. after a cochlear implant. Both of these applications require someknowledge of the distinguishing acoustic characteristics of fricatives that holdacross speaker, context, and speaking style. We consider previous studies ofdistinguishing characteristics of fricatives below, grouped by type of param-eter.Locus equations have been used by many authors (Sussman 1994; Fowler1994). The method consists of �nding the slope and the intercept of a linebetween the same acoustic feature in a vowel and an adjoining consonant.For instance, Sussman (1994) used F2(onset) = kF2(vowel)+c on both stopsand fricatives. The corpus consisted of a small number of nonsense wordsproduced by four speakers of American English. k and c 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. Theslope of locus equations could be used to di�erentiate labiodentals from theother three places of articulation.Forrest et al. (1988) used spectral moments to characterise normal speechwith the intent of using them on disordered speech. In this method, thespectral envelope was treated as a probability density function and the �rstfour moments of that function were found and used in a cluster analysis.Results showed that spectral moments worked well to classify stops, as shownin Figure 6.1, but could not distinguish all fricatives. However, the authorsused a very limited corpus: only 5 words contained fricatives. They wereproduced 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 Frenchnative speaker. These researchers examined multiple tokens, varying e�ortlevels, di�erent vowel contexts, and three di�erent locations within a frica-tive. They showed that the moments that Forrest et al. (1988) found to bethe most useful for distinguishing fricatives (especially skewness) were not souseful with their data; the di�erences across context within place were typi-cally much greater than the di�erences across place. Jongman et al. (2000)seemingly contradicted this �nding in their study using 20 American speak-ers, and 6 vowel contexts for each fricative. ANOVAs showed that spectral118



skewness di�ered signi�cantly by place for all four places, and the other mo-ments were signi�cantly di�erent for two or three place - groups. For thesestudies, all subjects, voicing, vowel contexts, and location within fricativewere lumped together. The implication then is that the distributions foreach place overlapped substantially, and classi�cation based on these mea-sures would likely have a high failure rate. Very little information is givenabout the e�ect of voicing, vowel context, etc., on the values of each moment.

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 ofvarious time - and frequency - domain parameters via synthesis. She usednonsense words produced by four speakers of American English. She con-cluded that temporal and spectral characteristics of voiceless fricatives aremore dependent on vowel context than those of voiced fricatives, and whatshe referred to as \formant onset time of fricatives" provides important placeinformation. She also showed that the amplitudes of fricative noise in re-stricted frequency regions can distinguish sibilants (see de�nition on page 33)from nonsibilants.Funatsu (1995), in a cross - language study of Japanese and Russian fricativesin nonsense words, measured two spectral parameters: the frequency of themost prominent fricative peak (FF ) and the onset frequency of the secondformant transition of the following vowel (FV ), both measured over a 0 -10 kHz range. Japanese /A/ had a lower FF and higher FV than Japanese/s/. Russian /A/ had a lower FF and the same FV compared to Russian /s/.119



Russian fricatives, when followed by /o/ or /u/, had lower FF and FV valuesthan in /a/ vowel context. Japanese fricatives, when followed by /o/, hadlower FF and FV values than in /a/ vowel context, but when followed by/u/, /s/ had the same FF and FV values as in /a/ vowel context and /A/ hadthe same FF and higher FV values than in /a/ vowel context.Shadle and Mair (1996) de�ned two parameters, dynamic amplitude andspectral slope, which will be discussed in more detail later. These did notdistinguish the fricatives completely but did vary with source location ande�ort level as predicted.Evers et al. (1998) tried to distinguish and characterize the fricatives /s, A/produced by two speakers each of English, Bengali and Dutch (12 real words).They used power spectra computed from a single 40ms window placed mid -fricative, and calculated the slopes of linear regression lines �t to spectra from0 to 2.5 kHz (Sa) and from 2.5 kHz to 8 kHz (Sb). Their results showed thatit was possible to separate /s/ from /A/ by using the di�erence in slope belowand above 2.5 kHz, i.e., (Sa � Sb)A > (Sa � Sb)s. The slope di�erence was suc-cessful in categorizing the two sibilants within a range of 7 - 15 dB/kHz acrossthe three languages. Results also showed that there is no vowel in
uence inthe 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 perceptualtests suggested that a two - dimensional solution was the most appropriateto model the data. Dimension 1, shown to be related to the \peakiness" ofspectra (the di�erence between maximum amplitude and mean amplitude),clearly separated the sibilants from nonsibilants. Dimension 2, related to thecentre of gravity of the spectra, separated fricatives according to their placeof articulation. These representations were constructed from both perceptualsimilarity judgments and a Euclidean spectral distance metric obtained from1/3 - octave bandpass �ltering.Jongman et al. (2000) studied the frequency of the highest amplitude spectralpeak, and noise duration and amplitude, as cues to place of articulation.Spectral peak location decreased in frequency as place of articulation movedposteriorly. The amplitude of the highest amplitude spectral peak di�eredsigni�cantly for all four places of articulation, for values computed acrossspeakers, voicing and vowel context. Voiced fricatives had smaller amplituderelative to the vowel preceding them than unvoiced fricatives, with a larger120



di�erence between voiced and unvoiced for nonsibilants than for sibilants.Noise duration di�ered signi�cantly 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 �rst formant at vowelonset, 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 Sa used by Evers et al. (1998), were used in this study tocompare fricatives across - speaker, relate the more controlled productions(sustained and nonsense words) to those of real words, and gain insight intothe production mechanisms underlying the variations speci�c to Portuguese.In the process we have not only enhanced our understanding of Portuguesefricatives, but have contributed to the methodology for studying fricatives ofany language.6.3 ParameterisationThe mechanical model results of Shadle (1985) were used to de�ne parametersthat characterise the fricatives in the present study. These parameters havealready been developed as a potential tool for classifying fricatives using realspeech (Shadle and Mair 1996). They consist of measures of spectral slopeand of the dynamic range of the spectrum, and are applied to the spectrumof the far - �eld acoustic signal.The far - �eld acoustic signal is the result of the excitation of the vocal tracttransfer function by the source (for unvoiced) or sources (for voiced frica-tives). The transfer function consists of poles, which are the resonances ofthe entire vocal tract, and zeros, which are antiresonances, related to theposition 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 producesa zero at low frequencies. In a typical fricative con�guration, articulatorsform a small constriction that separates the upstream back cavity from thedownstream front cavity. Noise is generated somewhere downstream of that121



constriction. A set of antiresonances will be generated that nearly cancelback - cavity resonances. Front - cavity resonances are not cancelled, how-ever, and a set of anti - resonances is generated at frequencies related to thedistance between noise source and constriction. These anti - resonances resultin sharply - de�ned troughs in the spectrum if the noise source is localized; ifthe source is distributed, the troughs will be correspondingly smeared.The spectral prominence of the uncancelled resonances will depend on anumber of factors: the particular ordering of resonances and antiresonances inthe transfer function as a whole, the losses (particularly radiation losses) andthe noise source strength. Above approximately 5 kHz, non - planar modesbegin to propagate; the cut - on frequency is inversely proportional to thelongest 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, thetract downstream of it, and the 
ow velocity through it. This source spec-trum has been described as having a broad peak, with maximum amplitudeat a frequency proportional to the mean velocity through the constriction(Stevens 1971). This is the spectrum of turbulence noise generated by a freejet, and the parameters that allow spectra for any jet diameter or velocityto be collapsed into a single curve have been amply described in the litera-ture (e.g. Goldstein 1976). However, with most fricatives the jet emergingfrom the constriction cannot freely expand, but impinges on the tract wallsdownstream, generating additional noise; at speech dimensions and veloci-ties, these sources of noise are generally of much higher amplitude than theself - noise of the jet (Shadle 1990).Nelson and Morfey (1981) investigated the noise generated by a spoiler in aduct. These spectra likewise can be collapsed onto a single curve, but with animportant di�erence: the spectrum does not show a broad peak, but insteadshows a progressive decrease in amplitude as frequency increases. The sourcespectrum shape was similar to that derived by Shadle (1990) for obstacle -source mechanical models, which were shown to be good models for /s, A/(Shadle 1991).Figure 6.2 shows an idealized fricative noise source spectrum. If the tractgeometry, including constriction area, remains the same and 
ow velocityis increased, the spectral envelope of the noise increases in amplitude at allfrequencies, but more so at higher frequencies (Shadle and Mair 1996; Krane1999). A greater pressure drop across the constriction (�pc) results in a122



higher velocity through it, and thus an increased source amplitude. Forunvoiced fricatives, greater subglottal pressure results in a greater �pc; forvoiced fricatives, a pressure drop is required to drive the vocal - fold oscil-lation, and thus the noise source in voiced fricatives is generally weaker onaverage than in their unvoiced counterparts.
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ow velocityon the noise source spectral envelope.In a sustained fricative, the essentially static tract con�guration producesstatic source and �lter characteristics. Increasing the e�ort level shouldclosely approximate altering the source while keeping the �lter constant.For fricatives in vowel context, however, the articulators move at least atthe start and end of the fricative, setting up �lter and source characteristicssimultaneously, and may move during the fricative; for instance, the tongueconstriction may be held while the lips round in preparation for the followingvowel. While we hope to capture the source di�erences that occur during africative by using ensemble averaging at its beginning, middle and end, wemust remember that the �lter is changing during this time as well. Whenwe are forced to time - average through a fricative, all of these e�ects areaveraged together.In this study we are primarily interested in describing the acoustic variationcaused by the context or the way in which a particular fricative is spoken,rather than identifying the fricative regardless of its context. We are thusinterested primarily in changes in the source spectrum, since it o�ers clues to123



the source variations across subject and place. We have devised parametersaccordingly. However by restricting ourselves to the far - �eld acoustic spec-trum, it is not always possible to di�erentiate source and �lter characteristicsunambiguously.We originally planned to use F (shown in Figure 6.3) as the endpoint forthe spectral slopes. However, particularly for /f, v/, the values of F forthe subjects ranged widely, from 4.2 to 7.8 kHz. These di�erences were notinteresting, since the spectra were relatively 
at. We therefore computedparameter F , the average (rounded to the nearest kHz) of the manuallycalculated values of all sustained tokens (Corpora 1a and 1b) for each placefor all four speakers: F/f,v/ = 5 kHz, F/s,z/ = 6 kHz and F/A,O/ = 4kHz.In Figure 6.3, F di�ers from F , but the spectral slopes resulting appearto characterize the spectral shape fairly, and are computed using the samefrequency 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 lowestF , as expected, but this was not consistent either within subject for a givenfricative, or across fricatives.The dynamic amplitude, Ad, is the di�erence between the maximum ampli-tude value of the averaged power spectrum occurring between 500Hz (lowerlimit set so that room noise, and the peaks corresponding to the fundamen-tal frequency and its �rst few harmonics, are not used in the calculation ofAd) and 20 kHz, and the minimum amplitude between 0 and 2 kHz. Tworegression lines are �t to the spectrum; S 0p is the slope of the line �t to all thespectral amplitude points from 500Hz to F (shown in Figure 6.3 as a dashedline), and Sp is the slope of the line �t to all the points from F to 20 kHz(solid line). This frequency range allowed us to capture relevant variationsin the slope of the spectrum which was not possible in previous studies suchas the one by Badin et al. (1994), in which spectral tilts were measured onlyup to 5 kHz.
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related with either a more posterior place or greater source strength, becausea more posterior place (or rounding) lowers F and a greater source strengthincreases the amplitude of the peak at F . See Table 6.1 for a summary ofthe predicted e�ects on parameters.Table 6.1: Predicted e�ects on parameters.Phonetic Class Aeroacoustics PredictionsPosterior place; sibilants/s,z,A,O/ Longer front cavity; Lo-calized source; Highersource strength � F lower; Ad, Sp and S 0phigherForward place; nonsibi-lants /f,v/ Distributed source;Lower source strength F higher; Ad, Sp and S 0plowerUnvoiced Higher source strength � Ad, Sp and S 0p higherVoiced Lower source strength Ad, Sp and S 0p lowerLoud e�ort level (relativeto medium and soft) Higher source strength � Ad, Sp and S 0p higherMiddle of fricative (rel-ative to beginning andend) Higher source strength � Ad, Sp and S 0p higherStressed syllable (relativeto unstressed syllable) Higher source strength � Ad, Sp and S 0p higherMedial word position(relative to initial and�nal) Higher source strength � Ad, Sp and S 0p higherRounded (relative to un-rounded) Longer front cavity;Lower source strength y F lower; Ad higher; ? S 0pand Sp lowerMale subjects Longer front cavity;Higher source strength � F lower; Ad, Sp and S 0phigherFemale subjects Shorter front cavity;Lower source strength F higher; Ad, Sp and S 0plower� A higher source strength is produced by higher volume velocity for the sameconstriction area Ac, or a constant volume velocity for a smaller Ac. The netresult is a higher particle velocity in the constriction.y For rounded vowel contexts the lips form a second constriction and so the �rstconstriction (that intrinsic to the fricative) generates a noise source with lowerstrength (Shadle and Scully 1995).
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6.4 Results6.4.1 Sustained FricativesFigure 6.4 shows average regression line �ts (from F to 20 kHz) to the spec-tra of the sustained fricatives in Corpus 1b for Subject ISSS. Each graphcorresponds to a single place, and shows lines for three e�ort levels, voicedand unvoiced. Clearly, each place has a di�erent \family" of nearly - parallellines; higher e�ort level increases amplitude signi�cantly and slope slightly, aspredicted. For all subjects, the families of lines for the voiced and unvoicedfricatives always overlap, with the voiced cases mostly lower in amplitudeand occupying a smaller range of amplitudes than the unvoiced cases. Theresults were similar for the other subjects.
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In a plot of Ad by fricative, as shown in Figure 6.5 for one subject, /s, z, A, O/have higher Ad than /f, v/ as predicted. This holds for Corpora 1a and 1bfor all subjects. Ad also tends to be lower for voiced fricatives than for theirunvoiced counterparts, but this is less consistent across subject.
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The predictions made for Ad and Sp in Section 6.3 are shown in the schematicdiagram 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. Ifwe use the value of F as a third dimension then on a F vs. Ad vs. Sp plot thefricatives cluster by place (labiodental, alveolar and postalveolar) as shownin Figure 6.11. F is not, of course, an independent parameter, but plottingin this way allows us to check data for each place for the in
uence of otherfactors.
PSfrag replacements /s, z, A, O/ /f, v/Ad

SpFigure 6.9: Predicted Ad vs. Sp relations for the fricatives.
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As shown in Figure 6.12, we predict that on a S 0p vs. Sp plot each place willcluster separately, with voiced tokens having lower S 0p but similar Sp relativeto their unvoiced counterparts. Figure 6.13 shows S 0p vs. Sp values plottedfor Corpus 1a. For all speakers except ACC, both predictions were borneout. For ACC the voicing relationship was maintained, but /s, z/ tokensfell in between the /A/ and /O/ tokens. If we plot a F vs. Ad vs. Sp graphthe fricatives produced by all four speakers cluster by place, as shown inFigure 6.14.
PSfrag replacements /f//v//s//z/

/A//O/S 0p
SpFigure 6.12: Predicted S 0p vs. Sp relations for the fricatives.
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6.4.2 Fricatives in Context6.4.2.1 Fricatives in Nonsense Words (Corpus 2)In Figures 6.15 and 6.16, Ad and Sp are plotted vs. location of the analysiswindow 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 forthe sustained fricatives, Ad separates sibilants from /f, v/. Ad is higheron average at the middle of the fricative than at the beginning and end for/s, z, A, O/, as predicted. Sp tends to be lower for the sibilants than for /f, v/,but has no consistent trend with regard to location of the analysis windowwithin the fricative.
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Comparisons of stressed and unstressed fricatives indicate little or no changein Ad and Sp, as shown in Figures 6.23 and 6.24 for Corpus 2 fricatives, whichis not as predicted. We expected stress to act as increased e�ort level; thatis, we expected both Ad and Sp to be higher in stressed than in unstressedsyllables. However, it is clear that syllable stress does not a�ect fricatives incontext the way e�ort level a�ects sustained fricatives.
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We also wished to pursue stress: were the parameters a�ected noticeably?Did the overall amplitude of the spectrum of a fricative vary noticeably withstress? To answer these questions, we superimposed the ensemble - averagedspectra computed at the middle of all examples of each fricative in Corpus 2(Speaker LMTJ). The overall amplitude of stressed and unstressed fricativesis the same within �5 dB. The only signi�cant di�erence seems to be the am-plitude of the fundamental frequency component of voiced fricatives, whichis 10 - 15 dB higher for stressed than for unstressed examples. It thus ap-pears that stress results in a stronger voicing source, but does not a�ect thefricative noise source.6.4.2.2 Fricatives in Real Words (Corpus 3 and 4)On F vs.( Ad or S 0p) vs. Sp graphs the fricatives in real words (Corpus 3 and4), produced by all four speakers, cluster by place as shown in Figures 6.29to 6.32. Of course, F is not an independent parameter, but given the largenumber of tokens, using F as in Figures 6.29 to 6.32 allows us to checkfor other relationships more easily. Unlike in Corpus 1a, there is no clearrelationship 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 DevoicingDuration and devoicing correlations were also examined, as well as the re-lationship to the parameters Ad and Sp. There does not seem to be anycorrelation between these two factors (duration and devoicing) and the val-ues of our parameters. There is some evidence, however, that the vowel tofricative 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 Ad, Sp and dura-tion, and various other contextual factors (stressed / unstressed syllables;word - initial /medial / �nal fricatives; voiced / partially - devoiced / devoicedfricatives), but without identifying any signi�cant trends, as shown in Fig-ures 6.33 to 6.35.
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6.5 SummaryIn this chapter, Portuguese fricatives were analysed in ways designed to en-hance our description of the language and to increase our understanding ofthe production of fricatives. The parameters spectral slope, frequency ofmaximum amplitude, and dynamic amplitude, were developed to character-ize fricative spectra, and applied to corpora. The parameters behaved aspredicted for changes in e�ort level, voicing, and sampling time within thefricative. Some combinations were also useful for separating the fricatives byplace 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 andunstressed fricatives indicate little or no change in Ad and Sp, which is notas predicted. Since this pattern occurs also in real words of Corpus 3, thismay be a characteristic of Portuguese; the e�ect on a fricative of syllablestress is not the same as that of increased e�ort level.A combination of parameters Ad and Sp was also useful for separating thefricatives by sibilance, and a combination of parameters Sp and S 0p separatedthe 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 Portuguesethat di�er from English or French fricatives. The quanti�ed spectral char-acteristics of Portuguese fricatives can be related to speci�c properties ofthe transfer function and source spectrum during the production of thesesounds, although using only the far - �eld acoustic signal will always presenta limitation to source - �lter separation.
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Chapter 7
A Case Study of Bilinguality
7.1 IntroductionThe main aim of this chapter was to compare the Portuguese results to pre-viously published results for English fricatives. Corpora developed at theUniversity of Southampton for American English did not include such a richvariety of real words as used in the Portuguese study. Therefore we designeda new British English corpus, which included some of the sentences used ina 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 ofthe main production variation factors: the across - speaker di�erences.According to Watson (1991, p. 27), when a child is learning the phonologyand 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,163



despite the non - invariance of the former;4. master the correct articulatory routines to produce acousticpatterns which satisfy other native speakers as being ade-quate realisations of di�erent phonemes.Although some bilinguals seem to attain monolingual - like speech productionin both languages, it is very likely that bilinguals choose di�erent strategiesfrom monolinguals, which \reduce the diÆculties created by their need touse two systems, without thereby sounding in any way abnormal in either"(Watson 1991, p. 37). Therefore we must consider the particulars of bilingualspeech when interpreting our cross - language results, and begin our study byestablishing the type of bilinguality exhibited by our subjects.7.1.1 Type of BilingualityWe 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 speakersof Portuguese and of English. There are several ways of classifying bilingualsin terms of their 
uency and language dominance (Hughes 1989; Bachmanand Palmer 1996), so we used a previously tested procedure. Subjects �lledin the questionnaire shown in Appendix F, which was originally designed byHazan and Boulakia (1993).The subjects used in this study were two adult bilingual siblings, with noreported 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' motheris a European Portuguese speaker and the father a British English speaker;they reside in Cascais, Portugal. They have interacted with their parentssince infancy in their mother tongues: in Portuguese with their mother andin English with their father. The age and context of acquisition of bothlanguages, 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 homeand with friends from infancy; received some education in Portuguese.164



2. Past and present use of Portuguese: used frequently at home and withfriends.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 mostlyin English (English School in Portugal, Secondary Boarding School inEngland, and University in England).4. Past and present use of English: used frequently at home, with friendsand at the University.5. Degree of literacy: undergraduate degree.Speaker RS { age 18.1. Age and context of acquisition of Portuguese: acquired in the homeand with friends from infancy; received some education in Portuguese.2. Past and present use of Portuguese: used frequently at home and withfriends.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 mostlyin English (English School in Portugal, Secondary Boarding School inEngland, and University in England).4. Past and present use of English: used frequently at home, with friendsand at the University.5. Degree of literacy: secondary school.The level of bilingual competence was evaluated informally by two speechresearchers, where the naturalness of the recorded Portuguese and Englishsentence corpora was judged to be close to \native - like" for both speakersand 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 BilingualityThe subject of acoustic phonetics is such a complex area of research where amultitude of analysis and modelling methods is used, that it has always beendiÆcult to �nd a conceptual framework to investigate bilinguality. Therefore,studies of bilingual speech have been mainly focused on categorical perceptionof plosives. Spanish and English bilinguals and monolinguals were analysedby Abramson and Lisker (1973), Williams (1977), Bond et al. (1980), andKonefal and Fokes (1981). Voice onset times (VOTs) and voicing perceptionof Spanish and English were di�erent. The perception and production ofplosives were also studied for French -English bilinguals, monolingual Frenchspeakers and monolingual English speakers by Caramazza et al. (1973).Results showed that French and English monolingual speakers have di�erentVOTs, and that bilinguals use an \intermediate" voicing contrast. Watson(1990) also studied the acquisition of plosive voicing contrast of French andEnglish monolinguals and bilinguals. Two cues of voicing were observed,with only marginal di�erences between monolinguals and bilinguals: overallduration of voicing of French VCVs and length of English vowels. Hazan andBoulakia (1993) also showed that French -English bilinguals did not alwaysproduce monolingual - like VOTs.7.1.3 Previous Cross - Language Studies of FricativesIn large cross - language studies of fricatives, di�erent sets of acoustic param-eters have been used. Ladefoged and Maddieson's (1996) book describes ingreat detail all fricatives in the IPA chart with examples from world lan-guages, provides a good literature review and presents ideas to improve theacoustical description of fricatives. Maddieson (1984) examined the frica-tive inventories of many world languages, and described their frequency ofoccurrence and the structure of systems of fricatives.Nartey (1982) studied the fricatives of twelve di�erent languages, reportingthe spectral peaks previously shown in Tables 5.1 and 5.2 for /f, v, G, �,s, z, A, O/ in three di�erent nonsense -word vowel contexts /i, a, u/. Thepeaks reported for each fricative vary over a range which is common to mostlanguages and the e�ect of lip rounding (the frequencies of all peaks arelowered) can be observed for all languages. The fricative repertoire of eachlanguage is quite di�erent, which might account for some of the spectral166



di�erences.Shinn's (1985) analysis of Mandarin, Czech and German CV syllables, pro-duced by three native speakers, consisted of an investigation of voice onsettime (VOT), noise duration (ND), the time interval from noise onset at thebeginning of the syllable to the sample with the highest amplitude (RT), falltime (FT=VOT -RT), the energy (in dB) at noise onset divided by the energyof the background noise (EN), and the energy at the consonant onset dividedby the average energy in the interval 20 to 70ms after consonant onset (AT).Results were compared with a study by Howell and Rosen (1983), who useda similar methodology. Average results of the study by Shinn (1985) areshown in Table 7.1 for fricatives in /a/ and /u/ vowel contexts (Mandarin/s, A/, Czech /s, z, A, O/ and German /f, v, z/).Table 7.1: Results from the study of Shinn (1985).Mandarin Czech GermanRT (ms) 101 116 90EN 1.2 1.5 1.2AT 1.7 1.9 1.6ND (ms) { /f/ - - 130ND (ms) { /s/ - 221 -ND (ms) { /z/ - 154 150ND (ms) { /A/ - 201 -ND (ms) { /O/ - 162 -Parameters were averaged for the fricatives of each language, and the authorpresented a detailed discussion of which parameters were the most usefulfor place classi�cation and language distinction. RT was very stable acrosslanguages, and VOT quite variable. Average NDs were not signi�cantlydi�erent across languages, and the values of EN were very similar for the threelanguages. There was no signi�cant di�erence between the Mandarin, Czechand German AT values. There was little information about the di�erentproduction 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 �x the jaw. The subjectswere two American English speakers and three Saudi Arabia Qassimi Arabicspeakers. Electropalatography analysis of normal speech showed that the167



Arabic subjects had more narrow and more anterior /s/ grooves than Englishsubjects. English subjects compensated for the bite block more completelythan Arabic subjects.Cross - language studies of Japanese and Russian by Funatsu (1995), and ofEnglish, Bengali and Dutch by Evers et al. (1998), have been previouslydiscussed in Section 6.2.7.2 Corpora Design and RecordingThe Portuguese corpora had a very similar design to the corpora describedin Chapter 2. The English corpora was designed to provide valid data forcross - language comparisons with the Portuguese corpora. It also includedsustained fricatives (Corpus 1a 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) wereaugmented 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 thecurrent session, and the order of corpora recording was one of decreasingnaturalness: we started by recording the sentence corpus (Corpus 4), fol-lowed by the real word corpus (Corpus 3), nonsense word corpus (Corpus 2),and �nally the sustained fricative corpora (Corpora 1a and 1b). Technicalaspects of the recording method were the same as described in Section 2.3.7.3 ResultsThe segmentation techniques, temporal and spectral analysis methods, andparameterisation used in this Portuguese and English cross - language study,were the same as in the study of Portuguese. The value of F used for Englishdental fricatives was the same as used for Portuguese labiodental fricatives,that is, F/f, v, G, �/ = 5kHz. This resulted from an analysis of Corpus 1aand Corpus 1b, that consisted of a comparison of the spectra of fricatives/G, �/ with those of fricatives /f, v/. The overall amplitude and spectralpeaks of /G, �/ did not di�er substantially from /f, v/, so an F = 5kHz was168



considered adequate for both places of articulation.7.3.1 DurationThe minimum, maximum and median 1 durations of Portuguese and Englishfricatives from Corpus 3 are shown in Table 7.2, and the median durationsare graphed in Figure 7.1. The median duration of the unvoiced fricatives isalways greater than the median duration of the voiced fricatives, which agreeswith results for the English language (Hogan and Rozsypal 1980; Crystaland House 1988; Stevens et al. 1992; Pirello et al. 1997). However, there isno signi�cant di�erence by place of articulation or between Portuguese andEnglish in the results presented in Figure 7.1.1Median { the 50th percentile of a sample. The median is a robust estimate of thecentre of a sample of data, since outliers have little e�ect on it.
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Table 7.2: Duration of fricatives in Corpus 3.Speaker PS { PortugueseMinimum (ms) Median (ms) Maximum (ms)/f/ 65 122 155/v/ 39 79 140/s/ 91 124 168/z/ 63 80 122/A/ 77 123 166/O/ 48 88 145Speaker PS { EnglishMinimum (ms) Median (ms) Maximum (ms)/f/ 60 122 190/v/ 47 77 142/G/ 89 99 153/�/ 12 49 81/s/ 50 122 239/z/ 57 94 152/A/ 94 120 204/O/ 65 85 111Speaker RS { PortugueseMinimum (ms) Median (ms) Maximum (ms)/f/ 105 148 215/v/ 46 72 152/s/ 129 168 271/z/ 54 84 114/A/ 118 153 228/O/ 54 72 189Speaker RS { EnglishMinimum (ms) Median (ms) Maximum (ms)/f/ 114 151 241/v/ 38 92 179/G/ 95 138 192/�/ 23 64 124/s/ 105 152 253/z/ 64 99 165/A/ 120 173 256/O/ 62 87 203
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Figure 7.1: Median duration of fricatives /f, v, G, �, s, z, A, O/ in Cor-pus 3. Portuguese { solid line; English { dashed line; � { Speaker PS;Æ { Speaker RS. Number of tokens per point: /f/ (PS, P./E.) { 24/19;/f/ (RS, P./E.) { 24/19; /v/ (PS, P./E.) { 30/24; /v/ (RS, P./E.) { 29/24;/G/ (PS) { 9; /G/ (RS) { 9; /�/ (PS) { 9; /�/ (RS) { 9; /s/ (PS, P./E.) {27/33; /s/ (RS, P./E.) { 27/33; /z/ (PS, P./E.) { 25/17; /z/ (RS, P./E.) {25/16; /A/ (PS, P./E.) { 32/20; /A/ (RS, P./E.) { 32/20; /O/ (PS, P./E.) {25/11; /O/ (RS, P./E.) { 25/11.7.3.2 DevoicingA complete inventory of devoiced, partially devoiced and voiced examplesin Corpus 3 is presented for both speakers in Tables 7.3 to 7.6. For bothPortuguese and English, most word - �nal fricative examples (48 out of 50)were totally devoiced. Overall results from the analysis of devoicing showthat more than 50% of the fricatives devoice, except for /�/ produced by PS,as shown in Figure 7.2. The percentage of devoicing is plotted by positionin words in Figure 7.3. There is no signi�cant di�erence between Portugueseand 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 formx=y, where x = number of devoiced, partially devoiced or voiced examples,and y = total number of examples. Corpus 3, Speaker PS { Portuguese.Fricative Word -Initial Word -Medial Word -Final All Pos. Voicing/v/ 10/11(90.9%) 9/12(75%) 7/7(100%) 26/30(86.7%) Devoiced0 1/12(8.3%) 0 1/30(3.3%) PartiallyDevoiced1/11(9.1%) 2/12(16.7%) 0 3/30(10%) Voiced/z/ 9/10(90%) 10/12(83.3%) 3/3(100%) 22/25(88%) Devoiced0 2/12(16.7%) 0 2/25(8%) PartiallyDevoiced1/10(10%) 0 0 1/25(4%) Voiced/O/ 9/10(90%) 10/12(83.3%) 3/3(100%) 22/25(88%) Devoiced1/10(10%) 1/12(8.3%) 0 2/25(8%) PartiallyDevoiced0 1/12(8.3%) 0 1/25(4%) VoicedAll Fric. 28/31(90.3%) 29/36(80.6%) 13/13(100%) 70/80(87.5%) Devoiced1/31(3.2%) 4/36(11.1%) 0 5/80(6.3%) PartiallyDevoiced2/31(6.5%) 3/36(8.3%) 0 5/80(6.3%) Voiced
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Table 7.4: Inventory of all cases of devoicing. Values given are in the formx=y, where x = number of devoiced, partially devoiced or voiced examples,and y = total number of examples. Corpus 3, Speaker PS { English.Fricative Word -Initial Word -Medial Word -Final All Pos. Voicing/v/ 7/7(100%) 5/10(50%) 6/7(85.7%) 18/24(75%) Devoiced0 2/10(20%) 0 2/24(8.3%) PartiallyDevoiced0 3/10(30%) 1/7(14.3%) 4/24(16.7%) Voiced/�/ 1/1(100%) 2/7(28.6%) 0 3/9(33.3%) Devoiced0 1/7(14.3%) 1/1(100%) 2/9(22.2%) PartiallyDevoiced0 4/7(57.1%) 0 4/9(44.4%) Voiced/z/ 3/5(60%) 5/5(100%) 7/7(100%) 15/17(88.2%) Devoiced2/5(40%) 0 0 2/17(11.8%) PartiallyDevoiced0 0 0 0 Voiced/O/ - 8/9(88.9%) 2/2(100%) 10/11(90.9%) Devoiced- 1/9(11.1%) 0 1/11(9.1%) PartiallyDevoiced- 0 0 0 VoicedAll Fric. 11/13(84.6%) 20/31(64.5%) 15/17(88.2%) 46/61(75.4%) Devoiced2/13(15.4%) 4/31(12.9%) 1/17(5.9%) 7/61(11.5%) PartiallyDevoiced0 7/31(22.6%) 1/17(5.9%) 8/61(13.1%) Voiced
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Table 7.5: Inventory of all cases of devoicing. Values given are in the formx=y, where x = number of devoiced, partially devoiced or voiced examples,and y = total number of examples. Corpus 3, Speaker RS { Portuguese.Fricative Word -Initial Word -Medial Word -Final All Pos. Voicing/v/ 8/11(72.7%) 10/16(62.5%) 3/3(100%) 21/30(70%) Devoiced3/11(27.3%) 3/16(18.8%) 0 6/30(20%) PartiallyDevoiced0 3/16(18.8%) 0 3/30(10%) Voiced/z/ 5/10(50%) 8/15(53.3%) - 13/25(52%) Devoiced5/10(50%) 6/15(40%) - 11/25(44%) PartiallyDevoiced0 1/15(6.7%) - 1/25(4%) Voiced/O/ 7/10(70%) 7/14(50%) 1/1(100%) 15/25(60%) Devoiced2/10(20%) 3/14(21.4%) 0 5/25(20%) PartiallyDevoiced1/10(10%) 4/14(28.6%) 0 5/25(20%) VoicedAll Fric. 20/31(64.5%) 25/45(55.6%) 4/4(100%) 49/80(61.3%) Devoiced10/31(32.3%) 12/45(26.7%) 0 22/80(27.5%) PartiallyDevoiced1/31(3.2%) 8/45(17.8%) 0 9/80(11.3%) Voiced
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Table 7.6: Inventory of all cases of devoicing. Values given are in the formx=y, where x = number of devoiced, partially devoiced or voiced examples,and y = total number of examples. Corpus 3, Speaker RS { English.Fricative Word -Initial Word -Medial Word -Final All Pos. Voicing/v/ 6/7(85.7%) 8/10(80%) 7/7(100%) 21/24(87.5%) Devoiced0 2/10(20%) 0 2/24(8.3%) PartiallyDevoiced1/7(14.3%) 0 0 1/24(4.2%) Voiced/�/ 1/1(100%) 6/7(85.7%) 1/1(100%) 8/9(88.9%) Devoiced0 0 0 0 PartiallyDevoiced0 1/7(14.3%) 0 1/9(11.1%) Voiced/z/ 2/5(40%) 4/5(80%) 6/6(100%) 12/16(75%) Devoiced2/5(40%) 0 0 2/16(12.5%) PartiallyDevoiced1/5(20%) 1/5(20%) 0 2/16(12.5%) Voiced/O/ - 7/9(77.8%) 2/2(100%) 9/11(81.8%) Devoiced- 2/9(22.2%) 0 2/11(18.2%) PartiallyDevoiced- 0 0 0 VoicedAll Fric. 9/13(69.2%) 25/31(80.7%) 16/16(100%) 50/60(83.3%) Devoiced2/13(15.4%) 4/31(12.9%) 0 6/60(10%) PartiallyDevoiced2/13(15.4%) 2/31(6.5%) 0 4/60(6.7%) Voiced
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7.4 SummaryIn this study, we designed fricative corpora ranging from sustained frica-tives to real Portuguese and English words, and recorded and analysed twobilingual speakers. Our goal was to test some conclusions from our study offour monolingual Portuguese subjects, and to compare our results to thoseof previous studies of English fricatives.Our principal �ndings are as follows. Devoicing occurs more often in word -�nal than word - initial position, both for Portuguese and English fricatives.The percentage of totally devoiced Portuguese examples produced by thefour monolingual subjects was higher than for English examples producedby the two bilingual subjects, but Portuguese and English bilingual resultswere very similar.The parameters spectral slope, frequency of maximum amplitude, and dy-namic amplitude, were applied to the bilingual corpora. A combination ofparameters Ad and Sp and of parameters Sp and S 0p was useful for separatingthe fricatives by sibilance. Results for Portuguese and English fricatives seemto be very similar. The parameters Ad, Sp and S 0p are either capturing as-pects of Portuguese that do not di�er from English, or the subjects producePortuguese and English fricatives the same way.The parameters in this cross - language study might not be capturing sub-tle di�erences, 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 twoneeds to sound suÆciently like a native speaker to conform to twodi�erent language communities and to reduce the processing loadof having to master two di�erent phonetic repertoires....Bilinguals modify the same variables in the production of boththeir languages as monolinguals, within approximately the samelimits, but within these limits the details of their use of thesevariables may di�er.It is possible that speakers PS and RS used di�erent production strategies180



from monolinguals, without this being perceptible, but resulting in an atten-uation of language acoustical contrasts. Therefore our British English corpusshould be used to collect data on monolingual subjects in the future.
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Chapter 8
Conclusions and Future Work
8.1 IntroductionIn this thesis, the design of a corpus of European Portuguese fricative con-sonants, the recording of four native Portuguese (monolingual) subjects, theacoustic properties of fricatives and the parameterisation of their spectra,have been described. This provided new clues to the production mechanismsof fricatives, i.e., how the fricative sound source and �lter dynamic behaviour(deduced from the temporal and spectral analysis) are a�ected by di�erente�ort levels, vowel contexts, stress and position in word.Corpora were designed including Portuguese words, nonsense words followingPortuguese phonology, and sustained fricatives at three di�erent e�ort levels;these were recorded for four speakers. The speech corpus re
ects the varietyof 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, andthe correlation between devoicing and duration investigated.The broad spectral envelope was also analysed, and a description of signi�-cant peaks and troughs was presented in great detail. The parameters spec-tral slope and dynamic amplitude were developed to characterize fricativespectra, and applied to corpora. 182



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 malebilingual speaker and a female bilingual speaker, were collected in separaterecording sessions. The Portuguese corpus had a very similar design to theone described in Chapter 2. The English corpus was designed to providevalid data for cross - language comparisons with the Portuguese corpus.8.2 Summary of Results for Labiodental,Alveolar and Postalveolar FricativesThis detailed study increases our knowledge of the acoustic phonetics ofPortuguese fricatives. Previous linguistic descriptions were based on verylimited temporal and spectral information on fricatives, and did not identifydevoicing as an intrinsic phenomenon of the Portuguese language. The re-duction of vowel /i/ (Andrade 1994) and the reduction of vowel /u/ in �nalword position have been shown always to occur in real words, far more oftenthan previously reported. The language - speci�c phonological rule presentedin Mateus and Andrade (2000, p. 11), stating that Portuguese only allowspostalveolar fricatives word - �nally, should be revised. Mateus and Andrade(2000, p. 12) also state \that phonetically any consonant may be found inword �nal position", which agrees with the results of the present study andconstitutes a strong argument towards the revision of speci�c linguistic rules.The sustained fricative corpora were better controlled and easier to analysethan 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 verysimilar spectral results were obtained for sustained fricatives and fricatives inreal words. There were naturally some di�erences, such as the high frequencybroad peaks not always being visible in real words or the \unique" devoicingpattern of Speaker ACC in Corpus 2, but these seem to result from the factthat the \naturalness" of the speech samples increases as we progress fromCorpus 1a to Corpus 4, and that di�erent \unnatural" production strategieswere used by each speaker in Corpus 1a, 1b and 2.The mean duration of the unvoiced fricatives is always greater than the meanduration of the voiced fricatives, which agrees with previous results for theEnglish language, and the mean duration of the fricative is greater than the183



mean duration of the VF and FV transitions. These temporal characteristicscould be observed in both Corpus 3 and Corpus 4.Voiced fricatives devoice in over one - half of the cases in both nonsenseand real words, the only exception being Speaker ACC who voiced mostof the Corpus 2 tokens. A possible explanation for such high percentagesof devoicing could be that, due to the structure of the language and itsvocabulary, Portuguese speakers are very seldom faced with confusions be-tween voiced and devoiced examples. Devoicing increases from word - initial,through word -medial to word - �nal positions, but there seems to be no par-ticular vowel context that causes devoicing. In Corpus 3, the percentage ofdevoicing seems to increase as the place of articulation moves posteriorly,but in Corpus 4 /O/ doesn't devoice as much as in Corpus 3. This could bebecause Corpus 4 is a sentence corpus, or because the place of articulation of/O/ is less posterior. The percentage of examples which were classi�ed in thesame category (devoiced, partially voiced or voiced) using the manual andautomatic devoicing criterion is quite high, which shows great potential forthe use of the automatic technique in future work.Spectral analysis showed that peak and trough locations are speci�c to eachplace of articulation, and quite similar to some peak frequencies reportedpreviously for other languages. Only round back vowel context a�ects someof the peak and trough locations in the spectra. Fricatives in the same vowelcontext, within a word and across word boundaries, have similar temporaland spectral characteristics. The high e�ort level of fricatives in Corpus 1bdoes not correspond to any of the fricatives in words. The level used toproduce Portuguese fricatives seems to correspond to something between softand medium e�ort levels for sustained fricatives. The spectral amplitude hasa fairly similar fallo� at all e�ort levels. The di�erences between the threee�ort levels are smallest at low frequencies, and the amount of amplitudedi�erence at high frequencies varies with the fricatives and tends to be smallerfor the voiced fricatives. The overall amplitude of voiced fricatives is eitherthe same or lower than their unvoiced counterparts, the di�erence varyingbetween 0 and 20 dB. For postalveolar fricatives, there is a 20 - 30 dB drop ofamplitude from the �rst broad peak (2.3 - 4.7 kHz) to 20 kHz. The e�ect ofe�ort level on the spectral peaks and troughs of each fricative varies amongspeakers, and there is no correlation between stress of the syllable containingthe fricative in Corpus 2 and word position in Corpus 3.Each place has a di�erent \family" of nearly - parallel average regression �tlines; higher e�ort level increases amplitude signi�cantly and slope slightly,184



as predicted. The families of lines for the voiced and unvoiced fricativesalways overlap, with the voiced cases mostly lower in amplitude and occupy-ing a smaller range of amplitudes than the unvoiced cases. /s, z, A, O/ have ahigher Ad than /f, v/, as predicted; this parameter also di�erentiates betweenvoiced fricatives and their unvoiced counterparts. Slope generally increaseswith increased e�ort level, though this pattern is much more consistent forunvoiced fricatives. When Ad and Sp are plotted vs. location of the anal-ysis window within the fricative for Corpus 2, Ad is higher on average atthe middle of the fricative than at the beginning and end for /s, z, A, O/, aspredicted.A combination of parameters Ad and Sp was useful for separating the frica-tives by sibilance, and a combination of parameters F , Ad and Sp separatedthe fricatives both by place and sibilance. On a F vs. Ad or S 0p vs. Sp graphthe fricatives cluster by place. If we use place knowledge, i.e. use F , to plotAd vs. Sp at the beginning, middle and end, the results are inconclusive.Preliminary comparisons of stressed and unstressed fricatives indicate little orno change in Ad and Sp, for Corpus 2 fricatives, not as predicted. The overallamplitude of stressed and unstressed fricatives is the same, so the parametersseem to capture the main spectral features. The only signi�cant di�erenceseems to be the amplitude of the fundamental frequency component, whichis 10 - 15 dB higher for stressed than for unstressed fricatives.There seems to be no consistent e�ect of rounding in the values of Ad and Sp.There is also no correlation between duration and devoicing, and the valuesof parameters Ad and Sp. We also studied the correlation between the valuesof Ad, Sp and duration, and various other contextual factors (fricatives instressed and unstressed syllables; word - initial, word -medial and word - �nalfricatives; voiced, partially devoiced and devoiced fricatives), without muchsuccess.8.3 Summary of Results for Uvular Fricativesand Voiceless Tapped Alveolar FricativesThe uvular fricative /K/ seems to be produced on a regular basis only byspeakers CFGA and ISSS, which is probably related to their particular pro-duction strategies, and its voiced counterpart /@/ is used very seldom. Al-185



though the corpora we had available were very limited, for the study of uvularfricatives, it allows us to propose /K/ as a phone of standard European Por-tuguese, but more data are needed to con�rm this hypothesis. Frequencylocation of [K] peaks (1.2 - 1.8 kHz, 2.4 - 3 kHz and 3.4 - 4 kHz) clearly indicatea back place of articulation, with median duration of 69ms.The median duration of [9�] was 22ms, very similar to the closure durationof 20 - 30ms for alveolar taps reported by Recasens (1991) for one Catalanspeaker, the author, who also mentions that, for some vowel contexts, thereis an incomplete closure at the central alveolar area. This probably meansthat 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 [9�] was quite low, which perhaps suggests a di�erent classi�cation ofthis speech sound, as an allophone of both /t/ and /d/, as previously sug-gested by Kent and Read (1992, p. 141 - 142) for [9]. The short duration of [9�]suggests a stop - like manner of articulation, but it has fricative turbulencenoise characteristics, di�erent from the transient burst noise of plosives. [9�]seems to be quite common in European Portuguese, and de�nitely should beconsidered in future fricative and plosive studies of this language.8.4 ConclusionsThe main contributions of the work described in this thesis were as follows.A novel methodology of corpus design, a systematic and coherent temporalanalysis, 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. Aset of relevant acoustic properties of fricatives and the parameterisation oftheir spectra, could be useful for future work on Portuguese phonetics andthe synthesis of Portuguese fricatives.Much data has been collected re
ecting the variety of phonetic contexts inwhich fricatives occur, and there is a rich description of various dynamicbehaviours (e.g. VF and FV transition durations), which could be used forimproved speech synthesis. Durational data of both the fricatives and tran-sitions, information about devoicing and the spectral parameters, should beof interest to other researchers. The peak frequencies, spectral amplitude186



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 proposedby 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 - �nal thanword - initial position. It is thought that these are important characteristicof European Portuguese, but comparisons with results from other languagesis very limited because of di�erent methodologies used in di�erent studies.Therefore, the results presented in this thesis might be challenged by fu-ture work of other researchers, and cross - languages comparisons constitutea whole new area still to be explored further.8.5 Further WorkA re�ned set of distinctive features for the Portuguese fricatives, that will beuseful for synthesizing more natural fricatives and for comparing the charac-teristics of fricative consonants in Portuguese with other languages, could beproduced 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 variousstudies by Shadle et al. (Shadle 1992; Shadle and Carter 1993). These cor-pora should be further analysed and extended to include monolingual Englishspeakers, where the focus should be on �nding speci�c di�erences betweenfricatives of Portuguese and English (devoicing, place and intensity), inde-pendent of inter - speaker variations.The large annotated acoustic database of Portuguese should be extended tomore speakers, therefore making it more representative of European Por-tuguese characteristics, and some of the corpora could also be extended toinclude aerodynamic measurements (Rothenberg mask and intraoral pres-sure) and acquisition of articulatory data (electropalatography).It is very important to record di�erent speakers in the future, because besidesstudying speci�c fricative attributes (Corpus 1a, Corpus 1b and Corpus 2) we187



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 arelanguage - speci�c and so to validate the results we need a larger number ofspeakers.Electropalatography (EPG) could also be useful in the future, to investi-gate, for example, if there is any place shift for the di�erent e�ort levels ofsustained fricatives. If there are no place changes, it makes it more likelythat the only di�erence between the three e�ort levels is source intensity.However, currently available articulatory measurement techniques have theirlimitations, e.g., /O/'s possible place change might be hard to see with EPG(partly o� palate) and MRI (it is not possible to obtain complete 3D MRImeasurements 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 datawe have recently collected for the Portuguese language and the vast set ofEnglish data available at the Department of Electronics and Computer Sci-ence, University of Southampton. Magnetic resonance imaging (MRI) datacollected by Shadle et al. (1996) have been processed by Holtrup (1998), andthere is now detailed information about the dimensions of the vocal tractthat can be used in a future speech production model. Acoustic and MRIdata analysed in recent Ph.D. theses (Mohammad 1999; Jackson 2000), couldalso be a useful source of information for the English language.As far as the de�nition of a speech production model for fricative consonantsis concerned, an innovative hybrid of acoustic, aerodynamic and articulatorymodels, currently used for speech synthesis, seems to be the most promisingway forward. A new fricative production model could be incorporated in anarticulatory synthesizer based on models developed by Scully (1990), Davieset al. (1993), and Narayanan and Alwan (2000).
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Appendix A
Listings of Corpora 3 and 4
A.1 Corpus 3: Real WordsPortuguese words with fricatives /f, v, s, z, A, O/ in initial and medial position(nearly minimal pairs):fofa { /^fof�/ { English de�nition: soft.viver { /vi^ve9/ { to live.viva { /^viv�/ { hurrah!, live (imperative), bless you.cessa { /^s�s�/ { ceases (verb form).Z�ez�e { /^z�z�/ { (diminutive of Joseph = Joe).chocha { /^AoA�/ { spineless, insipid, empty.bochecha { /bu^AeA�/ { cheek.Gigi { /Oi^Oi/ { (diminutive of a woman's �rst name).Portuguese words with fricatives in initial position:�go { /^�gu/ { �g. 189



ferir { /fi^9i9/ { to hurt, to injure.febra { /^feb9�/ { a joint of pork.ferro { /^f�?u/ { iron.falir { /f�^li9/ { to go bankrupt.fala { /^fal�/ { speech.foco { /^f4ku/ { torch.fogo { /^fogu/ { �re.furar { /fu^9a9/ { to drill.vila { /^vil�/ { small town.vermelho { /vi9^m�Lu/ { red .ver { /ve9/ { to see.v�eu { /^v�w/ { veil.veia { /^v�j�/ { vein.vaca { /^vak�/ { cow.volta { /^v4lt�/ { go/come back! (imperative), turn.voo { /vow/ { 
ight.vogar { /^vuga9/ { to row, to 
oat.s��tio { /^sitju/ { place.secar { /si^ka9/ { to dry.sede { /^sedi/ { thirst.seta { /^s�t�/ { arrow.saber { /s�^be9/ { knowledge, to know.sala { /^sal�/ { room, suite.s�o { /s4/ { alone, lonely, only.sopa { /^sop�/ { soup. 190



subir { /su^bi9/ { to climb, to mount, to rise.Zita { /^zit�/ { (woman's name, diminutive of a woman's name).zelar { /^zila9/ { to watch over, to pay great attention to.zelo { /^zelu/ { zeal.Z�e { /z�/ { (diminutive of Jos�e = Joseph).zarpar { /z�9^pa9/ { to escape, to run away, to lift anchor.Zaire { /^zaj9i/ { (proper noun).Z�opiro { /^z4pi9u/ { (proper noun).zona { /^zon�/ { zone.zurrar { /zu^?a9/ { to bray.chicote { /Ai^k4ti/ { whip.chegar { /Ai^ga9/ { to arrive.cheta { /^Aet�/ { \n~ao ter cheta" ! \to be penniless".cheque { /^A�ki/ { cheque.chamar { /A�^ma9/ { to call.ch�a { /Aa/ { tea.choca { /^A4k�/ { brooding (feminine), shocks (verb form).choco { /^Aoku/ { brooding (masculine), cuttle �sh.chorar { /Au^9a9/ { to cry.girar { /Oi^9a9/ { to spin.gelado { /Oi^ladu/ { ice cream.gelo { /^Oelu/ { ice.germe { /^O�9mi/ { germ.jaqueta { /O�^ket�/ { short jacket.jacto { /^Oatu/ { jet. 191



j�oia { /^O4j�/ { jewel.jogo { /^Oogu/ { game.judeu { /Ou^dew/ { Jew.Portuguese words with fricatives in medial position:efectuar { /i^f�twa9/ { to accomplish.benef��cio { /bini^ f isju/ { bene�t.trefo { /^t9efu/ { cunning, astute.ben�e�co { /bi^n��ku/ { bene�cial.a�ar { /��^a9/ { to sharpen.caf�e { /k�^f�/ { co�ee .garrafa { /g�^?af�/ { bottle.bafo { /^bafu/ { breath.galhofa { /g�^L4f�/ { amusement, frolic.mofo { /^mofu/ { mould.bufa { /^buf�/ { to blow (verb form).altivo { /al^tivu/ { haughty, arrogant.dever { /di^ve9/ { duty, to owe.levar { /li^va9/ { to take.relevo { /?i^levu/ { relief.leva { /^l�v�/ { takes (verb form).av�o { /�^v4/ { grandmother.cava { /^kav�/ { digs (verb form).bravo { /^b9avu/ { brave, wild.nova { /^n4v�/ { new. 192



ovelha { /o^v�L�/ { sheep.mover { /mu^ve9/ { to move.uva { /^uv�/ { grape.i�ca { /^is�/ { lifts (verb form).ressaca { /?i^sak�/ { hangover.condessa { /k~o^des�/ { countess.pêssego { /^pesigu/ { peach.aquecer { /�k�^se9/ { to heat.passear { /p�^sja9/ { to walk, to go for a walk.assar { /�^sa9/ { to roast.ca�ca { /^kas�/ { hunting (verb form), game.possa { /^p4s�/ { can (verb form).mo�ca { /^mos�/ { girl.poss��vel { /pu^ s iv�l/ { possible.exacto { /i^zatu/ { exact.mesinha { /mi^zi.�/ { small table.beleza { /bi^lez�/ { beauty.peso { /^pezu/ { weight.mezinha { /m�^zi.�/ { traditional medicine.Brasil { /b9�^zil/ { (proper noun).azar { /�^za9] { bad luck.azul { /�^zul/ { blue.mazinha { /ma^zi.�/ { pest, bad girl/woman.asa { /^az�/ { wing.rosa { /^94z�/ { rose. 193



amoroso { /�mu^9ozu/ { amorous, sweet.acusar { /�ku^za9/ { to accuse.bicha { /^biA�/ { queue.bexiga { /bi^Aig�/ { bladder.este { /^eAti/ { this one.meche { /^m�Ai/ { touches (verb form).achar { /�^Aa9/ { to �nd, to think.bolacha { /bu^laA�/ { biscuit.tacho { /^taAu/ { pot, pan.tocha { /^t4A�/ { torch.mocho { /^moAu/ { owl.capucho { /k�^puAu/ { hood.originar { /o9iOi^na9/ { to originate, to generate.tijolo { /ti^Oolu/ { brick.arejar { /�9i^Oa9/ { to ventilate.pejo { /^peOu/ { modesty.Beja { /^b�O�/ { (proper noun).agir { /�^Oi9/ { to act.cajado { /k�^Oadu/ { crook.ajudar { /�^Ouda9/ { to help.haja { /^aO�/ { there is (verb form).aloja { /�^l4O�/ { lodges (verb form).tojo { /^toOu/ { gorse.tugir { /tu^Oi9/ { to speak low. 194



Portuguese words with fricative /A/ in �nal position:diz { /diA/ { says (verb form), tell me (imperative).mares { /^ma9iA/ { seas.mês { /^meA/ { month.p�es { /p�A/ { feet.perdas { /^p�9d�A/ { losses.capaz { /k�^paA/ { capable.p�os { /p4A/ { powders.pôs { /poA/ { put (verb form).dos { /^duA/ { of (the).Portuguese words with fricatives /f, v, s, z, O/ in \simulated" �nal position.chefe { /^A�fi/ { chief.Fafe { /^fafi/ { (proper noun).teve { /^tevi/ { had (verb form).leve { /^l�vi/ { light.ave { /^avi/ { bird.move { /^m4vi/ { moves (verb form).partisse { /pa9^tisi/ { left (verb form).batesse { /b�^tesi/ { hit (verb form).asse { /^asi/ { roast (verb form).posse { /^p4si/ { possession.doce { /^dosi/ { sweet.doze { /^dozi/ { twelve.age { /^aOi/ { acts (verb form).hoje { /^oOi/ { today. 195



A.2 Corpus 4: Real Words in Connected SpeechCorpus 4 sentences, listed in this appendix, were constructed using abouthalf of the words from Corpus 3, with sentences 1 to 10 making some sensein Portuguese. Sentences 11 and 12 were devised to reproduce some of thevocalic contexts used for Corpus 3 across word boundaries (this is signaledin the phonetic transcription by boxes), but they make no sense.1. \A Gigi �e uma chocha e age em benef��cio da av�o doce."/� Oi^Oi � ^um� ^AoA� i ^aOi ~�~� bini^�sju d� �^v4 ^dosi/(Gigi is spineless and acts for the bene�t of the sweet grandmother.)2. \A vaca foge do gelo na zona."/� ^vak� ^f4Oi du ^Oelu n� ^zon�/(The cow runs from the ice in the zone.)3. \A ave, no voo a subir, move a asa para zarpar da seta."/� ^avi nu vow � su^bi9 ^m4vi � ^az� ^p�9� z�9^par d� ^s�t�/(The bird, in a rising 
ight, moves his wing to escape from the arrow.)4. \O chefe altivo fala �a rosa de sede de beleza."/u ^A�fi al^tivu ^fal� a ^94z� di ^sedi di bi^lez�/(The haughty chief speaks to the rose about thirst and beauty.)5. \Quero chorar hoje, arejar o s��tio e vogar."/^k�9u Au^9a9 ^oOi �9i^Oa9 u ^sitju i ^vuga9/(I want to cry today, air the place out and 
oat.)6. \O bravo do Z�e quer ajudar o judeu s�o."/u ^b9avu du z� k�9 �^Ouda9 u Ou^dew s4/(Brave Z�e wants to help the lonely Jew.)7. \O caf�e cura a ressaca ao chegar da ca�ca."/u k�^f� ku9� � ?i^sak� aw Ai^ga9 d� ^kas�/(Co�ee cures a hangover when you arrive from hunting.)8. \Ver a mesinha nova de volta �a sala, �e ben�e�co para o modo de viverdos doze."/ve9 � mi^zi.� ^n4v� di ^v4lt� a ^sal� � bi^n��ku ^p�9� u ^m4du di vi^ve9duA ^dozi/(It is bene�cial for the way of living of the twelve, to see the new tableback in the room.) 196



9. \Furar uma j�oia choca a condessa Zita."/fu^9a9 um� ^O4j� ^A4k� � k~o^des� ^zit�/(To drill a jewel shocks countess Zita.)10. \O vermelho do fogo e o azul dos mares do Brasil."/u vi9^m�Lu du ^fogu i u �^zul duA ^ma9iA du b9�^zil/(The red of �re and the blue of the sea of Brasil.)11. \A ch�a no s��tio �e poss��vel achar."/ � Aa n u ^si tju � p u^si v�l �^Aa 9/(Tea in the place is possible to �nd.)12. \Cava sala meche ver o dever de assar."/^kav � ^sa l� ^m�A i ve9 u d i^ve9 di �^sa 9/(Dig room touches see the duty to roast.)
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Appendix B
Listings of Corpora asPresented to All Four Speakers
The listings of corpora in the following sections, include the instructions givento subjects in italics.B.1 Corpus 1a\as a " ! /^az � / \l e var" ! /l i ^var/ \ Ch �a" ! / A a/ \ j �oia" ! /^ O 4j�/Sustain fricative for 5 s.1. /uvvvv ... u/2. /�OOOO ... �/3. /�vvvv ... �/4. /uAAAA ... u/5. /ivvvv ... i/6. /�AAAA... �/

7. /u�� ... u/8. /ussss ... u/9. /�zzzz ... �/10. /iOOOO ... i/11. /issss ... i/12. /uzzzz ... u/
13. /��� ... �/14. /iAAAA ... i/15. /�ssss ... �/16. /izzzz ... i/17. /uOOOO ... u/18. /i�� ... i/
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B.2 Corpus 1b\ Ch �a" ! / A a/ \ j �oia" ! /^ O 4j�/Sustain for 5s.Medium, soft and loud for each fricative.Repeat corpus twice.1. /A/baixoalto2. /s/baixoalto3. /v/baixoalto4. /O/baixoalto

5. /f/baixoalto6. /z/baixoalto7. /s/baixoalto8. /v/baixoalto

9. /f/baixoalto10. /O/baixoalto11. /z/baixoalto12. /A/baixoaltoB.3 Corpus 2\as a " ! /^az � / \l e var" ! /l i ^var/ \ Ch �a" ! / A a/ \ j �oia" ! /^ O 4j�/Do about 12 repetitions in one breath.1. /pi^Au/2. /^p�fi/ 3. /pu^Ou/4. /pifi/ 5. /p�^vu/6. /pi^z�/199



7. /piO�/8. /piAi/9. /pi^zu/10. /^p�vi/11. /^p�Oi/12. /puvu/13. /p�z�/14. /pi^s�/15. /^puvi/16. /pisi/17. /p�^A�/18. /p�^Ou/19. /pi^vu/20. /p�^Au/21. /p�f�/22. /^puOi/

23. /p�^zu/24. /^p�Ai/25. /pi^fu/26. /p�v�/27. /^pusi/28. /pu^f�/29. /^p�si/30. /p�O�/31. /pi^A�/32. /pusu/33. /p�^fu/34. /pivi/35. /puzu/36. /pizi/37. /pu^v�/38. /pi^f�/

39. /puAu/40. /^pufi/41. /pi^Ou/42. /^puzi/43. /piOi/44. /pufu/45. /pi^v�/46. /pu^O�/47. /pi^su/48. /^puA�/49. /p�s�/50. /^puAi/51. /^p�zi/52. /pu^s�/53. /p�su/54. /pu^z�/B.4 Corpus 3The carrier sentence is repeated in the following listings, because they werebased on the material that the speaker read in the recording session.1. \Diga originar, por favor."2. \Diga fala, por favor."3. \Diga jogo, por favor."4. \Diga ferro, por favor."
5. \Diga s�o, por favor."6. \Diga leve, por favor."7. \Diga vogar, por favor."8. \Diga amoroso, por favor."200



9. \Diga tojo, por favor."10. \Diga Z�opiro, por favor."11. \Diga chefe, por favor."12. \Diga haja, por favor."13. \Diga sala, por favor."14. \Diga rosa, por favor."15. \Diga bolacha, por favor."16. \Diga zurrar, por favor."17. \Diga voo, por favor."18. \Diga ferir, por favor."19. \Diga asa, por favor."20. \Diga jaqueta, por favor."21. \Diga posse, por favor."22. \Diga dever, por favor."23. \Diga fofa, por favor."24. \Diga cava, por favor."25. \Diga pejo, por favor."26. \Diga bafo, por favor."27. \Diga mezinha, por favor."28. \Diga chamar, por favor."29. \Diga perdas, por favor."30. \Diga cheta, por favor."31. \Diga caf�e, por favor."32. \Diga judeu, por favor."33. \Diga azul, por favor."

34. \Diga seta, por favor."35. \Diga ca�ca, por favor."36. \Diga cheque, por favor."37. \Diga mazinha, por favor."38. \Diga hoje, por favor."39. \Diga saber, por favor."40. \Diga uva, por favor."41. \Diga �go, por favor."42. \Diga teve, por favor."43. \Diga exacto, por favor."44. \Diga furar, por favor."45. \Diga ave, por favor."46. \Diga arejar, por favor."47. \Diga falir, por favor."48. \Diga girar, por favor."49. \Diga benef��cio, por favor."50. \Diga mesinha, por favor."51. \Diga ch�a, por favor."52. \Diga Beja, por favor."53. \Diga a�ar, por favor."54. \Diga este, por favor."55. \Diga mofo, por favor."56. \Diga doce, por favor."57. \Diga mover, por favor."201



58. \Diga Brasil, por favor."59. \Diga vila, por favor."60. \Diga peso, por favor."61. \Diga febra, por favor."62. \Diga p�es, por favor."63. \Diga cajado, por favor."64. \Diga cessa, por favor."65. \Diga chegar, por favor."66. \Diga ajudar, por favor."67. \Diga move, por favor."68. \Diga Zita, por favor."69. \Diga batesse, por favor."70. \Diga p�os, por favor."71. \Diga garrafa, por favor."72. \Diga germe, por favor."73. \Diga bufa, por favor."74. \Diga capucho, por favor."75. \Diga sede, por favor."76. \Diga choco, por favor."77. \Diga s��tio, por favor."78. \Diga chorar, por favor."79. \Diga age, por favor."80. \Diga chocha, por favor."81. \Diga volta, por favor."82. \Diga ressaca, por favor."

83. \Diga sopa, por favor."84. \Diga zona, por favor."85. \Diga Z�e, por favor."86. \Diga vermelho, por favor."87. \Diga pêssego, por favor."88. \Diga av�o, por favor."89. \Diga ben�e�co, por favor."90. \Diga foco, por favor."91. \Diga capaz, por favor."92. \Diga vaca, por favor."93. \Diga secar, por favor."94. \Diga relevo, por favor."95. \Diga poss��vel, por favor."96. \Diga diz, por favor."97. \Diga azar, por favor."98. \Diga efectuar, por favor."99. \Diga Zaire, por favor."100. \Diga bravo, por favor."101. \Diga fogo, por favor."102. \Diga ver, por favor."103. \Diga passear, por favor."104. \Diga v�eu, por favor."105. \Diga levar, por favor."106. \Diga bexiga, por favor."202



107. \Diga trefo, por favor."108. \Diga agir, por favor."109. \Diga mocho, por favor."110. \Diga tijolo, por favor."111. \Diga veia, por favor."112. \Diga mês, por favor."113. \Diga zarpar, por favor."114. \Diga achar, por favor."115. \Diga zelo, por favor."116. \Diga choca, por favor."117. \Diga partisse, por favor."118. \Diga asse, por favor."119. \Diga gelo, por favor."120. \Diga tugir, por favor."121. \Diga tocha, por favor."122. \Diga viver, por favor."123. \Diga jacto, por favor."124. \Diga altivo, por favor."125. \Diga Fafe, por favor."126. \Diga zelar, por favor."127. \Diga gelado, por favor."128. \Diga galhofa, por favor."129. \Diga Z�ez�e, por favor."130. \Diga mares, por favor."

131. \Diga aquecer, por favor."132. \Diga doze, por favor."133. \Diga tacho, por favor."134. \Diga chicote, por favor."135. \Diga beleza, por favor."136. \Diga ovelha, por favor."137. \Diga assar, por favor."138. \Diga dos, por favor."139. \Diga subir, por favor."140. \Diga viva, por favor."141. \Diga meche, por favor."142. \Diga bicha, por favor."143. \Diga j�oia, por favor."144. \Diga pôs, por favor."145. \Diga Gigi, por favor."146. \Diga acusar, por favor."147. \Diga nova, por favor."148. \Diga i�ca, por favor."149. \Diga leva, por favor."150. \Diga possa, por favor."151. \Diga aloja, por favor."152. \Diga mo�ca, por favor."153. \Diga condessa, por favor."154. \Diga bochecha, por favor."203



B.5 Corpus 4Read twice.1. \A Gigi �e uma chocha e age em benef��cio da av�o 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 s��tio e vogar."6. \O bravo do Z�e quer ajudar o judeu s�o."7. \O caf�e cura a ressaca ao chegar da ca�ca."8. \Ver a mesinha nova de volta �a sala, �e ben�e�co para o modo de viverdos doze."9. \Furar uma j�oia choca a condessa Zita."10. \O vermelho do fogo e o azul dos mares do Brasil."11. \A ch�a no s��tio �e poss��vel achar."12. \Cava sala meche ver o dever de assar."
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Appendix C
Calibration Method
A 94dB, 1000Hz calibration tone produced by a Bruel & Kjaer 4620 cali-brator was recorded on the same tape on which speech was recorded, withthe ampli�cation varied by a known amount (see Table C.1).Table C.1: Recordings' settings.Date Speaker DAT Rec. Level Input Gain Output GainSpeech Tone Speech Tone6/11/1998 LMTJ 6 20 10 20 1025/1/1999 LMTJ Not registered 20 10 20 2022/6/1999 ACC 6 20 10 20 1019/11/1999 CFGA 3.5 20 10 30 1019/11/1999 ISSS 5 20 10 20 10To obtain an absolute spectral amplitude we will start by calculating a factorA1 which, when added to the internal arbitrary amplitude of the recordedcalibration tone, makes the sum equal to the known amplitude of the cali-bration tone: A1 = 94:1� 20 log(Yarb(1000)) (dB) (C.1)where Yarb(1000) is the arbitrary internal amplitude of the Fourier transformat 1 kHz of the calibration tone. We will also have to calculate a second A2that will be equal to the di�erence in ampli�cation for the tone and speech:A2 = Gcal �Gsp (dB) (C.2)where Gcal is the gain applied when the calibration signal was recorded, and205



Gsp is the gain applied when the speech signal was recorded. Therefore theabsolute spectral amplitude of the speech signal Xarb(1000) is given byXabs = 20 log(Xarb(1000)) + A1 + A2 (dB) (C.3)The spectra shown in this thesis do not present an absolute amplitude. Weare currently working on a method that uses the calibration signal to calculatean absolute spectral amplitude that will be referred to a 1Hz interval and willthus allow comparison regardless of window lengths and averaging techniques.The power spectrum (energy) of the speech signal is de�ned as:E = Z 1�1 jx(t)j2dt = Z 1�1 jX(f)j2df (C.4)If we increase the number of points in x(t) (i.e. the size of the window) thevalue of the integral (area delimited by the function) also increases. There-fore, the window length used to calculate the power spectra a�ects the overallamplitude. All else being equal, the larger the size of the window the higheris the overall amplitude.We used the same window size to calculate the power spectra of ambientnoise, sustained fricatives, fricatives in nonsense words and real words. Weused a larger number of windows to calculate the averaged power spectrumof a longer segment of signal (ambient noise and sustained fricatives). Thisallowed us to compare spectral amplitudes of Corpus 1a, 1b, 2, 3 and 4, fora 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 x=y, where x = number of devoiced, partiallydevoiced or voiced examples, and y = total number of examples. Corpus 3(Speaker LMTJ).Word-Initial Word-Medial Word-Final All Pos./v/ 6/14(42.9%) 4/14(28.6%) 8/9(88.9%) 18/37(48.7%) Devoiced2/14(14.3%) 2/14(14.3%) 0 4/37(10.8%) PartiallyDevoiced6/14(42.9%) 8/14(57.1%) 1/9(11.1%) 15/37(40.5%) Voiced/z/ 5/10(50%) 12/17(70.6%) 3/3(100%) 20/30(66.7%) Devoiced2/10(20%) 2/17(11.8%) 0 4/30(13.3%) PartiallyDevoiced3/10(30%) 3/17(17.7%) 0 6/30(20%) Voiced/O/ 7/10(70%) 13/15(86.7%) 4/5(80%) 24/30(80%) Devoiced1/10(10%) 0 0 1/30(3.3%) PartiallyDevoiced2/10(20%) 2/15(13.3%) 1/5(20%) 5/30(16.7%) VoicedAll Fric. 18/34(52.9%) 29/46(63%) 15/17(88.2%) 62/97(63.9%) Devoiced5/34(14.7%) 4/46(8.7%) 0 9/97(9.3%) PartiallyDevoiced11/34(32.4%) 13/46(28.3%) 2/17(11.8%) 26/97(26.8%) Voiced
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Table D.2: Inventory of all cases of devoicing (using the manual criterion).Values given are in the form x=y, where x = number of devoiced, partiallydevoiced or voiced examples, and y = total number of examples. Corpus 3(Speaker CFGA).Word-Initial Word-Medial Word-Final All Pos./v/ 7/11(63.6%) 8/12(66.7%) 7/7(100%) 22/30(73.3%) Devoiced0 2/12(16.7%) 0 2/30(6.7%) PartiallyDevoiced4/11(36.4%) 2/12(16.7%) 0 6/30(20%) Voiced/z/ 8/10(80%) 12/14(85.7%) 2/3(66.7%) 22/27(81.5%) Devoiced1/10(10%) 2/14(14.3%) 0 3/27(11.1%) PartiallyDevoiced1/10(10%) 0 1/3(33.3%) 2/27(7.4%) Voiced/O/ 8/10(80%) 12/13(92.3%) 4/4(100%) 24/27(88.9%) Devoiced1/10(10%) 0 0 1/27(3.7%) PartiallyDevoiced1/10(10%) 1/13(7.7%) 0 2/27(7.4%) VoicedAll Fric. 23/31(74.2%) 32/39(82.1%) 13/14(92.9%) 68/84(81%) Devoiced2/31(6.5%) 4/39(10.3%) 0 6/84(7.1%) PartiallyDevoiced6/31(19.4%) 3/39(7.7%) 1/14(7.1%) 10/84(11.9%) Voiced
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Table D.3: Inventory of all cases of devoicing (using the manual criterion).Values given are in the form x=y, where x = number of devoiced, partiallydevoiced or voiced examples, and y = total number of examples. Corpus 3(Speaker ACC). Word-Initial Word-Medial Word-Final All Pos./v/ 4/11(36.4%) 6/12(50%) 7/7(100%) 17/30(56.7%) Devoiced2/11(18.2%) 2/12(16.7%) 0 4/30(13.3%) PartiallyDevoiced5/11(45.5%) 4/12(33.3%) 0 9/30(30%) Voiced/z/ 4/10(40%) 8/12(66.7%) 3/3(100%) 15/25(60%) Devoiced4/10(40%) 3/12(25%) 0 7/25(28%) PartiallyDevoiced2/10(20%) 1/12(8.3%) 0 3/25(12%) Voiced/O/ 9/10(90%) 11/11(100%) 3/4(75%) 23/25(92%) Devoiced1/10(10%) 0 1/4(25%) 2/25(8%) PartiallyDevoiced0 0 0 0 VoicedAll Fric. 17/31(54.8%) 25/35(71.4%) 13/14(92.9%) 55/80(68.8%) Devoiced7/31(22.6%) 5/35(14.3%) 1/14(7.1%) 13/80(16.3%) PartiallyDevoiced7/31(22.6%) 5/35(14.3%) 0 12/80(15%) Voiced
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Table D.4: Inventory of all cases of devoicing (using the manual criterion).Values given are in the form x=y, where x = number of devoiced, partiallydevoiced or voiced examples, and y = total number of examples. Corpus 3(Speaker ISSS). Word-Initial Word-Medial Word-Final All Pos./v/ 1/11(9.1%) 5/12(41.7%) 7/7(100%) 13/30(43.3%) Devoiced4/11(36.4%) 0 0 4/30(13.3%) PartiallyDevoiced6/11(54.6%) 7/12(58.3%) 0 13/30(43.3%) Voiced/z/ 8/10(80%) 11/12(91.7%) 3/3(100%) 22/25(88%) Devoiced0 0 0 0 PartiallyDevoiced2/10(20%) 1/12(8.3%) 0 3/25(12%) Voiced/O/ 8/10(80%) 9/11(81.8%) 4/4(100%) 21/25(84%) Devoiced2/10(20%) 1/11(9.1%) 0 3/25(12%) PartiallyDevoiced0 1/11(9.1%) 0 1/25(4%) VoicedAll Fric. 17/31(54.8%) 25/35(71.4%) 14/14(100%) 56/80(70%) Devoiced6/31(19.4%) 1/35(2.9%) 0 7/80(8.8%) PartiallyDevoiced8/31(25.8%) 9/35(25.7%) 0 17/80(21.3%) Voiced
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Table D.5: Inventory of all cases of devoicing (using the manual criterion).Values given are in the form x=y, where x = number of devoiced, partiallydevoiced or voiced examples, and y = total number of examples. Corpus 4(Speaker LMTJ).Word-Initial Word-Medial Word-Final All Pos./v/ 5/14(35.7%) 7/18(38.9%) 1/2(50%) 13/34(38.2%) Devoiced1/14(7.1%) 3/18(16.7%) 0 4/34(11.8%) PartiallyDevoiced8/14(57.1%) 8/18(44.4%) 1/2(50%) 17/34(50%) Voiced/z/ 5/8(62.5%) 7/10(70%) 4/4(100%) 16/22(72.7%) Devoiced1/8(12.5%) 2/10(20%) 0 3/22(13.6%) PartiallyDevoiced2/8(25%) 1/10(10%) 0 3/22(13.6%) Voiced/O/ 7/8(87.5%) 5/9(55.6%) 3/5(60.0%) 15/22(68.2%) Devoiced1/8(12.5%) 3/9(33.3%) 0 4/22(18.2%) PartiallyDevoiced0 1/9(11.1%) 2/5(40%) 3/22(13.6%) VoicedAll Fric. 17/30(56.7%) 19/37(51.4%) 8/11(72.7%) 44/78(56.4%) Devoiced3/30(10%) 8/37(21.6%) 0 11/78(14.1%) PartiallyDevoiced10/30(33.3%) 10/37(27%) 3/11(27.3%) 23/78(29.5%) Voiced
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Table D.6: Inventory of all cases of devoicing (using the manual criterion).Values given are in the form x=y, where x = number of devoiced, partiallydevoiced or voiced examples, and y = total number of examples. Corpus 4(Speaker CFGA).Word-Initial Word-Medial Word-Final All Pos./v/ 11/24(45.8%) 9/24(37.5%) 2/6(33.3%) 22/54(40.7%) Devoiced4/24(16.7%) 6/24(25%) 3/6(50%) 13/54(24.1%) PartiallyDevoiced9/24(37.5%) 9/24(37.5%) 1/6(16.7%) 19/54(35.2%) Voiced/z/ 10/12(83.3%) 12/16(75%) 5/5(100%) 27/33(81.8%) Devoiced1/12(8.3%) 2/16(12.5%) 0 3/33(9.1%) PartiallyDevoiced1/12(8.3%) 2/16(12.5%) 0 3/33(9.1%) Voiced/O/ 9/12(75%) 10/15(66.7%) 11/12(91.7%) 30/39(76.9%) Devoiced1/12(8.3%) 2/15(13.3%) 1/12(8.3%) 4/39(10.3%) PartiallyDevoiced2/12(16.7%) 3/15(20%) 0 5/39(12.8%) VoicedAll Fric. 30/48(62.5%) 31/55(56.4%) 18/23(78.3%) 79/126(62.7%) Devoiced6/48(12.5%) 10/55(18.2%) 4/23(17.4%) 20/126(15.9%) PartiallyDevoiced12/48(25%) 14/55(25.5%) 1/23(4.4%) 27/126(21.4%) Voiced
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Table D.7: Inventory of all cases of devoicing (using the manual criterion).Values given are in the form x=y, where x = number of devoiced, partiallydevoiced or voiced examples, and y = total number of examples. Corpus 4(Speaker ACC). Word-Initial Word-Medial Word-Final All Pos./v/ 14/23(60.9%) 12/26(46.2%) 3/4(75%) 29/53(54.7%) Devoiced1/23(4.4%) 2/26(7.7%) 0 3/53(5.7%) PartiallyDevoiced8/23(34.8%) 12/26(46.2%) 1/4(25%) 21/53(39.6%) Voiced/z/ 10/12(83.3%) 16/19(84.2%) 2/2(100%) 28/33(84.9%) Devoiced2/12(16.7%) 0 0 2/33(6.1%) PartiallyDevoiced0 3/19(15.8%) 0 3/33(9.1%) Voiced/O/ 9/12(75%) 13/18(72.2%) 3/9(33.3%) 25/39(64.1%) Devoiced3/12(25%) 3/18(16.7%) 3/9(33.3%) 9/39(23.1%) PartiallyDevoiced0 2/18(11.1%) 3/9(33.3%) 5/39(12.8%) VoicedAll Fric. 33/47(70.2%) 41/63(65.1%) 8/15(53.3%) 82/125(65.6%) Devoiced6/47(12.8%) 15/63(7.9%) 3/15(20%) 14/125(11.2%) PartiallyDevoiced8/47(17%) 17/63(27%) 4/15(26.7%) 29/125(23.2%) Voiced
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Table D.8: Inventory of all cases of devoicing (using the manual criterion).Values given are in the form x=y, where x = number of devoiced, partiallydevoiced or voiced examples, and y = total number of examples. Corpus 4(Speaker ISSS). Word-Initial Word-Medial Word-Final All Pos./v/ 6/16(37.5%) 5/16(31.3%) 2/4(50%) 13/36(36.1%) Devoiced2/16(12.5%) 1/16(6.3%) 0 3/36(8.3%) PartiallyDevoiced8/16(50%) 10/16(62.5%) 2/4(50%) 20/36(55.6%) Voiced/z/ 6/8(75%) 7/12(58.3%) 2/2(100%) 15/22(68.2%) Devoiced1/8(12.5%) 3/12(25%) 0 4/22(18.2%) PartiallyDevoiced1/8(12.5%) 2/12(16.7%) 0 3/22(13.6%) Voiced/O/ 5/8(62.5%) 8/12(66.7%) 6/6(100%) 19/26(73.1%) Devoiced3/8(37.5%) 3/12(25%) 0 6/26(23.1%) PartiallyDevoiced0 1/12(8.3%) 0 1/26(3.9%) VoicedAll Fric. 17/32(53.1%) 20/40(50%) 10/12(83.3%) 47/84(56%) Devoiced6/32(18.8%) 7/40(17.5%) 0 13/84(15.5%) PartiallyDevoiced9/32(28.1%) 13/40(32.5%) 2/12(16.7%) 24/84(28.6%) Voiced
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Appendix E
Listings of Uvular Fricativesand Voiceless Tapped AlveolarFricatives
This appendix lists the results of the time analysis of Corpus 3 and 4 uvularfricatives and voiceless tapped alveolar fricatives, and their VF and FV tran-sitions. A broad phonetic transcription is also included. The data presentedinclude: the VF transition duration, the fricative duration F, and the FVtransition duration.The �le numbering of words from Corpus 4 has two parts: a number thatrefers to the sentence where the words occur and a word number which isthe same as the one used in Corpus 3.When the phonetic transcription, of words with fricatives at the beginning orend has an additional initial or �nal phoneme, separated from the transcrip-tion of the word we are analysing by a white space, this means that there iscoarticulation between the fricative and the �nal or initial phoneme of theprevious or following word in the sentence.
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Table E.1: Voiceless uvular fricative /K/. The data in the table isgrouped by speaker, the words are separated by fricative word posi-tion (initial, medial and �nal), and ordered according to vowel context/i, i, e, �, �, a, 4, o, u/.Corpus Speaker Example IPA File N. VF (ms) F (ms) FV (ms)3 CFGA relevo [� Ki^lev] 94 27 82 433 CFGA ressaca [� K^sak�] 82 15 84 -4 CFGA ressaca [� K^sak�] 7 82 28 55 -4 CFGA ressaca [� K^sak�] 7r1 82 41 102 -4 CFGA ressaca [� K^sak�] 7r2 82 25 75 -3 CFGA rosa [� ^K4z�] 14 36 55 334 CFGA rosa [� ^K4z�] 4 14 25 69 404 CFGA rosa [� ^K4z�] 4r2 14 24 54 333 CFGA garrafa [g�^Kaf�] 71 18 64 243 CFGA zurrar [zu^Kar] 16 38 47 363 ACC ferro [� ^f�K] 4 17 23 -3 ISSS relevo [� Ki^lev] 94 19 102 333 ISSS ressaca [� K^sak�] 82 18 66 -4 ISSS ressaca [� K^sak�] 7 82 25 68 -4 ISSS ressaca [� K^sak�] 7r 82 25 55 -3 ISSS rosa [� ^K4z�] 14 20 100 254 ISSS rosa [� ^K4z�] 4 14 26 106 254 ISSS rosa [� ^K4z�] 4r 14 23 61 313 ISSS garrafa [g�^Kaf�] 71 30 72 223 ISSS zurrar [zu^Ka9] 16 21 117 313 ISSS ferro [^f�K] 4 23 100 -Table E.2: Voiced uvular fricative /@/.Corpus Speaker Example IPA File N. VF (ms) F (ms) FV (ms)4 CFGA rosa [� ^@4z�] 4r1 14 28 28 633 ACC garrafa [g�^@af�] 71 32 42 39
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Table E.3: Voiceless tapped alveolar fricative /9�/ (Speaker LMTJ).Corpus Example IPA File N. VF (ms) F (ms) FV (ms)4 ressaca [9�i^sak�] 7 82 - 12 133 rosa [i^9�i4z�] 14 - 15 394 rosa [a ^9�4z�] 4 14 34 43 194 rosa [a ^9�4z�] 4 14r 35 52 164 ressaca [9�̂sak�] 7 82r - 28 -3 girar [Oi^9�a9] 48 33 23 383 ferir [fi^9�i9] 18 36 15 213 vermelho [vi9�̂m�L] 86 1r 41 21 -3 vermelho [vi9�̂m�L] 86 2r 32 24 -3 Zaire [^zaj9�i] 99 32 22 163 arejar [�9�i^Oa] 46 43 16 144 arejar [�9�ii^Oa9] 5 46r 33 27 -3 garrafa [g�^9�af�] 71 34 12 584 zarpar [z�9�9i^pa9] 3 113 25 23 -4 zarpar [z�9�9i^pa9] 3 113r 17 27 -3 amoroso [�mu^9�oz] 8 31 27 303 chorar [Au^9�a9] 78 40 20 393 falir [f�^li9�] 47 29 18 -3 subir [su^bi9�] 139 33 32 -4 subir [su^bi9�] 3 139r 40 42 -3 viver [vi^ve9�] 122 32 17 -3 ver [ve9�ii] 102 24 23 -4 ver [ve9�u] 12 102r 30 24 193 dever [di^ve9�ii] 22 32 20 -3 mover [mu^ve9�ii] 57 16 19 -3 saber [s�^be9�] 39 29 25 -3 efectuar [i^f�twa9�] 98 37 12 -3 vogar [� ^vuga9�] 7 21 21 -3 assar [�^sa9�ii] 137 28 21 -4 assar [�^sa9�] 12 137r 103 36 -3 zarpar [z�9^pa9�ii] 113 24 37 -3 zurrar [zu^Ra9�] 16 24 20 -3 azar [�^za9�ii] 97 34 16 -3 acusar [�ku^a9�] 146 30 24 -3 chegar [Ai^ga9�] 65 21 20 -3 chamar [A�^ma9�ii] 28 22 24 -3 achar [�^Aa9�] 114 25 18 -218



Table E.4: Voiceless tapped alveolar fricative /9�/ (Speaker ACC).Corpus Example IPA File N. VF (ms) F (ms) FV (ms)3 rosa [^9�4z�] 14 - 34 403 ressaca [9�̂sak�] 82 - 16 -3 Z�opiro [^z4pi9�u] 10 36 23 193 germe [^O�9�m] 72 34 18 -4 zarpar [z�9�̂pa9] 3r1 113 32 22 -4 zarpar [z�9�̂pa9] 3r2 113 22 21 -3 zurrar [zu^9�a 9� i] 16 21 31 343 zurrar [zu^ 9�a9�i] 16 27 13 264 furar [fu^9�a9] 9r1 44 35 11 134 Brasil [b9��^zil] 10r1 58 - 15 193 ferir [fi^9i9�] 18 23 28 -3 falir [f�^li9�] 47 44 15 -3 subir [su^bi9�] 139 30 24 -3 agir [�^Oi9�] 108 30 20 -3 Zaire [^zaj9�ii] 99 30 19 -3 viver [vi^ve9�] 122 14 33 -3 ver [ve9�] 102 30 23 -4 ver [ve9�] 12r1 102 51 24 -3 dever [di^ve9�] 22 27 17 -4 dever [di^ve9�ii] 12r1 22 26 18 -3 aquecer [�k�^se9�] 131 40 25 -3 efectuar [i^f�twa9�] 98 24 23 -3 levar [li^va9�ii] 105 19 14 -3 assar [�^sa9�] 137 17 25 -4 assar [�^sa9�] 12 137 30 33 -4 assar [�^sa9�] 12r2 137 53 16 -3 zelar [^zila9�] 126 27 20 -3 azar [�^za9�] 97 25 13 -3 girar [Oi^9a9�ii] 48 19 15 -3 originar [o9iOi^na9�ii] 1 27 19 -4 furar [fu^9a9�] 9r2 44 31 15 -3 tugir [tu^Oi99�i] 120 - 15 -
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Table E.5: Voiceless tapped alveolar fricative /9�/ (Speaker CFGA).Corpus Example IPA File N. VF (ms) F (ms) FV (ms)4 ver [ve9�u] 12r2 102 65 36 214 assar [�^sa9�] 12r1 137 37 85 -Table E.6: Voiceless tapped alveolar fricative /9�/ (Speaker ISSS).Corpus Example IPA File N. VF (ms) F (ms) FV (ms)3 vermelho [vi9�̂meLu] 86 29 14 -4 arejar [�9�i^Oa9] 5 46 27 12 254 arejar [�9�̂Oa9] 5r 46 28 26 -3 mares [^ma9�A] 130 12 22 -3 ferir [fi^9i9�] 18 37 32 -3 subir [su^bi9�] 139 40 22 -4 subir [su^bi9�] 3r 139 40 42 -3 agir [�^Oi9�] 108 43 36 -3 Z�opiro [^z4pi9�] 10 35 24 -3 chamar [A�^ma9�] 28 29 20 -4 assar [�^sa9�] 12 137 27 54 -4 assar [�^sa9�] 12r 137 17 66 -4 achar [�^Aa9�] 11r 114 46 41 -3 Zaire [^zaj9�] 99 37 21 -
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Appendix F
Bilingual Questionnaire
F.1 Speaker PS1. Did you begin to learn both languages under �ve years of age? Yes.2. If not, when did you become 
uent 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:221



(a) Portuguese?(b) English?(c) both? p8. 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? 010. 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 RS1. Did you begin to learn both languages under �ve years of age? Yes.2. If not, when did you become 
uent 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) brothers and sisters? Portuguese.(c) partner?(d) friends? Portuguese and English.222



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? Portuguese.7. When you think to yourself, do you think in:(a) Portuguese?(b) English?(c) both? p8. 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? 010. 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.(c) dream in? Portuguese and English.
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Appendix G
Listings of English Corpora
G.1 Corpus 1a1. /uvvvv ... u/2. /
OOOO ... 
/3. /uAAAA ... u/4. /
vvvv ... 
/

5. /
AAAA... 
/6. /u�� ... u/7. /ussss ... u/8. /
zzzz ... 
/
9. /
�� ... 
/10. /uzzzz ... u/11. /
ssss ... 
/12. /uOOOO ... u/G.2 Corpus 1b1. /A/softloud2. /s/softloud3. /v/softloud

4. /O/softloud5. /f/softloud6. /z/softloud

7. /s/softloud8. /v/softloud9. /f/softloud

10. /O/softloud11. /z/softloud12. /A/softloud224



G.3 Corpus 21. /puOu/2. /p
z
/3. /puvu/4. /p
A
/
5. /p
f
/6. /pusu/7. /p
O
/8. /puzu/

9. /p
v
/10. /puAu/11. /p
s
/12. /pufu/G.4 Corpus 3A total of 118 di�erent words containing 142 fricatives: /f/ { 19 (11 word -initial; 4 word -medial; 4 word - �nal); /v/ { 24 (7 word - initial; 10 word -medial; 7 word - �nal); /G/ { 9 (4 word - initial; 1 word -medial; 4 word -�nal); /�/ { 9 (1 word - initial; 7 word -medial; 1 word - �nal); /s/ { 33 (14word - initial; 12 word -medial; 7 word - �nal); /z/ { 17 (5 word - initial; 5word -medial; 7 word - �nal); /A/ { 20 (6 word - initial; 8 word -medial; 6word - �nal); /O/ { 11 (9 word -medial; 2 word - �nal 1).Fi� { /^ f i�/.fear { /�r/.fever { /^ f iv�`/.�nny { /^f�n̂i/.�shing { /^ f �Ai//.father { /^ f ���`/.for { /f4r/.follow { /^f4loHi/.Flossie { /^ f l4si/.


oozy { /^ f luzi/.frothing { /^ f r4Gi//.Fi� { /^� f i/.leafy { /^li�/.safer { /^se�i f �`/.co�ee { /^k4�/.thief { /^Gi f /.knife { /n��f/.half { /h�f/.1No English word begins with /O/ (Ladefoged 1993, pp. 29).225



roof { /ruf/.
veal { /vil/.vision { /^ v �On̂/.vet { /v�t/.velvet { /^ v �lv
t/.vying { /^v��ij�//.void { /v4�d/.vulgar { /^v�lg�`/.leaving { /^livi//.TV { /ti^vi/ .Levis { /^li v ��iz/.fever { /^� v �`/.saver { /^se�i v �`/.ivy { /^��ivi/.lover { /^l�v�`/.hover { /^h�v�`/.cover { /^k�v�`/.velvet { /^v�l v 
t/.live { /l�v/.give { /g�v/.

save { /se�i v /.of { /
v/.dove { /d
v/.move { /muv/.prove { /pruv/.
theatre { /^Gi
th�/.thief { /^ G if/.think { /^G�/k/.thistle { /^ G �sl̂/.frothing { /^fr4 G i//.wreath { /^riG/.death { /^d�G/.breath { /^br�G/.bath { /^b�G/.
the { /�
/.dither { /^di��`/.bather { /^be�i�
r/.mother { /^m
��`/.226



father { /^f� � �`/.brother { /^br���`/.clothing { /^kloHi�i//.soothing { /^su � i//.breathe { /^bri�/ .
see { /si/.seizure { /^ s iO�`/.sees { /^ s iz/.seizing { /^ s izi//.safer { /^ s e�if�`/.save { / s e�iv/.saver { /^ s e�iv�`/.saying { /^se�ii//.says { /^ s �z/.sandbar { /^s�ndbar/.sewing { /^soHi i//.Suzie { /^ s uzi/.soothing { /^ s u��//.splashes { /^ s pl�A
z/.greasy { /^grisi/.

missing { /^m�si//.kissing { /^k�si//.icy { /^��isi/.thistle { /^G� s l̂/.precision { /pr
^ s �On̂/.desk { /d�sk/.Flossie { /^
4 s i/.awesome { /^4s�m/.Lucy { /^lusi/.inducing { /�n^duse//.monster { /^m�nst�`/.across { /
^kr�s/.hiss { /h�s/.mess { /m�s/.pass { /pas/.moss { /m4s/ .blouse { /^blaHi s/.cups { /^k�ps/.
zeal { /zil/ .
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zero { /^z�
r
H/.zip { /z�p/.zone { /z
Hn/.zoo { /zu/.seizing { /^si z i//.easy { /^izi/.Suzie { /^su z i/.oozy { /^uzi/.
oozy { /^
u z i/.sees { /^si z /.is { /�z/.Levis { /^liv��i z /.was { /w
z/.splashes { /^spl�A
 z /.says { /^s� z /.has { /h�z/.
she { /A�/.shiny { /^A��in̂i/.share { /A�r/.shark { /Aark/.

shocking { /^A4k�//.shoo { /Aug/.wishy { /^w�Ai/.�shing { /^f� A i//.machine { /m
^Ain̂/.splashes { /^spl� A 
z/.crashing { /^kr�Ai//.washy { /^w4Ai/.washing { /^w4Ai//.ocean { /^oHiAn̂/.dish { /d�A/.mesh { /m�A/.rash { /r�A/.hush { /h�A/.crush { /kr�A/.push { /pHA/.
seizure { /^si O �`/.Bijou { /b�^Ou/.vision { /^v� O n̂/.228



precision { /pr
^s� O n̂/.leisure { /^l�O�`/.treasure { /^tr�O�`/.pleasure { /^pl�O�`/.
measure { /^m�O�`/.azure { /^�O�`/.beige { /b��O/ .rouge { /ruO/.G.5 Corpus 4Only 62 of the 118 words in Corpus 3 were used in the sentences of Corpus 4.They contained 74 fricatives: /f/ { 9; /v/ { 7; /G/ { 3; /�/ { 5; /s/ { 22; /z/{ 11; /A/ { 12; /O/ { 5.1. \I see Fi� vying for a share of icy ocean."/��i si ^�� ^v��ij�/ f4r 
 A�r 
v ^��isi ^oHiAn̂/2. \She was in her leisure Levis and a shiny velvet blouse."/A� w
z �n h�` ^l�O�` ^liv��iz �nd 
 ^A��in̂i ^v�lv
t ^blaHi s/3. \She splashes in the ocean, across a sandbar, saying \I fear a sharkmay think a bather is a vision of an azure ocean". Shoo �nny shark!"/A� ^spl�A
z �n �
 ^oHiAn̂ 
^kr�s 
 ^s�ndbar ^se�ii/ ��i �r 
 Aark me�i ^G�/k 
^be�i�
r �z 
 ^v�On̂ 
v 
n̂ ^�O�` ^oHiAn̂ Aug ^f�n̂i Aark/4. \I see Fi� follow Suzie into the Bijou Theatre."/��i si ^�� ^f4loHi ^suzi ^intu �
 b�^Ou ^Gi
th�/5. \The oozy shocking murk inducing a seizure in the azure monster isawesome!"/�
 ^uzi ^A4k�/ m�`k �n^duse/ 
 ^siO�` In̂ �
 ^�O�` ^m�nst�` �z ^4s�m/6. \He sees co�ee cups on the desk."/hi ^siz ^k4� ^k�ps 4n̂ �
 d�sk/7. \My mother has a washing machine and a lover."/m��i ^m
��` h�z 
 ^w4Ai/ m
^Ain̂ �nd 
 ^l�v�`/8. \He sees you and Lucy seizing Flossie."/hi ^siz jui �nd ^lusi ^sizi/ ^
4si/229



9. \Wishy -washy, wishy -washy says the soothing frothing water, leavingeasy sewing of the greasy clothing."/^w�Ai ^w4Ai ^w�Ai ^w4Ai ^s�z �
 ^su�i/ ^fr4Gi/ ^w4t�` ^livi/ ^izi ^soHi i/ 
v �
^grisi ^kloHi�i//
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ow duct acoustics applied to the vocal tract. In I. R. Titze (Ed.),Vocal Fold Physiology: Frontiers in Basic Science, pp. 93{142. SanDiego: Singular.Delattre, P. C. (1971). Pharyngeal features in the consonants of Arabic,German, Spanish, French, and American English. Phonetica 23, 129{155.Docherty, G. J. (1992). The Timing of Voicing in British English Obstru-ents. Berlin: Foris Publications.Engwall, O. and P. Badin (2000). An MRI study of Swedish fricatives:Coarticulatory e�ects. In Proceedings of the 5th Seminar on SpeechProduction Models and Data, Kloster Seeon, Bavaria, Germany, pp.297{300.Esling, J. H. (1996). Pharyngeal consonants and the aryepiglottic sphinc-ter. Journal of the International Phonetic Association 26 (2), 65{88.233



Evers, V., H. Reetz, and A. Lahiri (1998). Crosslinguistic acoustic cate-gorization of sibilants independent of phonological status. Journal ofPhonetics 26, 345{370.Field, A. (2000). Discovering Statistics Using SPSS for Windows. London:SAGE.Flege, J. E., S. G. Fletcher, and A. Homiedan (1988). Compensating fora bite block in /s/ and /t/ production: Palatographic, acoustic, andperceptual data. Journal of the Acoustical Society of America 83 (1),212{228.Fletcher, S. G. (1989). Palatometric speci�cation of stop, a�ricate, andsibilant sounds. Journal of Speech and Hearing Research 32, 736{748.Fletcher, S. G. and D. G. Newman (1991). [s] and [A] as a function oflinguapalatal contact place and sibilant groove width. Journal of theAcoustical Society of America 89 (2), 850{858.Forrest, K., G. Weismer, P. Milenkovic, and R. N. Dougall (1988). Sta-tistical analysis of word-initial voiceless obstruents: Preliminary data.Journal of the Acoustical Society of America 84 (1), 115{123.Fowler, C. A. (1994). Invariants, speci�ers, cues: An investigation of lo-cus equations as information for place of articulation. Perception andPsychophysics 55 (6), 597{610.Funatsu, S. (1995). Cross language study of perception of dental frica-tives in Japanese and Russian. In Proceedings of the 13th InternationalCongress of Phonetic Sciences (ICPhS 95), Volume 4, Stockholm, Swe-den, pp. 124{127.Goldstein, M. E. (1976). Aeroacoustics. New York: McGraw -Hill.Haggard, M. (1978). The devoicing of voiced fricatives. Journal of Phonet-ics 6, 95{102.Hamers, J. F. and M. H. A. Blanc (2000). Bilinguality and Bilingualism(Second ed.). Cambridge: Cambridge University Press.Hazan, V. L. and G. Boulakia (1993). Perception and production of a voic-ing contrast by French -English bilinguals. Language and Speech 36 (1),17{38.Hixon, T. J. (1966). Turbulent noise sources for speech. Folia Phoni-atrica 18 (3), 168{182.Hixon, T. J., F. D. Mini�e, and C. A. Tait (1967). Correlates of turbu-lent noise production for speech. Journal of Speech and Hearing Re-search 10, 133{140. 234



Hogan, J. T. and A. J. Rozsypal (1980). Evaluation of vowel duration asa cue for the voicing distinction in the following word - �nal consonant.Journal of the Acoustical Society of America 67 (5), 1764{1771.Holmes, J. N. (1983). Research report { formant synthesizers: Cascade orparallel? Speech Communication 2 (4), 251{273.Holmes, W. J., J. N. Holmes, and M. W. Judd (1990). Extension of thebandwidth of the JSRU parallel - formant synthesizer for high qual-ity synthesis of male and female speech. In Proceedings of the IEEEInternational Conference on Acoustics, Speech and Signal Processing(ICASSP 90), Volume 1, Albuquerque, USA, pp. 313{316.Holtrup, G. (1998). From magnetic resonance imaging (MRI) data to sim-ulation of speech sounds. Tripartite 5th year project report, Depart-ment of Electronics and Computer Science, University of Southampton,Southampton, UK.Hoole, P., N. N. Trong, and W. J. Hardcastle (1993). A comparative inves-tigation of coarticulation in fricatives: Electropalatographic, electro-magnetic, and acoustic data. Language and Speech 36 (2, 3), 235{260.Hoole, P., W. Ziegler, E. Hartmann, and W. J. Hardcastle (1989). Par-allel electropalatographic and acoustic measures of fricatives. ClinicalLinguistics and Phonetics 3 (1), 59{69.Howell, P. and S. Rosen (1983). Production and perception of rise timein the voiceless a�ricate/fricative distinction. Journal of the AcousticalSociety of America 73 (3), 976{984.Hughes, A. (1989). Testing for Language Teachers. Cambridge: CambridgeUniversity Press.Hughes, G. W. and M. Halle (1956). Spectral properties of fricative con-sonants. Journal of the Acoustical Society of America 28 (3), 303{310.IPA (1999). Handbook of the International Phonetic Association: A Guideto the Use of the International Phonetic Alphabet. Cambridge: Cam-bridge University Press.Jackson, P. J. B. (2000). Characterisation of Plosive, Fricative and Aspi-ration Components in Speech Production. Ph.D. Thesis, Departmentof Electronics and Computer Science, University of Southampton,Southampton, UK.Jassem, W. (1967). Acoustical description of voiceless fricatives in terms ofspectral parameters. In W. Jassem (Ed.), Speech Analysis and SynthesisI, pp. 189{206. Polish Academy of Sciences/Posn�an.235



Johns, C. M. (1972). Slips of the tongue in Portuguese. M.Litt. Thesis,University of Edinburgh, Edinburgh, UK.Jongman, A., R. Wayland, and S. Wong (2000). Acoustic characteristics ofEnglish fricatives. Journal of the Acoustical Society of America 108 (3),1252{1263.Kent, R. D. and C. Read (1992). The Acoustic Analysis of Speech. SanDiego: Singular.Klatt, D. H. (1971). On predicting the duration of the phonetic segment[s] in English. Quarterly Progress Report 103, Research Laboratory ofElectronics, Massachusetts Institute of Technology, Cambridge, USA.Klatt, D. H. (1974). The duration of [s] in English words. Journal of Speechand Hearing Research 17 (1), 51{63.Klatt, D. H. (1975). Vowel lengthening is syntactically determined in aconnected discourse. Journal of Phonetics 3 (3), 129{140.Klatt, D. H. (1976). Linguistic uses of segmental duration in English:Acoustic and perceptual evidence. Journal of the Acoustical Societyof America 59 (5), 1208{1221.Klatt, D. H. (1980). Software for a cascade/parallel formant synthesizer.Journal of the Acoustical Society of America 67 (3), 971{995.Klatt, D. H. and L. C. Klatt (1990). Analysis, synthesis, and perceptionof voice quality variations among female and male talkers. Journal ofthe Acoustical Society of America 87 (2), 820{857.Komshian, G. H. Y. and S. D. Soli (1981). Recognition of vowels frominformation in fricatives: Perceptual evidence of fricative - vowel coar-ticulation. Journal of the Acoustical Society of America 70 (4), 966{975.Konefal, J. A. and J. Fokes (1981). Voice onset time: The development ofSpanish /English distinction in normal and language disordered chil-dren. Journal of Phonetics 9, 437{444.Krane, M. H. (1999). Fluid dynamic e�ects in speech. Journal of the Acous-tical Society of America 105 (2, Pt. 2), 1159.Lacerda, A. and F. M. Rogers (1939). Sons Dependentes da FricativaPalatal �Afona, em Português. Coimbra: Laborat�orio de Fon�eticaExperimental da Faculdade de Letras da Universidade de Coimbra,Funda�c~ao do Instituto para a Alta Cultura, Portugal.Lacerda, F. P. (1982). Acoustic perceptual study of the Portuguese voice-less fricatives. Journal of Phonetics 10, 11{22.236



Ladefoged, P. (1993). A Course in Phonetics (Third ed.). Fort Worth:Harcourt Brace.Ladefoged, P. and I. Maddieson (1996). The Sounds of the World's Lan-guages. Oxford: Blackwell.LaRiviere, C., H. Winitz, and E. Herriman (1975). The distribution of per-ceptual cues in English prevocalic fricatives. Journal of the AcousticalSociety of America 18 (4), 613{622.Laver, J. (1994). Principles of Phonetics. Cambridge: Cambridge Univer-sity Press.Lindblad, P. (1980). Svenskans SJE- Och TJE-LJU: I Ett Allm�anfonetisktPerspektiv (Some Swedish Sibilants). Travaux de L'Institut de Linguis-tic de Lund XVI, CWK Gleerup.Liu, M. and A. Lacroix (1997). Pole - zero modeling of vocal tract for frica-tive sounds. In Proceedings of the IEEE International Conference onAcoustics, Speech and Signal Processing (ICASSP 97), Volume 3, Mu-nich, Germany, pp. 1659{1662.Maddieson, I. (1984). Patterns of Sounds. Cambridge: Cambridge Univer-sity Press.Mair, S. J. and C. H. Shadle (1996). The voiced/voiceless distinction infricatives: EPG, acoustic and aerodynamic data. In Proceedings of theInstitute of Acoustics Autumn Conference (Speech and Hearing 96),book 1, Volume 18, part 9, Windermere, UK, pp. 163{169.Manrique, A. M. B. and M. I. Massone (1981). Acoustic analysis andperception of Spanish fricative consonants. Journal of the AcousticalSociety of America 69 (4), 1145{1153.Martins, M. R. D. (1975). Vogais e consoantes do português: Estat��sticade ocorrência, dura�c~ao e intensidade. Boletim de Filologia, Centro deEstudos Filol�ogicos, Lisboa, Portugal 24 (1-4), 1{11.Martins, M. R. D., B. Harmegnies, and D. Poch (1995). Changementphon�etique en cours du portugais europ�een. In Actas do XI EncontroNacional da Associa�c~ao Portuguesa de Lingu��stica, Volume 3, Lisboa,Portugal, pp. 249{259.Mateus, M. H. M. (1996). Fonologia. In I. H. Faria, E. R. Pedro, I. Duarte,and C. A. M. Gouveia (Eds.), Introdu�c~ao �a Lingu��stica Geral e Por-tuguesa, Chapter 4, pp. 171{199. Lisboa: Editorial Caminho.Mateus, M. H. M. and E. Andrade (2000). The Phonology of Portuguese.Oxford: Oxford University Press.237



Mohammad, M. A. S. (1999). Dynamic Measurements of Speech Articula-tors Using Magnetic Resonance Imaging. Ph.D., Department of Elec-tronics and Computer Science, University of Southampton, Southamp-ton, UK.Motoki, K., P. Badin, X. Pelorson, and H. Matsuzaki (2000). A modalparametric method for computing acoustic characteristics of three-dimensional vocal tract models. In Proceedings of the 5th Seminar onSpeech Production Models and Data, Kloster Seeon, Bavaria, Germany,pp. 325{328.Motoki, K., X. Pelorson, P. Badin, and H. Matsuzaki (2000). Computationof 3 -D vocal tract acoustics based on mode -matching technique. InProceedings of the International Conference on Spoken Language Pro-cessing (ICSLP 2000), Beijing, China.Narayanan, S. S. (1995). Fricative Consonants: An Articulatory, Acoustic,and Systems Study. Ph.D Thesis, Department of Electrical Engineering,University of California at Los Angeles (UCLA), Los Angeles, USA.Narayanan, S. S. and A. A. H. Alwan (2000). Noise source models forfricative consonants. IEEE Transactions on Speech and Audio Process-ing 8 (2), 328{344.Narayanan, S. S., A. A. H. Alwan, and K. Haker (1995). An articula-tory study of fricative consonants using magnetic resonance imaging.Journal of the Acoustical Society of America 98 (3), 1325{1347.Nartey, J. N. A. (1982). On fricative phones and phonemes: Measuringthe phonetic di�erences within and between languages. UCLA WorkingPapers in Phonetics 55, University of California, Los Angeles, USA.Nelson, P. A. and C. L. Morfey (1981). Aerodynamic sound production inlow speed 
ow ducts. Journal of Sound and Vibration 79 (2), 263{289.Niikawa, T., M. Matsumura, T. Tachimura, and T. Wada (2000). Modelingof a speech production system based on MRI measurement of three -dimensional vocal tract shapes during fricative consonant phonation.In Proceedings of the International Conference on Spoken LanguageProcessing (ICSLP 2000), Beijing, China.O'Shaughnessy, D. (1974). Consonant durations in clusters. IEEE Trans-actions on Acoustics, Speech, and Signal Processing ASSP-22 (4), 282{295.Pirello, K., S. E. Blumstein, and K. Kurowski (1997). The characteristicsof voicing in syllable - initial fricatives in American English. Journal ofthe Acoustical Society of America 101 (6), 3754{3765.238



Raphael, L. J. (1972). Preceding vowel duration as a cue to the perceptionof the voicing characteristic of word-�nal consonants in American En-glish. Journal of the Acoustical Society of America 51 (4), 1296{1303.Recasens, D. (1991). On the production characteristics of apicoalveolartaps and trills. Journal of Phonetics 19 (3,4), 267{280.Riegelsberger, E. L. (1997). The Acoustic - to -Articulatory Mapping ofVoiced and Fricated Speech. Ph.D., Department of Electrical Engineer-ing, The Ohio State University, Ohio, USA.Schwartz, M. F. (1969). In
uence of vowel environment upon the durationof /s/ and /A/. Journal of the Acoustical Society of America 46 (2),480{481.Scully, C. (1971). A comparison of /s/ and /z/ for an English speaker.Language and Speech 14 (2), 187{200.Scully, C. (1979). Model prediction and real speech: Fricative dynamics.In B. Lindblom and S. E. G. �Ohman (Eds.), Frontiers of Speech Com-munication Research, pp. 35{48. London: Academic Press.Scully, C. (1990). Articulatory synthesis. In W. J. Hardcastle and A. Mar-chal (Eds.), Speech Production and Speech Modelling, pp. 151{186. Dor-drecht: Kluewer Academic.Scully, C. (1992). Articulatory actions within a phonological systems andthe resulting complexity of speech signals. Phonetica 49, 212{221.Scully, C. and E. Allwood (1985). Production and perception of an artic-ulatory continuum for fricatives of English. Speech Communication 4,237{245.Scully, C., E. Castelli, E. Brearley, and M. Shirt (1992). Analysis and sim-ulation of a speaker's aerodynamic and acoustic patterns for fricatives.Journal of Phonetics 20 (1), 39{51.Scully, C., E. G. Georges, and E. Castelli (1992). Articulatory paths forsome fricatives in connected speech. Speech Communication 11 (4-5),411{416.Shadle, C. H. (1985). The Acoustics of Fricative Consonants. Ph.D. The-sis, Department of Electrical Engineering and Computer Science, Mas-sachusetts Institute of Technology, Cambridge, USA. Released as Re-search Laboratory of Electronics Technical Report 506.Shadle, C. H. (1990). Articulatory - acoustic relationships in fricative con-sonants. In W. J. Hardcastle and A. Marchal (Eds.), Speech Productionand Speech Modelling, pp. 187{209. Dordrecht: Kluwer Academic.239



Shadle, C. H. (1991). The e�ect of geometry on source mechanisms offricative consonants. Journal of Phonetics 19 (3-4), 409{424.Shadle, C. H. (1992). Progress reports 1990 - 92. In B. Guerin, editor,Mesure, Caract�erisation et Mod�elisation des Sons Fricatifs, EC SCI-ENCE Project SCI*0147 -C(EDB).Shadle, C. H. (1995). Modelling the noise source in voiced fricatives. InProceedings of the 15th International Congress on Acoustics (ICA 95),Trondheim, Norway, pp. 145{148.Shadle, C. H., P. Badin, and A. Moulinier (1991). Towards the spectralcharacteristics of fricative consonants. In Proceedings of the Interna-tional Congress of Phonetic Sciences (ICPhS 91), Volume 3, Aix-en-Provence, France, pp. 42{45.Shadle, C. H. and J. N. Carter (1993).WP1: From speech signal to acousticsources. In P. Badin, C. Abry and C. Scully, editors, Speech MAPS Year1 Report, ESPRIT project 6975, v.2.Shadle, C. H., C. U. Dobelke, and C. Scully (1992). Spectral analysis offricatives in vowel context. Journal de Physique 2, 295{298.Shadle, C. H. and S. J. Mair (1996). Quantifying spectral characteristicsof fricatives. In Proceedings of the International Conference on SpokenLanguage Processing (ICSLP 96), Philadelphia, USA, pp. 1517{1520.Shadle, C. H., S. J. Mair, and J. N. Carter (1996). Acoustic characteristicsof the front fricatives [f, v, G, �]. In Proceedings of the 1st ESCA Tutorialand Research Workshop (ETRW) on Speech Production Modeling { 4thSpeech Production Seminar, Autrans, France, pp. 193{196.Shadle, C. H., S. J. Mair, J. N. Carter, and N. Millner (1995). The e�ectof vowel context on acoustic characteristics of [�c, x]. In Proceedingsof the 13th International Congress of Phonetic Sciences (ICPhS 95),Volume 1, Stockholm, Sweden, pp. 66{69.Shadle, C. H., A. Moulinier, C. U. Dobelke, and C. Scully (1992). Ensembleaveraging applied to the analysis of fricative consonants. In Proceed-ings of the International Conference on Spoken Language Processing(ICSLP 92), Volume 1, Ban�, pp. 53{56.Shadle, C. H. and C. Scully (1995). An articulatory - acoustic -aerodynamic analysis of [s] in VCV sequences. Journal of Phonet-ics 23 (1, 2), 53{66.Shadle, C. H., M. Tiede, S. Masaki, Y. Shimada, and I. Fujimoto (1996).An MRI study of the e�ects of vowel context on fricatives. In Pro-240



ceedings of the Institute of Acoustics Autumn Conference (Speech andHearing 96), book 1, Volume 18, part 9, Windermere, UK, pp. 187{194.Shinn, P. C. (1985). A Cross - Language Investigation of Stop, A�ricateand Fricative Manners of Articulation. Ph.D. Thesis, Brown University,Providence, USA.Slis, I. H. and A. Cohen (1969). On the complex regulating the voiced -voiceless distinction II. Language and Speech 12 (3), 137{155.Smith, C. L. (1995). Contextual in
uences on devoicing of /z/ in AmericanEnglish. In Proceedings of the 13th International Congress of PhoneticSciences (ICPhS 95), Volume 1, Stockholm, Sweden, pp. 380{383.Smith, C. L. (1997). The devoicing of /z/ in American English: E�ects oflocal and prosodic context. Journal of Phonetics 25 (4), 471{500.Sol�e, M. J., J. J. Ohala, and G. Ying (1998). Aerodynamic characteristicsof trills. In Proceedings of the 16th International Congress on Acous-tics (ICA 98) and 135th Meeting of the Acoustical Society of America,Volume 4, Seattle, USA, pp. 2923{2924.Soli, S. D. (1981). Second formants in fricatives: Acoustic consequencesof fricative-vowel coarticulation. Journal of the Acoustical Society ofAmerica 70 (4), 976{984.Soli, S. D. (1982). Structure and duration of vowels together specify frica-tive voicing. Journal of the Acoustical Society of America 72 (2), 366{378.SPSS (1999a). SPSS Advanced Models 10.0. Chicago: SPSS Inc.SPSS (1999b). SPSS Base 10.0 User's Guide. Chicago: SPSS Inc.Stevens, K. N. (1971). Air
ow and turbulence noise for fricative and stopconsonants: Static considerations. Journal of the Acoustical Society ofAmerica 50 (4), 1180{1192.Stevens, K. N. (1987). Interaction between acoustic sources and vocal -tract con�gurations for consonants. In Proceedings of the 11th Interna-tional Congress of Phonetic Sciences (ICPhS 87), Volume 3, Tallinn,Estonia, USSR, pp. 385{389.Stevens, K. N. (1991). Vocal-fold vibration for obstruent consonants. InJ. GauÆn and B. Hammarberg (Eds.), Vocal Fold Physiology: Acoustic,Perceptual, and Physiological Aspects of Voice Mechanisms, pp. 29{36.San Diego: Singular.
241



Stevens, K. N. (1997). Articulatory - acoustic - auditory relationships. InW. J. Hardcastle and J. Laver (Eds.), The Handbook of Phonetic Sci-ences, Chapter 15, pp. 462{506. Oxford: Blackwell.Stevens, K. N. (1998). Acoustic Phonetics. Cambridge: MIT Press.Stevens, K. N., S. E. Blumstein, L. B. Glicksman, M. Burton, andK. Kurowski (1992). Acoustic and perceptual characteristics of voic-ing in fricatives and fricative clusters. Journal of the Acoustical Societyof America 91 (5), 2979{3000.Stone, M., A. Faber, L. J. Raphael, and T. H. Shawker (1992). Cross-sectional tongue shape and linguopalatal contact patterns in [s], [A],and [l]. Journal of Phonetics 20 (2), 253{270.Stone, M. and A. Lundberg (1996). Three - dimensional tongue surfaceshapes of English consonants and vowels. Journal of the AcousticalSociety of America 99 (6), 3728{3737.Sussman, H. M. (1994). The phonological reality of locus equations acrossmanner class distinctions: Preliminary observations. Phonetica 51,119{131.Trong, N. N. and P. Hoole (1993). Frequency variations of the lowestmain spectral peak in sibilant clusters. In Proceedings of the 3rd Eu-ropean Conference on Speech Communication and Technology (Eu-roSpeech'93), Volume 1, Berlin, Germany, pp. 81{84.Trong, N. N., P. Hoole, and A. Marchal (1994). Regenerating the spectralshape of [s] and [A] from a limited set of articulatory parameters. Journalof the Acoustical Society of America 96 (1), 33{39.Veatch, T. C. (1989). Word - �nal devoicing of fricatives in English. InLinguistic Society of America Winter Meeting Handbook, Washington,USA.Vescovi, C. and E. Castelli (1995). Inversion of the voice source for somefricatives. In Proceedings of the 13th International Congress of PhoneticSciences (ICPhS 95), Volume 1, Stockholm, Sweden, pp. 70{73.Viana, M. C. (1984). Etude de Deux Aspects du Consonantisme du Portu-gais: Fricatisation et D�evoisement. Ph.D. Thesis (Doct. 3�eme Cycle),Universit�e des Sciences Humaines de Strasbourg, Strasbourg, France.Watson, I. (1990). Aquiring the voicing contrast in French: A comparativestudy of monolingual and bilingual children. In J. N. Green and W. A.Bennett (Eds.), Variation and Change in French: Essays Presentedto Rebecca Posner on Occasion of her Sixtieth Birthday, pp. 37{60.London: Routledge. 242



Watson, I. (1991). Phonological processing in two languages. In E. Bia-lystok (Ed.), Language Processing in Bilingual Children, Chapter 2,pp. 25{48. Cambridge: Cambridge University Press.Wilde, L. F. (1993). Inferring articulatory movements from acoustic prop-erties at fricative - vowel boundaries. In The Acoustical Society of Amer-ica (ASA) 126th Meeting, Volume 5aSP11, Denver, USA.Wilde, L. F. (1995a). Analysis and Synthesis of Fricative Consonants.Ph.D. Thesis, Department of Electrical Engineering and Computer Sci-ence, Massachusetts Institute of Technology, Cambridge, USA.Wilde, L. F. (1995b). Quantifying time - varying spectra of English frica-tives. In Proceedings of the 13th International Congress of PhoneticSciences (ICPhS 95), Volume 4, Stockholm, Sweden, pp. 120{123.Williams, L. (1977). The perception of stop consonant voicing by Spanish -English bilinguals. Perception and Psychophysics 21 (4), 289{297.Zagar, L. E. (1986). The Fricative Sound Source Spectrum Derived from aVocal Tract Analog. Ph.D. Thesis, Agricultural and Mechanical College,Louisiana State University, Baton Rouge, USA.

243



Further Reading on Fricatives
Aeroacoustics of Fricative ProductionStromberg, K., C. Scully, P. Badin, and C. H. Shadle (1994). Aerodynamicpatterns as indicators of articulation and acoustic sources for fricatives pro-duced by di�erent speakers. In Proceedings of the Institute of Acoustics,Volume 16, part 5, UK, pp. 325{333.Badin, P., K. Mawass, and E. Castelli (1995). A model of frication noisesource based on data from fricative consonants in vowel context. In Proceed-ings of the 13th International Congress of Phonetic Sciences (ICPhS 95),Volume 2, Stockholm, Sweden, pp. 202{205.Nonlinear DynamicsNarayanan, S. S. and A. A. H. Alwan (1993). Strange attractors and chaoticdynamics in the production of voiced and voiceless fricatives. In Proceedingsof the 3rd European Conference on Speech Communication and Technology(EuroSpeech'93), Volume 1, Berlin, Germany, pp. 77{80.Narayanan, S. S. and A. A. H. Alwan (1995). A nonlinear dynamical sys-tems analysis of fricative consonants. Journal of the Acoustical Society ofAmerica 97 (4), 2511{2524.Acoustic to Articulatory MappingDj�eradi, A., B. Gu�erin, P. Badin, and P. Perrier (1991). Measurement of theacoustic transfer function of the vocal tract: A fast and accurate method.Journal of Phonetics 19 (3/4), 387{395.Sorokin, V. N. (1994). Inverse problem for fricatives. Speech Communica-tion 14 (3), 249{262.Badin, P., D. Beautemps, R. Laboissi�ere, and J. L. Schwartz (1995). Recov-ery of vocal tract geometry from formants for vowels and fricative consonantsusing a midsagittal-to-area function conversion model. Journal of Phonet-ics 23 (1, 2), 221{229. 244



Direct and Indirect Measurements of Fricative Produc-tionHasegawa, A., J. M. Christensen, M. J. McCutcheon, and S. G. Fletcher(1979). Articulatory properties of /s/ in selected consonant clusters. InJ. J. Wolf and D. H. Klatt (Eds.), Speech Communication Papers Presentedat the 97th Meeting of the Acoustical Society of America, Cambridge, USA,pp. 115{118.Hamlet, S. L., H. T. Bunnell, and B. Struntz (1986). Articulatory asymme-tries. Journal of the Acoustical Society of America 79 (4), 1165{1169.Boussa�a, F., M. Jomaa, and R. Sock (1991). Les constraintes temporellesdes types consonantiques sur le timing mandibulaire de la quantit�e en arabetunisien. In Proceedings of the 12th International Congress of PhoneticSciences (ICPhS 91), Volume 3, Aix-en-Provence, France, pp. 306{309.Badin, P., K. Motoki, N. Miki, D. Ritterhaus, and M.-T. Lallouache (1994).Some geometric and acoustic properties of the lip horn. Journal of theAcoustical Society of Japan 15 (4), 243{253.Badin, P., B. Gabioud, D. Beautemps, T. M. Lallouache, G. Bailly, S. Maeda,J. P. Zerling, and G. Brock (1995). Cineradiography of VCV sequences:Articulatory-acoustic data for a speech production model. In Proceedings ofthe 15th International Congress on Acoustics (ICA 95), Trondheim, Norway,pp. 349{352.Stone, M. (1991). Toward a model of three-dimensional tongue movement.Journal of Phonetics 19 (3/4), 309{320.Lindblad, P. and S. Lundqvist (1995). The groove production of Swedishsibilants - an EPG analysis. In Proceedings of the 13th International Congressof Phonetic Sciences (ICPhS 95), Volume 2, Stockholm, Sweden, pp. 458{461.Chiu, W. S. C. and C. H. Shadle (1992). Use of palate shape data in anenhanced electropalatography system. In Proceedings of the Institute ofAcoustics, 1992 Autumn Conference (Speech and Hearing), Book 2, Volume14, part 6, pp. 415{422.
245



Perkell, J. S., M. L. Matthies, and M. Zandipour (1998). Motor equivalencein the production of /A/. In Proceedings of the 16th International Congress onAcoustics and 135th Meeting of the Acoustical Society of America, Volume 4,Seattle, USA, pp. 2925{2926.Source and Vocal Tract Modelling: Interactions Be-tween Source Aeroacoustic Mechanisms and Vocal TractCon�gurationsBadin, P. and C. G. M. Fant (1989). Fricative production modelling: Aero-dynamic and acoustic data. In Proceedings of the 2nd European Conferenceon Speech Communication and Technology (EuroSpeech'89), Paris, France.Shadle, C. H. (1988). Experimental derivation of fricative source models.In Proceedings of Speech'88 (7th FASE Symposium), Edinburgh, UK, pp.399{406.Jackson, P. J. B. and C. H. Shadle (2000). Frication noise modulated byvoicing, as revealed by pitch - scaled decomposition. Journal of the AcousticalSociety of America 108 (4), 1421{1434.Pastel, L. M. P. (1987). Turbulent noise sources in vocal tract models.M.Sc. Thesis, Department of Electrical Engineering and Computer Science,Massachusetts Institute of Technology, Cambridge, USA.Sinder, D. J. (1999). Speech Synthesis Using an Aeroacoustic Fricative Model.Ph.D. Thesis, Rutgers, The State University of New Jersey, New Brunswick,USA.Perceptual StudiesMassaro, D. W. and M. M. Cohen (1976). The contribution of fundamentalfrequency and voice onset time to the /zi/{/si/ distinction. Journal of theAcoustical Society of America 60 (3), 704{717.McCasland, G. P. (1979). Noise intensity and spectrum cues for spokenfricatives. In J. J. Wolf and D. H. Klatt (Eds.), Speech CommunicationPapers Presented at the 97th Meeting of the Acoustical Society of America,Cambridge, USA, pp. 303{306.
246



Mann, V. A. and B. H. Repp (1980). In
uence of vocalic context on percep-tion of the [A] - [s] distinction. Perception and Psychophysics 28 (3), 213{228.Repp, B. H. (1981). Two strategies in fricative discrimination. Perceptionand Psychophysics 30 (3), 217{227.Jongman, A. (1989). Duration of frication noise required for identi�cationof English fricatives. Journal of the Acoustical Society of America 85 (4),1718{1725.Whalen, D. H. (1981). E�ects of vocalic formant transitions and vowelquality on the English [s] - [�s] boundary. Journal of the Acoustical Society ofAmerica 69 (1), 275{282.Whalen, D. H. (1983). Vowel information in postvocalic fricative noises.Language and Speech 26 (1), 91{100.Whalen, D. H. (1991). Perception of the English /s/-/A/ distinction relies onfricative noises and transitions, not on brief spectral slices. Journal of theAcoustical Society of America 90 (4), 1776{1785.Faulkner, A., S. Rosen, A. M. Darling, and M. Huckvale (1995). Cue in-teraction in the perception of intervocalic and syllable-initial voiceless frica-tive/a�ricate contrasts. In Proceedings of the 13th International Congress ofPhonetic Sciences (ICPhS 95), Volume 2, Stockholm, Sweden, pp. 502{505.Nguyen, N. (1995). Contextual and lexical e�ects in the identi�cation offricatives. In Proceedings of the 13th International Congress of PhoneticSciences (ICPhS 95), Volume 2, Stockholm, Sweden, pp. 530{533.Hedrick, M. S. and R. N. Ohde (1993). E�ect of relative amplitude offrication on perception of place of articulation. Journal of the AcousticalSociety of America 94 (4), 2005{2026.Hedrick, M. S. (1997). E�ect of acoustic cues on labeling fricatives anda�ricates. Journal of Speech and Hearing Research 40 (4), 925{938.Development of Speech and Pathological SpeechMcGowan, R. S. and S. Nittrouer (1988). Di�erences in fricative productionbetween children and adults: Evidence from an acoustic analysis of /A/ and247



/s/. Journal of the Acoustical Society of America 83 (1), 229{236.Dent, H., F. Gibbon, W. J. Hardcastle, and M. Wakumoto (1995). Articula-tory/acoustic relationships in lateralised productions of sibilant fricatives. InProceedings of the 13th International Congress of Phonetic Sciences (ICPhS95), Volume 2, Stockholm, Sweden, pp. 654{657.Matthies, M. L., M. A. Svirsky, H. L. Lane, and J. S. Perkell (1994). Apreliminary study of the e�ects of cochlear implants on the production ofsibilants. Journal of the Acoustical Society of America 96 (3), 1367{1373.Matthies, M. L., M. A. Svirsky, J. S. Perkell, and H. L. Lane (1996). Acous-tic and articulatory measures of sibilant production with and without au-ditory feedback from a cochlear implant. Journal of Speech and HearingResearch 39, 936{946.Baum, S. R. (1996). Fricative production in aphasia: E�ects of speakingrate. Brain and Language 52 (2), 328{341.

248



Author's Relevant PublicationsJesus, L. M. T. (1999). Analysis of Portuguese Fricative Consonants. MiniThesis, Department of Electronics and Computer Science, University ofSouthampton, Southampton, UK.Jesus, L. M. T. and C. H. Shadle (1999). Acoustic analysis of a speech corpusof European Portuguese fricative consonants. In Proceedings of the 6thEuropean Conference on Speech Communication and Technology (Euro-Speech'99), Volume 1, Budapest, Hungary, pp. 431-434.Jesus, L. M. T. and C. H. Shadle (2000). Parameterizing spectral character-istics of European Portuguese fricatives. In Proceedings of the 5th Semi-nar on Speech Production Models and Data, Kloster Seeon, Bavaria, Ger-many, pp. 301-304.Jesus, L. M. T. and C. H. Shadle (2001). A parametric study of the spectralcharacteristics of European Portuguese fricatives. Journal of Phonetics.To be published in a Special Issue.

249


