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AbstractThe study of Portuguese fricatives is a complex problem, which has notbeen explored fully. As part of a larger study of the acoustic propertiesof Portuguese fricatives, a corpus based on 154 Portuguese words contain-ing the fricatives /f, v, s, z, A, O/ in combination with the non-nasal vow-els /i, i, e, �, �, a, 4, o, u/ has been recorded. A nonsense word corpus wasalso devised consisting of /pVCV/ sequences. Sustained Portuguese frica-tive consonants were also recorded. Both the acoustic speech signal and thelaryngograph signal were recorded in a sound treated booth. Observationof laryngograph and acoustic signals of Portuguese words has revealed thatthere is a large number of devoiced examples. Averaged power spectra werecomputed for all fricatives. For the nonsense word corpus, ensemble averag-ing based on one DFT computed at the same event in each of nine tokenswas used. For all other corpora, time averaging of DFTs computed from nine10ms windows was used. Substantial di�erences are found between spectraof voiced and unvoiced, same-place fricatives. Other comparisons of e�ortlevel in sustained fricatives to position in the word add to a knowledge of theinteraction of voice and frication source in Portuguese.The multiple comparisons possible in such a study, across speakers, corpora,place, vowel context, syllable stress, location within fricative, etc., demandeda systematic approach, since our interest is primarily in the production mech-anisms of the fricatives and the language-speci�c variation of these mecha-nisms. We sought a way of parameterizing the fricatives that makes use of ourknowledge of the underlying aeroacoustics. The parameters spectral slope,frequency of maximum amplitude, and dynamic amplitude, were developedto characterize fricative spectra, and applied to corpora. The parametersbehaved as predicted for changes in e�ort level, voicing, and location withinthe fricative. Some combinations were also useful for separating the fricativesby place or by sibilance.The work presented in this Thesis, is a systematic study of European Por-tuguese fricatives in a range of contexts, with temporal and spectral analysis.Our long-range goal is synthesis of Portuguese fricatives.
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Chapter 1
Research Overview
1.1 IntroductionThe research presented in this thesis aims to investigate the acoustic featuresand articulatory con�gurations which characterize the production of fricativeconsonants. Fricatives are a particularly complex class of speech soundsbecause their production mechanisms are not yet fully understood. This workwill be combining di�erent data into sequences of acoustic, aerodynamic andarticulatory events. We will be focusing on the analysis of frication in thePortuguese language, and plan to use the accumulated knowledge to designa new production model that will accommodate particular characteristicsof Portuguese fricatives. Portuguese is an important European language,spoken by over 180 million people worldwide. Because Portuguese fricativeshave not been fully explored, we have devised a large study of their acousticproperties.When a vowel is being uttered, the vocal tract is relatively unconstricted(�1 cm2 at most constricted region) and the vocal folds vibrate periodically,causing the volume of air owing through the glottis to uctuate periodicallyas well. Fricative consonants are produced when the vocal tract is constricted(�0.1 cm2 at most constricted region) somewhere along its length, enough toproduce turbulence noise when air is forced through the constriction. Theplace of constriction a�ects the tract resonances (�lter properties), but alsoa�ects the shape of the tract downstream of the constriction and thus thesource properties: where the turbulent jet will impinge on tract walls, gen-1



erating more noise, and the particular spectral characteristics of that noise.It is known from studies of jet noise and mechanical models (Goldstein 1976)that when a particular con�guration is held constant, and only the air veloc-ity is increased, the turbulent noise increases, and increases more at higherfrequencies. Though it is not easy to control nor measure parameters soprecisely in the vocal tract, the same phenomenon appears to occur for frica-tives.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 di�cult and moreimportant to get su�ciently accurate vocal tract shape and simultane-ous aerodynamic and acoustic data for fricative con�gurations.These di�culties have been reected 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 productionof speech corpora, the extraction of magnetic resonance imaging (MRI) data(Narayanan et al. 1995; Shadle et al. 1996), acoustic analysis methods (frica-tive aeroacoustics) (Shadle and Scully 1995), and the incorporation of threedimensional vocal tract data in speech synthesis (Davies et al. 1993).The study of relations between articulatory, acoustic and perceptual cues(Hoole et al. 1989; Nguyen and Hoole 1993; Nguyen et al. 1994; Stevens1997) provides crucial information for the articulatory synthesis of fricativeconsonants (Scully 1979; Scully and Allwood 1985; Scully et al. 1992). Morespeci�c studies of the articulation of fricatives include the palatographic ex-periments of Fletcher (1989) and Fletcher and Newman (1991), the extensivestudies of tongue shapes by Stone et al. (1992) and Stone and Lundberg(1996), and the MRI and electropalatography experiments of Narayanan(1995) and Narayanan et al. (1995). The study of the nature of the in-teraction between acoustic sources and vocal tract shapes for constricted2



consonantal con�gurations (Stevens 1987; Stevens 1991; Badin 1991; Badinet al. 1994; Shadle 1995), and the study of mechanical models by Shadle(1985, 1990, 1991), has supplied important data to drive various paramet-ric multi-tube acoustic models (Vescovi and Castelli 1995; Narayanan andAlwan 1996; Liu and Lacroix 1997; Riegelsberger 1997).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 a�liation (Shadle et al. 1991) and the e�ect ofvowel context on the acoustic characteristics of fricatives (Shadle et al. 1995),have identi�ed some parameters that might be useful for the analysis of Por-tuguese fricative consonants. Researchers have used spectral moments andlocus equations on fricatives (Forrest et al. 1988; Jongman and Sereno 1995;Jongman et al. 1998) without much success, although such techniques workwell on stops (Forrest et al. 1988). A di�erent parameter set, based more onour understanding of the acoustic mechanisms of fricative production, wasdeveloped and tested against our large corpus of fricatives (see Chapter 6).An initial study, based on an existing English and French fricative corpus,suggested some fruitful directions to pursue (Shadle and Mair 1996).1.2 Analysis of Portuguese FricativesThere have been many studies of the phonetics and phonology of Portuguese.These have shown some interesting features of Portuguese; it is unusuallyrich in instances of vowel reduction, consonant clusters, and fricatization ofplosives (Viana 1984).The study of Portuguese fricative consonants constitutes a challenging andcomplex research area, which is yet to be explored in its full depth. This isin part due to the lack of speci�c speech corpora that reect the variety ofphonetic contexts in which these speech sounds occur and the large numberof variations in uent Portuguese speech.One 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, from3



a study of slips of the tongue, that because of the di�culty of motor coor-dination during the production of unvoiced Portuguese fricatives, place ofarticulation was often incorrectly executed. A study by Martins (1975) pro-duced a rank order of average duration and \intensity" of Portuguese frica-tives. Unfortunately, the methodology used to measure amplitude is ratheroutdated and averaging of results inappropriate.Lacerda's (1982) paper on Portuguese voiceless fricatives describes the use ofperceptual experiments to identify the acoustic features of /f, s, A/. /f/ hasa at spectrum and low intensity level; /s/ has a broad-band spectral peakbetween 4.1 kHz and 5.7 kHz, and high intensity level; the energy in the highfrequency bands (around 6 kHz) is perceptually important for /s/; /A/ hasa high intensity level and an important broad-band spectral peak between2.7 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/, due to the fact thatthis vowel is weakened (or even not produced) in �nal position.Viana's (1984) study of Portuguese plosives also includes the analysis of frica-tive spectra. Results showed that fricative consonants have longer averageduration than the neighboring vowels, and that in �nal position, they havelower average energy than in initial position. /f/ showed the weakest spectra.Martins et al. (1995) observed that when the vowel /V1/ in a /V1AV2/ se-quence is weakened (or not produced), its formant structure is somewhat\transferred" to the following fricative /A/, allowing the listener still to per-ceive the vocalic segment.Portuguese is unusually rich in instances of vowel reduction, consonant clus-ters, and fricatization of plosives (Viana 1984). Further regional variations(Cunha and Cintra 1992) result in some instances of substitution of frica-tive /A/ by a�ricate /tA/ in the north of Portugal, and various occurrences ofphonemic variation, e.g. [Us] as produced in Viseu (Mateus 1996). These allcontribute to make the study of Portuguese fricatives a complex problem.In this thesis, a corpus of Portuguese fricatives, was recorded in controlledand more natural speech contexts, and was analysed. The results of thisanalysis were �rst compared between four Portuguese speakers, and in the4



future will be compared with other languages (English, French, German,...). Results of the analysis can also be used in the future to model andsynthesize the fricatives, and compared to current formant (Wilde 1995) andarticulatory synthesis (Narayanan and Alwan 1996; Riegelsberger 1997).1.3 Thesis OverviewIn this study we focus on the analysis of frication in Portuguese, by combin-ing analysis 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. The�rst results of this analysis are presented in Chapters 4 and 5, including aninventory of all cases of devoicing. Chapter 6 describes the parameterisationof the fricative spectra, done both to aid within- and across-speaker compar-isons, and as a �rst step towards modelling and synthesis of the fricatives.Conclusions and a plan for future work are presented in Chapter 7.
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Chapter 2
Design and Recording of aCorpus of Portuguese Fricatives
2.1 IntroductionA speech corpus has been designed for standard European Portuguese. Thephonetic and phonological evidence underlying the design of the corpus aredescribed in the sections that follow. The complete corpus is described inAppendices A and B.2.2 DesignDuring the design phase of the corpus, we tried to de�ne a large numberof phonetic contexts using both real Portuguese words and nonsense words.This will allow us to study the most relevant phoneme variants, and fullydescribe the spectral and articulatory characteristics of Portuguese fricativeconsonants.To produce examples that would be possible words in Portuguese, the non-sense words all followed these language-speci�c phonological rules (Mateus1975):

6



1. any of the vowels /i, e, �, �, a, 4, o, u, ~�, ~e, ~�, ~o, ~u/ can occur in thetonic syllable;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. only /A/ can occur in �nal position (see page 16 in Mateus, 1975).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 FricativesWe recorded a set of VCV sequences, where V belongs to the reduced setof Portuguese vowels /i, �, u/, and C is one of the Portuguese fricativeconsonants /f, v, s, z, A, O/ sustained for 5 s (see Appendix B). As shownby Shadle et al. (1996), the vowel context, even for sustained examples,inuences the articulatory and spectral characteristics of fricatives. Since thevocalic contexts of Corpus 1 overlap with those of Corpus 3 (set of Portuguesewords), it is possible to make a comparative study between the fricativesproduced 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. Ideally we would like the artic-ulation to be held constant, and only the air velocity during its production tobe varied. We attempt to elicit this by asking for a variation in e�ort level.2.2.2 Corpus 2: Nonsense WordsA set of nonsense words (see Appendix B) was also recorded consisting of/pVCV/ sequences, where V is one of the vowels /i, �, u/. The set con-7



sisted of all possible vowel and fricative permutations, each repeated about12 times in one breath. The phoneme /p/ is an easily identi�able marker forsegmentation and spectral analysis, and has been used in Rothenberg maskrecordings by Shadle et al. (Shadle 1992; Shadle and Carter 1993) to mea-sure the subglottal pressure and to check where the zero is in the recordedtime signal (no ow velocity).2.2.3 Corpus 3: Real WordsTo have a rich variety of phonetic contexts using a reasonably small numberof examples, we have selected Portuguese words where fricatives occur incontexts which provide a broad spectrum of information. This will allowus to de�ne future strategies to expand the corpus to include relevant newcontexts.We have selected examples where the vowels in the VCV sequences are one ofthe Portuguese non-nasal vowels /i, i, e, �, �, a, 4, o, u/. We tried to have thesame vocalic context for each di�erent fricative and selected an appropriatealternative when there was not a suitable example.To have the widest variety of phonetic contexts using the smallest numberof examples possible, we selected words that follow the pattern /FV1FV2/(nearly minimal pairs):1. \fofa" /^fof�/;2. \viva" /^viv�/;3. \cessa" /^s�s�/;4. \Z�ez�e" /^z�z�/;5. \chocha" /^AoA�/;6. \Gigi" /Oi^Oi/.These words, shown in Table A.1 of Appendix A, have all the fricatives ininitial and medial positions, and both VCV and CVC sequences. We also useda di�erent set of words, shown in Tables A.2 to A.13, to capture examples ofVCV and CVC syllables not covered by the minimal pairs.8



The vowels in words with VCV sequences have been divided into three groups:/i, i, e/ { group V1; /�, �, a/ { group V2; /4, o, u/ { group V3. Tables A.8to A.13 in Appendix A list examples with nearly all Portuguese non-nasalvowels preceding each one of the fricatives, followed by one vowel from eachone of the vowel groups V1, V2 and V3.We have used words of the following type to \simulate" �nal position con-texts:1. \chefe" /^A�fi/;2. \ave" /^avi/;3. \asse" /^asi/;4. \doze" /^dozi/;5. \age" /^aOi/.The vowel /i/ is generally reduced in �nal position, as shown by Andrade(1994), and so the resulting allophone is not expected to inuence the pre-ceding fricative. Tables A.14 and A.15 in Appendix A show examples ofPortuguese words with fricative consonants in �nal position.In sum, Corpus 3 consists of 8 nearly minimal pairs, 54 words with fricativesin initial position, 69 words with fricatives in medial position, and 23 wordswith fricatives in �nal position. The carrier sentence \Diga ..., por favor."/^dig� ... pur ^f�vor/ was used to record the words in the corpus in a balancedphonetic context and with a neutral prosody. The examples in Tables A.1to A.15 in Appendix A were read, within the carrier sentence, in a randomizedorder.2.2.4 Corpus 4: Real Words in Connected SpeechTo study the e�ects of co-articulation in connected speech, we have deviseda set of sentences (see Appendix A) with words selected from Corpus 3.The goal was to form a phonetically rich sequence of speech sounds and stillproduce a meaningful paragraph. 9



2.3 RecordingThe subjects used in this study were two male (LMTJ and CFGA) andtwo female (ACC and ISSS) adult Portuguese native speakers. Recordingswere made in an anechoic chamber using a Bruel & Kjaer 4165 1/2 inchmicrophone located 1m in front of the subject's mouth. The signal wasampli�ed and �ltered by a Bruel & Kjaer 2636 measurement ampli�er, withhigh-pass cut-on frequency of 22Hz and low-pass cut-o� frequency of 22 kHz.A laryngograph signal (Lx) was also collected using a laryngograph processor1. The acoustic speech signal and Lx were recorded with a Sony TCD-D7DAT system at 16 bits, with a sampling frequency of 48 kHz, and digitallytransfered to a computer for post-processing.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 were described. Details of an additional corpus of sustained fricativesand a corpus of Portuguese sentences have also been presented. This chapteralso provides 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.

1Model LxProc, type PCLX produced by Laryngograph Ltd (UK).10



Chapter 3
Methods for Segmentation,Annotation, and Analysis
3.1 IntroductionThis chapter describes the method used to manually segment and annotatethe various corpora presented previously. This is followed by a descriptionof the acoustic signal calibration process, and extensive de�nition of botha manual method and an automatic method to determine if a fricative isdevoiced. Finally we describe the two techniques used to average the powerspectra of the fricatives: time-averaging and ensemble-averaging.We have used methodology of previous fricative studies, begun with theEC SCIENCE \Fricative" Project, conducted by Shadle, Scully, Gu�erin andothers at ICP, Grenoble. That study was focussed on characterizing fricativesin general. Here, we've adapted that methodology to focus on Portuguesefricatives in particular, and thus use real words and phonology of Portuguese.3.2 Segmentation and AnnotationThe data on the DAT tape were digitally transfered to .wav computer �les,which contain the acoustic speech signal in the right channel and the laryngo-11



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 thevowel-fricative transition, there is a decrease in amplitude, voicing ends (forunvoiced fricatives) and frication noise starts, as shown in Figure 3.1. Duringthe fricative-vowel transition, there is an increase in amplitude, voicing starts(for unvoiced fricatives) and frication noise ends. These events overlap intime, making the segmentation a somewhat subjective process. However, itis important to segment consistently, since the analysis methods depend onthe boundaries so identi�ed.
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Figure 3.1: Laryngograph signal and acoustic signal of fricative /f/ in \caf�e"/k�^f�/, showing the start of the vowel-fricative transition, the start of thefricative, the end of the fricative, and the end of the fricative-vowel transition.Corpus 3 (Speaker LMTJ).The laryngograph signal was also used in the decision process to determinethe VF and FV boundaries (see Figure 3.1). For unreduced vowels there wasalways signi�cant voicing, and for the duration of most fricatives the laryn-12



gograph signal changed drastically. Therefore the amplitude of the laryngo-graph signal is an important cue to determine the boundaries between thedi�erent phones.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.Examples such as \este" /^eAti/, because we have a vowel-fricative-plosivesegment, the fourth annotation value corresponds to the end of �rst fricative-plosive transition. When the words contain a �nal fricative, the fourth anno-tation value has the same sample value as the third, or the fourth annotationvalue corresponds to a marker in the \silence" that follows the fricative.During the annotation phase of the nonsense word corpus, we have eliminatedthe �rst and the last repetitions, and a few additional repetitions (usuallythe last few or some \problematic" tokens), to obtain the ensemble of ninetokens (see Section 3.7.2).We have also created a set of �les containing a phonetic transcription, ac-cording to the International Phonetic Alphabet (IPA), of all the individualVCV, VCC and VCVCV transitions considered in the corpus.13



3.3 CalibrationA 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 3.1.Table 3.1: 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 10In order to obtain an absolute spectral amplitude we will start by calculatinga factor A1 which, when added to the internal arbitrary amplitude of therecorded calibration tone, makes the sum equal to the known amplitude ofthe calibration tone: A1 = 94:1� 20log(Yarb(f))(dB) (3.1)where Yarb(f) is the arbitrary internal amplitude of the Fourier transform at1 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) (3.2)where Gcal is the gain applied when the calibration signal was recorded, andGsp is the gain applied when the speech signal was recorded. Therefore theabsolute spectral amplitude of the speech signal Xarb(f) is given byXabs = 20log(Xarb(f)) + A1 + A2(dB) (3.3)The spectra shown in the sections that follow do not present an absoluteamplitude. We are currently working on a method that uses the calibrationsignal to calculate an absolute spectral amplitude that will be referred to a1Hz interval and will thus allow comparison regardless of window lengthsand averaging techniques. 14



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 (3.4)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. The larger the size of the window the higher is the overall am-plitude.We will be using the same window size to calculate the power spectra of am-bient noise, sustained fricatives, fricatives in nonsense words and real words.We will use a larger number of windows to calculate the spectrum of a longersegment of signal (ambient noise and sustained fricatives). This allows usto compare spectral amplitudes of Corpus 1a, 1b, 2, 3 and 4, for a givenrecording session.3.4 DevoicingWhile segmenting, we noticed a large number of devoiced examples. To studythis phenomenon further we devised a new criterion for devoicing based onboth the acoustic and laryngograph signals. The signal shown in Figure 3.2is one such case. It corresponds to a segment that starts at the onset of theVF transition, and ends at o�set of the FV transition.Smith (1997) used a criterion for devoicing in American English based on theamplitude of the electroglottograph (EGG) cycles:\The fricative was considered to be voiced during the portionof its duration that the amplitude of the EGG cycles exceededone-tenth of the EGG cycle amplitude at the time of maximumenergy in the preceding vowel." (page 478)A study by Pirello et al. (1997) presents an alternative measure of voicingbased 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.15
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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).A di�erence of less than or equal to 10 dB sustained over 30mswas classi�ed as voiced." (page 3756)We used both the relative value of the amplitude and duration of the acous-tic signal, and the amplitude of the laryngograph signal to determine if africative is devoiced. Devoiced is de�ned as no periodic structure of thelaryngograph signal on the frication interval. Partially devoiced is a fewsteady laryngograph signal cycles during frication; voiced is steady laryngo-graph signal cycles throughout the whole frication, even if the amplitude ismuch lower than in the vowel. Voiced and devoiced fricatives can also berelated to di�erences in their spectral shape.In Chapter 4 we present an inventory of all cases of devoicing, a detailedanalysis of the devoicing patterns found, and try to identify the causes (vowelcontext, word position, ...) of this phenomenon.16



3.5 Automatic Criterion for DevoicingThe mean x = 1N NXi=1 xi (3.5)and variance �2(x) = 1N � 1 NXi=1 (xi � x)2 (3.6)of the laryngograph signal were calculated during the VF transition andduring the fricative. The ratio of variances of the two intervals,r�2(x) = �2t (x)�2f (x) ; (3.7)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 { a goodheuristic threshold was 15. Bigger than that, the fricative is labelled devoiced;less than 15, voiced.The laryngograph signal presents, in some voiced fricatives examples andin most unvoiced fricatives examples, a slowly increasing or decreasing am-plitude over the frication interval, which results in a large variance, andtherefore a misclassi�cation as voiced. This problem has been solved usingan averaged r�2(x). We have computed the mean x and the variance �2(x)for three consecutive equal length sections of the frication interval, calculatedthe average frication interval variance, and used it to compute a new ratioof variances. We have tried to use a larger number of sections over whichwe calculate the averaged r�2(x) but this does not improve signi�cantly thee�ciency of this measure of devoicing.Fricatives classi�ed as partially devoiced, using a manual criterion, were con-sidered to be in the devoiced category when using the r�2(x) metric, i.e., whenr�2(x) � 15, and the fricative is manually classi�ed as partially voiced, thenthe example is considered to be correctly classi�ed.
17



3.6 Vowel ReductionAnother striking feature of the corpus is that of highly reduced vowels, whichare often also devoiced. Figure 3.3 shows an example of a reduced /u/, andFigure 3.4 shows a reduced /i/. Because there are di�erent patterns of reduc-tion (reduced throughout, partially reduced, ...) depending on the phoneticcontext, it could also be useful to de�ne a criterion, based on amplitude andduration, for deciding if a vowel is reduced.
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Figure 3.3: Laryngograph signal and acoustic signal of fricative /v/ andbeginning of reduced /u/ in \altivo" /al^tivu/. The dashed lines mark thestart and end of the fricative. Corpus 3 (Speaker LMTJ).3.7 Spectral AnalysisThis section describes the method used to compute the averaged power spec-tra of fricatives (see brief summary in Figure 3.5). We've used nine 10ms18
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Figure 3.4: Laryngograph signal and acoustic signal of fricative /s/ and startof reduced /i/ in \pêssego" /^pesigu/. The dashed lines mark the start andend of the fricative. Corpus 3 (Speaker LMTJ).Hamming windows and time-averaging for Corpus 1a, 1b, 3 and 4. Ensem-ble averaging, based on one DFT computed at the same event (beginning,middle or end) in each of nine tokens of fricatives from the nonsense wordcorpus (Corpus 2), is also described.3.7.1 Time-Averaged Spectra (Corpus 1a, 1b, 3 and 4)The �rst phase of spectral analysis consisted of a study of the averagedDFT spectra, used to see the broad characteristics of the fricatives. Theduration of the windows (10ms) was chosen so that a reasonable number ofwindows could be used to cover adequately the wide range of lengths of thefricatives in the corpora (from 35ms to 200ms). For the shorter fricativesthe windows overlap. We have used nine windows to calculate the averagedspectra, because from a careful observation of Corpus 2, we have noticed19
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Figure 3.5: Spectral averaging.that there are always at least nine valid repetitions of the nonsense words.This will allow us to compare the spectra of fricatives calculated from realPortuguese words (Corpus 3 and 4) with the ensemble-averaged spectra ofnonsense words.The windows' placement is related to the proportion of the distance throughthe fricative interval. The idea is that, regardless of the fricative length, thesegments used to calculate the averaged spectra will always be placed in atime position which corresponds to the same speech event. This allows us tocompare the spectra of short and long fricatives.We have used time averaging with nine 10ms Hamming windows, one left-aligned to the start of the fricative, one right-aligned to the end of the frica-tive, one centered at the middle of the fricative, and the remaining six win-20



dows centered at 18 , 14 , 38 , 58 , 34 and 78 times the total length of the fricative.For the shorter fricatives, as shown in Figure 3.6, there will be consider-able overlap between the windows, but for the longer fricatives, as shown inFigure 3.7, the windows are evenly spaced over the fricative.
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windowsFigure 3.6: Placement of windows for the calculation of the time-averagedspectrum of a fricative (less than 81ms).
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windowsFigure 3.7: Placement of windows for the calculation of the time-averagedspectrum of a fricative (more than 81ms).We have also used the same time-averaging technique to calculate the spec-tra of sustained fricatives in Corpus 1a and Corpus 1b (one hundred, 10mswindows); see Figures 3.8 and 3.9, respectively. This allows us to devise acomparative study of all fricatives in di�erent phonetic contexts. For exam-ple, the spectrum of fricative /s/ in Figure 3.8 is shifted down when comparedwith the spectra of the same fricative shown in Figure 3.9, because of therounded vowel /u/ context. In the future we should also consider having aneutral vowel // context for fricatives in Corpus 1b, because the speakernaturally uses some vowel before starting the production of the actual frica-tive.
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Figure 3.8: Time-averaged spectrum of sustained fricative /ussss ... u/. Thedashed curve is the averaged spectrum of the room noise. Corpus 1a (SpeakerLMTJ).The time-averaged power spectrum for each fricative is given byPT (f) = 1N NXi=1 jXi(f)j2 (3.8)where Xi is the DFT of a portion of the fricative signal, xi, corresponding tothe ith windowed segment.An example of the time-averaged spectrum of a Portuguese fricative is pre-sented in Figure 3.10. The spectrum is not shown above 20 kHz becausehuman hearing does not usually go beyond that limit, and the spectrum be-low 20Hz has also been �ltered out, because it clearly corresponds to roomnoise and other external artifacts. The dashed curve in the same �gure cor-responds to the time average of the room noise (N = 500; 10ms windows).The picture has a signi�cant low frequency peak that corresponds to roomnoise. The speech signal amplitude is considerably higher than the noise22
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Figure 3.9: 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).amplitude for most of the examples.3.7.2 Ensemble-Averaged Spectra (Corpus 2)Ensemble averaging, based on one DFT computed at the same event in eachof nine tokens, was used. We have used 10ms windows located relative toevents within one fricative: one left-aligned to the start of the fricative, onecentred at the centre of the fricative, and one right-aligned to the end of thefricative (see Figure 3.11). The ensemble-averaged power spectrum of eachfricative is given by PE(f) = 19 9Xk=1 jXk(f)j2 (3.9)23
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Figure 3.10: 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).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)of the kth token. The �rst and last, and any atypical tokens were eliminatedto obtain the ensemble of nine tokens. Figure 3.12 shows an example of theensemble-averaged spectra of fricative /O/ in Corpus 2.
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Chapter 4
Temporal 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 includes astudy of devoicing in Corpus 2, 3 and 4, and a complete inventory of possiblecauses of this phenomenon. Two devoicing criteria (a manual criteria anda criteria based on the ratio of variances of the laryngograph signal duringthe VF transition and during the fricative) are used to classify the examplesinto two/three categories. The results of the automatic measure of devoic-ing are compared with the manual ones, and a consistent justi�cation formisclassi�cation is presented.A duration analysis of words from Corpus 2, 3 and 4 is also presented. Thisconsists of a study of the inuence of word and sentence position, and placeof articulation on the duration of the fricatives, and of the VF and FVtransitions.4.2 DevoicingThe fricatives in nonsense words from Corpus 2 were analysed with the man-ual criteria for devoicing. Results show a very high percentage of devoiced27



examples, as can be seen in the inventory presented in Table 4.1. The par-tially devoiced cases of Speaker LMTJ have not been accounted for.Table 4.1: Inventory of all cases of devoicing (using a manual criterion).Values given are number of devoiced, partially devoiced or voiced examplesdivided by the total number of examples. Corpus 2.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%)The inuence of vowel context in the devoicing of Corpus 2 (Speakers LMTJand ACC) fricatives has been analysed and the results are presented in Fig-ures 4.1 and 4.2. The combinations of numbers on the x-axis (1-1, 1-2, ...)represent di�erent nonsense words such as /pivi/ and /piv�/.
28
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A detailed observation of the acoustic and laryngograph signals during theproduction of nonsense words by Speaker ACC has revealed that:� Most examples of voiced fricatives present a very low laryngographsignal amplitude during the frication interval.� For some of the nonsense words with voiceless fricatives /f,s,A/, thelaryngograph signal amplitude is zero during the VF transition, butthe vowel is still voiced, as can be seen from the acoustic signal.� Some vowels devoice before the start of the vowel to unvoiced fricativetransition.� The amplitude of the laryngograph signal for voiced fricatives, increasesto \vowel values", before the fricative ends.Observation of laryngograph and acoustic signals of Portuguese words inCorpus 3 (Speaker LMTJ) has revealed that: 50% (18 out of 36) of theexamples of fricative /v/ were totally devoiced (see Section 3.4 for devoicingcriteria); 66.7% (20 out of 30) of the examples of fricative /z/ were totallydevoiced; 80% (24 out of 30) of the examples of fricative /O/ were totallydevoiced. Most word-�nal fricative examples (15 out of 17) were totallydevoiced. A complete inventory of devoiced, partially devoiced and voicedexamples in Corpus 3 is presented for all four speakers in Tables 4.2 to 4.5.
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Table 4.2: Inventory of all cases of devoicing (using a manual criterion).Values given are number of devoiced or partially devoiced examples dividedby the 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 4.3: Inventory of all cases of devoicing (using a manual criterion).Values given are number of devoiced or partially devoiced examples dividedby the 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 4.4: Inventory of all cases of devoicing (using a manual criterion).Values given are number of devoiced or partially devoiced examples dividedby the 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 4.5: Inventory of all cases of devoicing (using a manual criterion).Values given are number of devoiced or partially devoiced examples dividedby the 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%) VoicedWe have used a di�erent carrier sentence (\Diga ..., bem dito." /^dig� ... b~�^ditu/) in the re-recording session of Speaker LMTJ, to test the inuence ofthe phoneme that follows the word where the fricative is contained. Resultsshow that the fact that we have used a voiced plosive /b/ instead of anunvoiced plosive /p/ does not necessarily imply that �nal /v/, /z/ and /O/are voiced.We have also looked at a limited number of words from Corpus 3 (SpeakersLMTJ and ACC) that follow the same pattern /V1FV2/, see Figures 4.3 and35



4.4, where V1 and V2 are vowels which belong to one of the groups: group 1{ /i, i, e/; group 2 { /�, �, a/; group 3 { /4, o, u/.
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The results shown in Table 4.6 indicate that in Corpus 4 (Speaker LMTJ):38.2% (13 out of 34) of the examples of fricative /v/ were totally devoiced;72.7% (16 out of 22) of the examples of fricative /z/ were totally devoiced;68.2% (15 out of 22) of the examples of fricative /O/ were totally devoiced.In Tables 4.7 to 4.9 results are presented for Speakers CFGA, ACC and ISSS.Table 4.6: Inventory of all cases of devoicing (using a manual criterion).Values given are number of devoiced or partially devoiced examples dividedby the 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 4.7: Inventory of all cases of devoicing (using a manual criterion).Values given are number of devoiced or partially devoiced examples dividedby the 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

40



Table 4.8: Inventory of all cases of devoicing (using a manual criterion).Values given are number of devoiced or partially devoiced examples dividedby the 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 4.9: Inventory of all cases of devoicing (using a manual criterion).Values given are number of devoiced or partially devoiced examples dividedby the 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%) VoicedThe four examples of the word \dos" /^duA/ in Corpus 4 (Speaker LMTJ)have been produced in the following way: [^duA] { 8 138; [^duO d] { 8 138r;[^duO m] { 10 138; [^duA] { 10 138r. We have /O/ instead of /A/ in examples8 138r and 10 138 because there is co-articulation with a voiced phoneme(/d/ and /m/) at the start of the following word.A similar phenomenon has been observed for some examples of Corpus 4fricatives produced by Speaker ACC. The fricative /A/ in the words \mares"(/^ma9iA/) and \dos" (/duA/) when followed by a voiced phoneme is produced42



as /O/. This happens in examples 10 130, 10r1 130, 10r2 130, 8 138, 8r1 138and 8r2 138, where the fricative is followed by /d/, and in examples 10 138,10r1 138 and 10r2 138, where the fricative is followed by /m/.Overall results from the analysis of devoicing in Corpus 2, 3 and 4, usingthe manual criteria, show that more than 50% of the fricatives devoice, seeFigure 4.5, except for Speaker ACC who has a very low percentage of devoicedtokens in Corpus 2, as can be seen in Figure 4.6.
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Figure 4.7: Devoicing by position in word.4.3 Automatic Criterion for DevoicingIf classifying in Corpus 3 (Speaker LMTJ) is instead done using r�2 � 15as the criterion for devoicing, results are as shown in Table 4.10. Thereare a few examples which are classi�ed di�erently from the initial manualobservation of the laryngograph signal (see Table 4.2). Still, the percentageof examples from Corpus 3 which were classi�ed in the same category usingthe two methods is quite high: /v/ { 86.1% (31 out of 36), /z/ { 93.3%(28 out of 30), and /O/ { 83.3% (25 out of 30). Most of the discrepanciesresult from cases on the partially devoiced / completely devoiced borderline,giving promise that this automatic measure can be used in the future. Ther�2 metric was also successful when used for unvoiced fricatives /f, s, A/. Thepercentage of correctly classi�ed examples was: /f/ { 96.2% (25 out of 26);/s/ { 85.2% (23 out of 27); and /A/ { 93.8% (30 out of 32).
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Table 4.10: Inventory of all cases of complete devoicing (using the ratio ofvariances criterion). Values given are number of devoiced examples dividedby the 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%)Some examples (/mu^ver/ { 57, /^zilar/ { 126, /Oi^ladu/ { 127, /^Oelu/ { 119,/^Oogu/ { 3, and /�^Oudar/ { 66), which were initially classi�ed as devoicedor partially devoiced (manual classi�cation based on the laryngograph sig-nal, which is listed in the column named \Devoicing" in the tables of resultsin Appendix D), present a few peaks in the laryngograph waveform, whichcontribute for a larger variance than what was initially expected. The inclu-sion of these peaks in the segment of speech signal which is considered to bethe fricative, depends on the criteria used for segmentation. Since segmen-tation was mostly based on the characteristics of the acoustic signal, therewere some discrepancies between the VF and FV boundaries for the acousticsignal and the laryngograph signal.There are also some examples (/^viv�/ { 140, /^l�v�/ { 149, /o^v�L�/ { 136,/�ku^zar/ { 146 and the second fricative in /Oi^Oi/ { 145) manually classi�ed asvoiced but with a ratio of variances greater than 15. Although there is voicingthroughout the whole frication interval, the amplitude of the laryngographsignal during the fricative is much lower than during the VF transition.In Corpus 3 (Speaker LMTJ) only /v/ in /di^ver/ and /^n4v�/ present a laryn-gograph signal which does not di�er signi�cantly from the signal observedduring adjacent transitions. The other examples present a \dramatic" am-plitude reduction of the laryngograph signal for the duration of the voicedfricative.Results of the analysis of Corpus 4 (Speaker LMTJ) using r�2 � 15 as thecriterion for devoicing, shown in Table 4.11, revealed that: 29.4% (10 out of34) of the examples of fricative /v/ were totally devoiced; 63.6% (14 out of22) of /z/; and 50% (11 out of 22) of /O/.
46



Table 4.11: Inventory of all cases of complete devoicing (using the ratio ofvariances criterion). Values given are number of devoiced examples dividedby the 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%) 0/2 (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%)In Corpus 4 the ratio of variances measure does not work in examples 9 44,9 44r and 4 2 (fricative /f/); 8 81r (fricative /v/); 11 77, 4 75r, 3 34, 3 139r,1 49, 1 49r, 7 82r, 11 95, 11 95r, 1 56 (fricative /s/); 4 135r, 2 84r (fricative/z/); 7 65r, 4 11r, 11 51r (fricative /A/); 1 79 (fricative /O/). The misclassi-�cation of these examples as voiced is due to a non-existent VF transition ordevoicing in the VF transition.The amplitude of the laryngograph signal increases slowly along the frica-tion interval (one broad peak) causing examples 9 153, 12 137 and 7 35 offricative /s/ to be misclassi�ed as voiced. Examples 2 92r, 3 67r, 12 102r,11 95r, 3 45, 3 45r (fricative /v/); 9 68r, 2 84, 8 50r (fricative /z/); 1 145(�rst fricative), 1 145r (second fricative), 2 119r, 6 32, 6 32r, 5 46r, 2 155(fricative /O/); were misclassi�ed as voiced because their laryngograph wave-form presents a few peaks in the frication interval.The percentage of \correctly classi�ed" examples from Corpus 4 was: 81%(13 out of 16) of /f/; 79% (27 out of 34) of /v/; 55% (16 out of 29) of /s/; 77%(17 out of 22) of /z/; 85% (17 out of 20) of /A/; and 64% (14 out of 22) of /O/.The examples were misclassi�ed because there was no VF transition or therewas devoicing during the VF transition (51% { 20 out of 39 misclassi�edexamples), and because there were a few cycles of the laryngograph duringthe production of the fricative (41% { 16 out of 39 misclassi�ed examples).The remainder of misclassi�ed examples (8% { 3 out of 39) resulted from abroad peak in the laryngograph signal during the fricative.
47



4.4 Duration AnalysisThere does not seem to be any particular correlation between the percentageof devoiced tokens and the average duration of the nine tokens used to en-semble average the spectra of fricatives from Corpus 2 as shown in Figure 4.8.This might be related to the fact that the probability density distributioncurves of the durations of fricatives occurring in stressed and destressed syl-lables, and the probability density distribution curves of the durations ofvoiced and voiceless fricatives, overlap signi�cantly, as shown in Figure 4.9from a detailed study by Crystal and House (1988).
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PSfrag replacementsFigure 4.9: Probability density distribution curves of the durations of: (a)voiced /v,�,z/ and voiceless /f,G,s/ fricatives; (b) fricatives occurring instressed and destressed syllables; (c) voiced and voiceless fricatives occur-ring in stressed and destressed syllables; (d) word-initial voiced and voicelessfricatives occurring in stressed and destressed syllables. From (Crystal andHouse 1988).We looked at duration by fricative but wanted to make sure any di�erencesweren't simply due to segmentation decisions. The minimum and maximumdurations of the fricatives from Corpus 3 (Speaker LMTJ) are: 86ms � /f/� 182ms (mean = 129ms), 37ms � /v/ � 135ms (75ms), 109ms � /s/� 220ms (151ms), 46ms � /z/ � 117ms (81ms), 76ms � /A/ � 194ms(132ms), and 60ms � /O/ � 139ms (93ms). The mean duration of theunvoiced fricatives is always greater than the mean duration of the voicedfricatives. There is no signi�cant di�erence by place of articulation. Forfricative /s/ in initial position, as the following vowel's place of articulationmoves further back, the duration of the fricative diminishes.49



A complete analysis of duration in Corpus 3 is presented in Appendix Dand summarized in Figures 4.10 and 4.11 for Speakers LMTJ and ACC. Themean duration of the fricative is greater than the mean duration of the VFand FV transitions. The mean duration of the VF transition is greater thanthe mean duration of the FV transition.
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Figures 4.12 and 4.13 present the average durations of the fricatives /v, z, O/from Corpus 3 (Speakers LMTJ and ACC), and relates them to devoicing.We've used the manual criteria to classify the fricatives, and considered onlytotally devoiced examples. When a fricative devoices its FV transition du-ration diminishes, and the duration of fricatives /v/ and /O/ increases. TheVF transition duration is fairly stable. The duration of fricative /z/ does notseem to be signi�cantly a�ected by devoicing.
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mean duration of the fricatives produced by Speakers ACC or LMTJ in theword corpus (Corpus 3) is quite similar to the mean duration of fricativesfrom the sentence corpus (Corpus 4).Table 4.12: Comparing the duration of fricatives in Corpus 3 and 4 (Speak-ers ACC and LMTJ). Corpus 3Speaker ACC Speaker LMTJMin.(ms) Mean(ms) Max.(ms) Min.(ms) Mean(ms) Max.(ms)/f/ 77 115 161 86 129 182/v/ 48 69 117 37 75 135/s/ 83 115 170 109 151 220/z/ 55 77 100 46 81 117/A/ 56 107 176 76 132 194/O/ 46 82 131 60 93 139Corpus 4Speaker ACC Speaker LMTJMin.(ms) Mean(ms) Max.(ms) Min.(ms) Mean(ms) Max.(ms)/f/ 70 102 135 85 115 149/v/ 30 53 109 41 62 101/s/ 85 125 229 95 154 272/z/ 41 69 122 49 102 268/A/ 79 110 146 40 130 186/O/ 40 68 121 48 85 156Table 4.13 lists all the VF and FV transitions' durations for Corpus 3 and 4(Speaker ACC).
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Table 4.13: Comparing the duration of VF and FV transitions in Corpus 3and 4 (Speaker ACC). Corpus 3VF FVMin.(ms) Mean(ms) Max.(ms) Min.(ms) Mean(ms) Max.(ms)/f/ 27 34 49 17 31 61/v/ 13 35 56 14 26 48/s/ 24 32 58 13 25 39/z/ 20 37 60 13 24 36/A/ 21 35 50 13 22 34/O/ 17 35 48 13 23 39Corpus 4VF FVMin.(ms) Mean(ms) Max.(ms) Min.(ms) Mean(ms) Max.(ms)/f/ 25 37 142 11 22 40/v/ 11 26 65 12 25 70/s/ 16 30 48 14 27 57/z/ 12 27 49 12 26 44/A/ 17 27 39 13 23 45/O/ 12 26 55 12 22 414.5 DiscussionBoth measures of devoicing occur more often in word-�nal than word-initialposition. Devoicing rate by fricative di�ers between the two measures, andbetween Corpus 2 and 3.The speakers produced a large number of repeated tokens of nonsense wordsin one breath (more than 12 tokens). This high rate of speech could be oneof the reasons why there are so many devoiced examples, a hypothesis whichhas been con�rmed by the results of all four speakers.There seems to be no particular vowel context that causes devoicing. Vowelsfrom all vowel groups (/i, i, e/ { group V1; /�, �, a/ { group V2; /4, o, u/ {group V3) form VCV and CV clusters where the fricative is devoiced.58



Chapter 5
Spectral Analysis
5.1 IntroductionIn the following sections, we present spectral analysis results for SpeakersLMTJ, CFGA, ACC and ISSS. This includes a detailed discussion of thetime-averaged spectra of fricatives sustained at three di�erent e�ort levels(Corpus 1b), and a study of averaged power spectra of sustained (Corpus 1a)and fricatives in real words (Corpus 3 and 4). A discussion of the mainspectral peaks and troughs is presented, together with some considerationson the amplitude of the spectra, and the inuence of vowel context, wordposition and stress. Initial results of the spectral analysis of Corpus 1a, 1b,2, and 3 for Speaker LMTJ are listed in the tables of Appendix E.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, but di�erences in spectral shape occur, particularly for /A - O/.Other comparisons of e�ort level in sustained fricatives to position in theword add 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. Since spectral troughs do not show clearlyin the spectra of speech (because of e�ects such as pole-zero cancellation,59



window leakage in the averaging technique and noise oor superimposition)spectral peaks tend to be the most prominent feature in the spectra of speech.We will therefore be referring to them as one of the most important acous-tic features, and considering the following three \categories of peaks" asillustrated in Figure 5.1: \Peaks", \Medium Bandwidth Peaks" and \BroadPeaks".
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Figure 5.1: Ensemble - averaged spectra at the middle of /s/ in [^pusi]. Thedashed curve is the averaged spectrum of the room noise. Corpus 2 (SpeakerACC).
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5.2 Fricative /f/5.2.1 Corpus 1a, 1b, 2, 3 and 45.2.1.1 Speaker LMTJFricative /f/ spectral peaks at 1.4 - 1.9 kHz and 2.2 - 2.7 kHz, a trough at 3 -3.8 kHz, another peak around 3.8 - 4.1 kHz, and broad peak around 11 kHzwhich is only visible for some back vowel context examples. For most exam-ples, the amplitude of the �rst peak is 4 - 10 dB higher than the the amplitudeof the second peak.5.2.2 Corpus 1a5.2.2.1 Speaker CFGAPeaks: 1.4 - 1.5 kHz, 2.3 - 2.6 kHz, 3.5 - 3.8 kHz and 5.2 - 5.3 kHz.Broad Peak: 8 - 9 kHz.5.2.2.2 Speaker ACCPeaks: 1.4 - 1.7 kHz, 2.8 - 2.9 kHz, 3.1 - 3.6 kHz and 4.7 - 5 kHz.Broad Peak: 8 - 9.9 kHz.5.2.2.3 Speaker ISSSPeaks: 1.6 kHz, 2.9 - 3.1 kHz, 4.1 kHz, 5.3 kHz and 7.6 kHz.Broad Peak: 11.2 - 13.2 kHz.
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5.2.3 Corpus 1b5.2.3.1 Speaker LMTJThe spectrum of fricative /f/ has identical amplitude in the low frequenciesfor all e�ort levels, but di�ers quite signi�cantly at higher frequencies. Thereis a high - frequency broad peak, see Figure 5.2.
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Figure 5.2: 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).5.2.3.2 Speaker CFGAPeaks: 1.2 - 1.4 kHz, 2.2 - 2.5 kHz, 3.6 - 3.8 kHz and 5.3 - 5.4 kHz.Broad Peak: 8 - 10 kHz.
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5.2.3.3 Speaker ACCPeaks: 1.5 - 1.6 kHz, 2.7 - 2.9 kHz, 3.6 - 3.8 kHz and 4.5 - 4.7 kHz.Broad Peak: 9.6 - 10 kHz.The spectral amplitude is identical in the low frequencies (� 5 kHz) for alle�ort levels, but di�ers by 10 - 15 dB at higher frequencies.5.2.3.4 Speaker ISSSPeaks: 1.6 - 1.8 kHz, 3 kHz, 4.1 - 4.2 kHz, 5.3 - 5.4 kHz and 7.7 - 7.9 kHz.Broad Peaks: none.5.2.4 Corpus 25.2.4.1 Speaker LMTJWhen there is no stress, or the stress is placed in the syllable containing thefricative, the amplitude at the middle and end of the fricative falls o�. Whenwe place the stress in the syllable before the fricative, the spectrum at thebeginning, middle and end are quite consistent in terms of amplitude.5.2.4.2 Speaker ACCPeaks: 1.6 - 1.7 kHz (shifted down by 200 - 400Hz for /u/ vowel context),2.7 - 2.9 kHz and 3.9 - 4.6 kHz.Broad Peak: 9 - 10 kHz (shifted down by 0.2 - 3Hz for /u/ vowel context).There is a 20 - 30 dB drop of amplitude on the spectra from the �rst peak to20 kHz. The high frequency amplitude (� 14 kHz) is lower for /pufu/.
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5.2.5 Corpus 35.2.5.1 Speaker LMTJFor word - initial /f/ the spectrum is rather at above 6 kHz for /e, �, �, a,o/ vowel contexts, see Figure 5.3.
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Figure 5.3: Time - averaged spectra of fricative /f/ in \febra" /^febr�/. Thedashed curve is the averaged spectrum of the room noise. Corpus 3 (SpeakerLMTJ).5.2.6 Corpus 45.2.6.1 Speaker LMTJThe �rst peak is shifted down to 1.2 - 1.3 kHz for [u^fo] and [fu] vowel contexts.When there is a trough around 1.5 kHz this peak is shifted up to 2.2 - 2.3 kHz(examples [i^�] and [��]).
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5.2.6.2 Speaker ACCPeaks: 1.6 - 1.9 kHz (when there is a pronounced trough preceding this peakit is shifted up to 2 - 2.1 kHz), 2.9 - 3.3 kHz and 4.4 - 5 kHz.Broad Peak: 9.1 - 10.3 kHz (shifted down to 8.2 - 8.9 kHz when a back vowelfollows the fricative).Trough: 0.7 - 0.9 kHz (shifted up to 1 - 1.4 kHz and more pronounced for /i/vowel context).5.3 Fricative /v/5.3.1 Corpus 1a, 1b, 2, 3 and 45.3.1.1 Speaker LMTJWe have observed a �rst peak at 1.6 - 1.9 kHz. Rounding of the lips for /4,o, u/ displaces this peak to a lower frequency (1 - 1.5 kHz), and the higher -frequency (� 4 kHz) spectra is generally weaker (down by � 10 dB) than forunrounded vowel contexts (Stevens 1998). There are also peaks around 2.4 -2.8 kHz and 3.6 - 4.3 kHz. The overall amplitude of /v/ is 10 - 20 dB lowerthan for /f/ (see for example Figures 5.4 and 5.2).
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Figure 5.4: 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 LMTJ).5.3.2 Corpus 1a5.3.2.1 Speaker CFGAPeaks: 1 - 1.3 kHz, 2.2 - 2.3 kHz, 3.5 - 3.8 kHz and 5.2 kHz.Broad Peak: 8.2 - 8.3 kHz.5.3.2.2 Speaker ACCPeaks: 1.1 - 1.4 kHz, 2.9 - 3.3 kHz and 4.4 - 4.9 kHz.Broad Peaks: none.The overall amplitude of /v/ is 10 dB lower than for /f/.66



5.3.2.3 Speaker ISSSPeaks: 1.5 - 1.7 kHz, 2.9 - 3 kHz, 4.1 kHz, 5.3 kHz and 7.5 kHz.Broad Peaks: none.5.3.3 Corpus 1b5.3.3.1 Speaker CFGAPeaks: 1.2 kHz, 2.2 kHz, 3.7 - 3.9 kHz and 5.3 kHz.Broad Peaks: none.5.3.3.2 Speaker ACCPeaks: 1.3 - 1.5 kHz, 2.7 - 2.8 kHz, 3.6 - 3.7 kHz and 4.5 - 4.8 kHz.Broad Peaks: none.The spectral amplitude is identical in the low frequencies (� 5 kHz) for alle�ort levels. The amplitude di�erence between high and medium e�ort levelspectra is 10 - 20 dB, and the amplitude of medium and low e�ort levels isidentical, at higher frequencies.5.3.3.3 Speaker ISSSPeaks: 1.3 - 1.6 kHz, 2.9 - 3 kHz, 4.2 kHz, 5.2 kHz and 7.8 kHz.Broad Peaks: none.
67



5.3.4 Corpus 25.3.4.1 Speaker LMTJAs the vowel that follows the fricative is changed from /i/, through /�/ andto /u/, the peak around 1.2 - 1.7 kHz in the spectrum of the fricative is shifteddown by 100 - 200Hz steps. The beginning, middle and end amplitudes arealways quite consistent.5.3.4.2 Speaker ACCPeaks: 1.4 - 1.7 kHz (shifted down by 200 - 400Hz for /u/ vowel context),2.5 - 2.9 kHz and 3.8 - 4.4 kHz.Broad Peak: 9 - 9.7 kHz (shifted down by 0.5 - 2Hz for /u/ vowel context).The overall spectral amplitude of /v/ is 10 - 15 dB lower than for /f/.5.3.5 Corpus 45.3.5.1 Speaker LMTJThe two examples of fricative /v/ in sentence 12 have very similar spectralpeak frequencies (� 1.6 kHz, 2.5 kHz and 3.6kHz). Durations of the fricative,and VF and FV transitions are also quite similar. It seems that [i^ve] withina word or across word boundaries (when a new word starts with /v/) havethe same characteristics.5.3.5.2 Speaker ACCPeaks: 1.5 - 1.8 kHz (when there is a pronounced trough preceding this peakit is shifted up to 1.9 - 2 kHz), 2.8 - 3.4 kHz and 4.1 - 5 kHz.Broad Peak: 7.9 - 10.2 kHz. 68



Trough: 0.8 - 1 kHz (shifted up to 1.2 - 1.5 kHz and more pronounced for /i,e/vowel contexts).5.4 Fricative /s/5.4.1 Corpus 1a, 1b, 2, 3 and 45.4.1.1 Speaker LMTJFricative /s/ has a peak around 1.5 - 2 kHz, whose amplitude is generally 5 dBhigher than that of the second peak at 2.5 - 2.8 kHz. There is also a broadpeak around 5 - 6 kHz for central and front vowel contexts, and around 4 -4.5 kHz for back vowel contexts, with an overall amplitude 10 - 30 dB higherthan the �rst two peaks, see Figure 5.5.
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Figure 5.5: Time - averaged spectra of fricative /s/ in \s��tio" /^sitju/ (top)and \s�o" /s4/ (bottom). The dashed curve is the averaged spectrum of theroom noise. Corpus 3 (Speaker LMTJ).
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5.4.2 Corpus 1a5.4.2.1 Speaker CFGAPeaks: 1.4 - 1.5 kHz, 2.6 - 2.8 kHz and 4 kHz.Broad Peaks: 7.6 - 8 kHz and 12.4 - 12.8 kHz.5.4.2.2 Speaker ACCPeaks: 1.4 - 1.8 kHz and 4.3 - 4.9 kHz.Broad Peaks: 7.3 - 8.9 kHz and 15 - 16 kHz.5.4.2.3 Speaker ISSSPeaks: 1.8 - 1.9 kHz, 2.9 - 3.1 kHz and 4.2 - 4.3 kHz.Broad Peaks: 5.7 - 7.2 kHz and 10.8 - 11.9 kHz.5.4.3 Corpus 1b5.4.3.1 Speaker LMTJFricative /s/ has a main spectral peak around 5 - 6 kHz and a secondary peakaround 2 kHz. The amplitude di�erence between low and medium e�ort levelspectra, and between medium and high e�ort level spectra is about 15 dBat the 5 - 6 kHz peak and about 30 dB at higher frequencies. The frequencyof the broad peak for loud and soft e�ort levels in File N.2r1, shown inFigure 5.6, and File N.7r1 is higher (6.2 kHz and 5.5 kHz respectively) thanfor medium e�ort level (5.1 kHz and 5 kHz respectively).
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Figure 5.6: 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).5.4.3.2 Speaker CFGAPeaks: 1.4 - 1.5 kHz, 2.3 - 2.6 kHz and 4 kHz.Broad Peak: 7.8 - 7.9 kHz.5.4.3.3 Speaker ACCPeak: 1.6 - 1.7 kHz.Broad Peaks: 8 - 8.5 kHz (shifted down to 5 - 6 kHz for low e�ort level) and15.2 - 15.5 kHz.The amplitude di�erence between low and medium e�ort level spectra, andbetween medium and high e�ort level spectra, is the same at the �rst broadpeak and at higher frequencies. 72



5.4.3.4 Speaker ISSSPeaks: 1.9 kHz, 3.2 kHz and 4.3 - 4.4 kHz.Broad Peak: 5.1 kHz (soft) to 5.7 kHz (medium and loud) { File N.7, or5.8 kHz (soft) to 7.4 kHz (medium and loud) { File N.2.5.4.4 Corpus 25.4.4.1 Speaker LMTJThe amplitude of the spectrum at the middle of the fricative is higher than atthe beginning and end, for frequencies greater than the broad peak frequency,see Figure 5.7.
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5.4.4.2 Speaker ACCPeaks: 1.4 - 1.8 kHz and 2.8 - 3 kHz.\Medium Bandwidth Peaks" (/u/ vowel context): 4 - 5 kHz, 7.5 - 8 kHz and9.5 - 11.5 kHz.Broad Peak: 5.4 - 6.1 kHz (central vowels contexts) and 15.2 - 16 kHz (/u/vowel context).Trough: 2.5 kHz.The overall spectral amplitude at the middle of the fricative is higher than atthe beginning and end, and the overall spectral amplitude at the beginningis higher than at the end.5.4.5 Corpus 45.4.5.1 Speaker LMTJWe could observe a broad peak at 15 - 16.5 kHz for initial word positionfricatives. There is a 20 - 35 dB drop in amplitude from the �rst broad peak(4 - 6 kHz) to the second broad peak (15 - 16.5 kHz). The two pairs of frica-tive /s/ in sentences 11 and 12, with the same vowel context within a wordand across word boundaries, are quite similar in terms of VF, F, and FVdurations, and spectral peak frequencies.5.4.5.2 Speaker ACCPeaks: 1.5 - 2.1 kHz and 2.8 - 3.5 kHz.\Medium Bandwidth" Peaks (/4, u/ vowel contexts): 4.3 - 5.6 kHz, 7.1 -8.2 kHz and 10.1 - 12.1 kHz.Broad Peaks: 5.6 - 7 kHz (front and central vowel contexts) and 14.7 - 16.2 kHz.
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Trough: 2.3 - 2.6 kHz.There are four di�erent vowel and consonant contexts ([d^se], [�^s�], [a^sa] and[�^sa]) where the �rst broad peak (5.6 - 7 kHz) has a reduced bandwidth, seeFigure 5.8 { (a), due to the presence of a \new broad peak" at 7.9 - 10 kHz,as shown in Figure 5.8 { (b).The most \reliable" spectral characteristics are the two peaks(1.5 - 2.1 kHz and 2.8 - 3.5 kHz) and the trough (2.3 - 2.6 kHz).
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Figure 5.8: Time - averaged spectra of fricative /s/ in \sala" ([a ^sal�]): (a) {Broad peak (5.6 - 7 kHz); (b) { broad peak (7.9 - 10 kHz). The dashed curveis the averaged spectrum of the room noise. Corpus 4 (Speaker ACC).

76



5.5 Fricative /z/5.5.1 Corpus 1a, 1b, 2, 3 and 45.5.1.1 Speaker LMTJThe spectra has peaks around 1.4 - 2 kHz and 2.5 - 3 kHz, and a broad peakat 5 - 6 kHz for central and front vowel contexts, which is shifted down to3.8 - 4.7 kHz for back vowel contexts. The amplitude of the broad peak is5 - 25 dB higher than the amplitude of the �rst two peaks.5.5.2 Corpus 1a5.5.2.1 Speaker CFGAPeaks: 1.1 - 1.2 kHz, 2.3 kHz and 4 kHz.Broad Peaks: 6.8 - 7.9 kHz and 12.7 - 13.1 kHz.5.5.2.2 Speaker ACCPeak: 1.1 - 1.2 kHz.Broad Peaks: 8.1 - 8.8 kHz and 14.4 - 15.4 kHz.Trough: 2.4 - 2.6 kHz.5.5.2.3 Speaker ISSSPeaks: 1.8 kHz, 3.1 - 3.2 kHz and 4.2 kHz.Broad Peaks: 5.4 - 6.9 kHz and 10.7 - 10.8 kHz.77



5.5.3 Corpus 1b5.5.3.1 Speaker LMTJThe peak around 2 kHz is more prominent (relative to the overall spectralamplitude) than for /s/ and it's top is not as at as that of /s/. There isalways a 10 - 30 dB drop of amplitude on the loud spectra from a 5 - 6 kHzpeak to 20 kHz; there is a 20 - 40 dB amplitude di�erence between high andlow e�ort levels at high frequencies, see Figure 5.9. The frequency of thebroad peak for loud and soft e�ort levels in File N.6r2 is higher (5.9 kHz)than for medium e�ort level (5.2 kHz).
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Figure 5.9: 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).5.5.3.2 Speaker CFGAPeaks: 1.1 - 1.3 kHz, 2.3 - 2.5 kHz and 4 kHz.Broad Peaks: 7.1 - 7.9 kHz (shifted down to 6 - 6.4 kHz for soft e�ort level)78



and 13.2 - 15.1 kHz.5.5.3.3 Speaker ACCPeaks: 1.2 - 1.4 kHz and 3.1 kHz.Broad Peaks: 5 - 6 kHz and 15 kHz.Trough: 2.3 - 2.4 kHz.There is a 20 - 30 dB drop of amplitude on the spectra from the �rst broadpeak to 20 kHz. The spectral amplitude is identical in the low frequencies(� 4 kHz) for all e�ort levels. The amplitude di�erence at higher frequencies(4 to 20 kHz) varies between 5 and 20 dB.5.5.3.4 Speaker ISSSPeaks: 1.6 - 1.9 kHz, 3.3 kHz and 4.3 kHz.Broad Peak: 5.3 - 5.9 kHz.5.5.4 Corpus 25.5.4.1 Speaker ACCPeaks: 1.4 - 1.8 kHz and 2.8 - 3 kHz.\Medium Bandwidth Peaks" (/u/ vowel context): 4 - 4.8 kHz, 7.3 - 8 kHz and9.8 - 11.8 kHz.Broad Peaks: 5.2 - 6.1 kHz (central vowels contexts) and 15 - 15.8 kHz (/u/vowel context).Trough: 2.4 - 2.5 kHz.
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The overall spectral amplitude for /z/ is 10 - 15 dB lower than for /s/.5.5.5 Corpus 35.5.5.1 Speaker LMTJThe broad peak in the spectra of word - initial /z/ is shifted down by 1.5 kHzin /4,o/ contexts, and shifted down by 500Hz in /u/ context, relative to thebroad peak in the spectra of /z/ in /i,e/ contexts, see Figure 5.10.
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Figure 5.10: Time - averaged spectra of fricative /z/ in \zelar" /^zilar/ (top)and \zona" /^zon�/ (bottom). The dashed curve is the averaged spectrumof the room noise. Corpus 3 (Speaker LMTJ).
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5.5.6 Corpus 45.5.6.1 Speaker LMTJFor back vowel contexts, the di�erence in amplitudes between the broad peakand the �rst two peaks is larger. The broad peak's top is not as at as thatof central and front vowel contexts. In fact, it is most of the time sharper andnarrower for back vowel contexts. The overall amplitude of /z/ is 10 - 15 dBlower than that of /s/.5.5.6.2 Speaker ACCPeaks: 1.5 - 2 kHz and 2.8 - 3.6 kHz.\Medium Bandwidth" Peaks (back vowel contexts): 4.3 - 5.8 kHz, 7.4 - 8.3 kHzand 10.2 - 11.8 kHz.Broad Peaks: 5 - 6.4 kHz (front and central vowel contexts) and 14.2 - 17 kHz.Trough: 2.4 - 2.6 kHz.5.6 Fricative /A/5.6.1 Corpus 1a, 1b, 2, 3 and 45.6.1.1 Speaker LMTJThere is a trough at 0.6 - 1.3 kHz and a peak around 1.6 - 2 kHz. There is alsoa broad peak around 3 - 3.5 kHz for central and front vowel contexts, which isshifted down to 2.2 - 2.6 kHz for back vowel contexts and for [wAi] in Corpus 4.Word �nal fricatives have weaker higher frequency (� 7 kHz) spectra.
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5.6.2 Corpus 1a5.6.2.1 Speaker CFGAPeak: 1.6 kHz.Broad Peaks: 2.9 - 3 kHz (shifted down to 2.5 kHz for /u/ vowel context dueto the presence of a \new broad peak" at 6.1 kHz) and 12.5 - 12.6 kHz.5.6.2.2 Speaker ACCPeaks: 1.4 - 1.7 kHz, 2.9 - 3.7 kHz and 4.4 - 4.8 kHz.Broad Peaks: 6.6 - 8.7 kHz and 14.4 - 15.4 kHz.The overall amplitude of /z/ is very similar to /s/.5.6.2.3 Speaker ISSSPeak: 1.9 - 2.1 kHz.Broad Peaks: 3.4 - 3.9 kHz, 7.3 - 7.8 kHz and 14.4 - 15.4 kHz.5.6.3 Corpus 1b5.6.3.1 Speaker LMTJHigh e�ort shifts the main spectral peak of /A/ to a higher frequency (�4 kHz),and the amplitude increases, see Figure 5.11. There is a fairly similar fallo�at all levels and the di�erence between high and low e�ort level amplitudesat high frequencies is about 30 dB.
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Figure 5.11: Time - averaged spectra of fricative /A/ sustained at three dif-ferent e�ort levels: soft (dotted line), medium (dash - dotted line) and loud(solid line). Top: File N.1r1; Bottom: File N.12r1. The dashed curve is theaveraged spectrum of the room noise. Corpus 1b (Speaker LMTJ).5.6.3.2 Speaker CFGAPeak: 1.6 - 1.7 kHz. 84



Broad Peaks: 2.7 - 2.8 kHz (soft) to 3.1 - 3.7 kHz (medium and loud) and 12.1 -14.8 kHz.5.6.3.3 Speaker ACCPeak: 1.5 - 2 kHz.Broad Peaks: 3.1 - 3.6 kHz (shifted up to 4.1 - 4.5 kHz for medium and lowe�ort levels  opposite of Speaker LMTJ!) and 14.7 - 15.3 kHz.The amplitude di�erence between low and medium e�ort level spectra, andbetween medium and high e�ort level spectra is 5 - 20 dB. There is as 20 -30 dB drop of amplitude on the spectra from the �rst broad peak to 20 kHz.5.6.3.4 Speaker ISSSPeak: 2 - 2.2 kHz.Broad Peaks: 2.9 kHz (soft) to 3.6 - 4 kHz (medium and loud), and 8.4 -8.5 kHz (soft) to 7 - 7.9 kHz (medium and loud).5.6.4 Corpus 25.6.4.1 Speaker ACCPeak: 1.6 - 1.9 kHz (shifted down to 1.4 - 1.5 kHz for [^puAu]).Broad Peaks: 3.5 - 4 kHz (central vowels contexts), 7.5 - 9.5 kHz (shifted downto 6 - 7 kHz for /u/ vowel context) and 14 - 16 kHz.Trough: 0.8 - 1.3 kHz.
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5.6.5 Corpus 45.6.5.1 Speaker LMTJFor [aA] the �rst broad peak (3 - 3.5 kHz) is shifted back to 2.5 kHz. A secondbroad peak could also be observed at 15.1 - 16.9 kHz for back vowel contextsand for [wAi], see Figure 5.12. There is a 25 - 40 dB drop of amplitude fromthe �rst broad peak to the second broad peak. The two examples of fricative/A/ in sentence 11 are identical (time and frequency domain).
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Figure 5.12: Time - averaged spectra of fricative /A/ in [w Ai^gar], showing ahigh frequency broad peak around 16 kHz. The dashed curve is the averagedspectrum of the room noise. Corpus 4 (Speaker LMTJ).5.6.5.2 Speaker ACCPeak: 1.7 - 2.1 kHz.\Medium Bandwidth" Peak: 2.9 - 4.3 kHz.Broad Peaks: 5.9 - 7.8 kHz and 13.3 - 15.9 kHz.86



Trough: 0.8 - 1.2 kHz.5.7 Fricative /O/5.7.1 Corpus 1a, 1b, 2, 3 and 45.7.1.1 Speaker LMTJThere is a trough around 0.9 - 1.3 kHz and a peak at 2.5 - 3 kHz, which isshifted down to 1.5 - 2 kHz for back vowel contexts and for most /�/ vowelcontext examples. A \medium bandwidth peak" is located around 3.3 -3.6 kHz, and shifted back to 2.3 - 3kHz for back vowel contexts and for most/�/ vowel context examples. For some vowel contexts the �rst two peakshave equal prominence.5.7.2 Corpus 1a5.7.2.1 Speaker CFGAPeak: 1.5 - 1.6 kHz.Broad Peaks: 2.9 kHz (shifted down to 2.6 kHz for /u/ vowel context due tothe presence of a \new broad peak" at 5.2 kHz) and 10.4 - 12.8 kHz.5.7.2.2 Speaker ACCPeaks: 1.2 - 1.5 kHz, 3.2 - 3.4 kHz and 4.4 - 4.7 kHz.Broad Peak: 14.1 - 15.2 kHz.The overall amplitude of /O/ is very similar to /A/.
87



5.7.2.3 Speaker ISSSPeak: 1.9 - 2 kHz.Broad Peaks: 3.7 - 4.1 kHz, 7.8 kHz and 14.6 - 15.2 kHz.5.7.3 Corpus 1b5.7.3.1 Speaker LMTJThe relative amplitude of the cluster of peaks (around 2, 2.5 and 3.5 kHz)in the spectra of fricative /O/, shown at the top of Figure 5.13, is di�erentfrom the one shown at the bottom of Figure 5.13 where the spectral shape iscloser to that of /A/. The overall amplitude is 20 - 30 dB lower than that of/A/. Generally there is less amplitude di�erence at high frequencies betweenmedium and high e�ort, than between low and medium e�ort.
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Figure 5.13: Time - averaged spectra of fricative /O/ sustained at three dif-ferent e�ort levels: soft (dotted line), medium (dash - dotted line) and loud(solid line). Top: File N.10r1; Bottom: File N.4r2. The dashed curve is theaveraged spectrum of the room noise. Corpus 1b (Speaker LMTJ).5.7.3.2 Speaker CFGAPeak: 1.4 - 1.7 kHz. 89



Broad Peaks: 2.6 - 3.6 kHz and 10.1 - 12.7 kHz.5.7.3.3 Speaker ACCPeaks: 1.5 - 1.6 kHz, 2.7 - 3.6 kHz and 4.3 - 4.7 kHz.Broad Peak: 15 - 15.6 kHz.Trough: 2.1 - 2.4 kHz.There is less amplitude di�erence between e�ort levels (5 - 10 dB) than for/A/. There is a 30 dB drop of amplitude on the spectra from the peak around4.3 - 4.7 kHz to 20 kHz.5.7.3.4 Speaker ISSSPeak: 1.9 - 2.1 kHz.Broad Peaks: 3.6 - 4.1 kHz and 7.7 - 8 kHz.5.7.4 Corpus 25.7.4.1 Speaker ACCPeak: 1.5 - 1.8 kHz.\Medium Bandwidth Peaks": 3.2 kHz (shifted down by 300 - 500Hz for /u/vowel context) and 4.1 - 4.7 kHz.Broad Peak: 7.7 - 8.7 kHz (shifted down to 6 - 7 kHz for /u/ vowel context).Trough: 0.9 - 1.1 kHz.The overall spectral amplitude of /O/ is 10 - 15 dB lower than /A/.
90



5.7.5 Corpus 35.7.5.1 Speaker LMTJWord - initial /O/ in /�/ context has a peak around 4 kHz, which has a higheramplitude than the same peak in the spectra of fricative /O/ in back vowelcontexts.5.7.6 Corpus 45.7.6.1 Speaker LMTJThere is a 9.5 - 11.5 kHz broad peak, which is not visible for �nal word po-sition fricatives. There is a 20 - 30 dB drop in amplitude from the \mediumbandwidth peak" (2.3 - 3.6 kHz) to the broad peak, and the overall amplitudeof /O/ varies over a similar range (� 40 dB) to that of /A/.5.7.6.2 Speaker ACCPeak: 1.5 - 2.2 kHz.\Medium Bandwidth" Peak: 2.4 - 4.7 kHz.Broad Peaks: 6 - 7.6 kHz and 13.8 - 16.3 kHz.Trough: 0.8 - 1.4 kHz.
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5.8 Comparing the Overall Spectra of Speak-ers LMTJ and ACC5.8.1 Corpus 1aThe peaks in the spectra of Speaker ACC are much broader and their topmuch atter than for Speaker LMTJ, as can be seen in Figure 5.14. 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 than forSpeaker LMTJ.
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Frequency (kHz)Figure 5.14: Time - averaged spectra of sustained fricative /O/ in /� - O - ... -�/. The dashed curve is the averaged spectrum of the room noise.5.9 Syllable Stress and E�ort LevelWe expected that e�ort level of sustained fricatives would correspond withstress of the syllable containing the fricative in Corpora 2 and 3, and possiblyalso position within the word in Corpus 3. Figures 5.15 to 5.21 contrastspectra for /A/ with similar vowel context from Corpora 2 and 3 (Speaker93



LMTJ).Four of the seven such pairs - by - vowel - context showed this pattern, withthe Corpus 2 spectral amplitude slightly higher than that of Corpus 3 forfrequencies above 6 kHz, see Figures 5.15 to 5.18. This amplitude di�erenceacross the frequency range corresponds strongly with a di�erence in stressbetween the two fricatives. In all of these four cases, the Corpus 3 fricativewas in a destressed syllable, and the Corpus 2 fricative was in a stressedsyllable.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 5.19 to 5.21. Two of these cases matched in stress (one pair,both stressed, shown in Figure 5.19; the other, both destressed, shown inFigure 5.21), the third case, shown in Figure 5.20, did not match, and theamplitude di�erence at the peak was the largest (stressed Corpus 2 is 15 dBabove destressed Corpus 3).The spectral shapes and amplitudes are similar to the soft e�ort level forall destressed /A/ fricatives, and to the medium e�ort level for stressed /A/fricatives. No fricatives from Corpus 2 or 3 resemble their high - e�ort - levelCorpus 1b counterparts. Some vowel context e�ects were noted: the mainpeak in Figure 5.18, for /uAu/ context, was at a signi�cantly lower frequencythan in, e.g., /iAi/ context; this is as expected from previous work (Shadleand Scully 1995).These points taken together (see summary in Table 5.1) give us informationneeded to model the fricative. They also indicate that the nonsense wordcorpus follows Portuguese phonological rules. Corpus 2 is better controlledand easier to analyse than Corpus 3 or 4; validating its use would give animportant advantage.
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Table 5.1: Spectral amplitude comparisons. Same vowel context. Spectralamplitudes > 2 kHz. Speaker LMTJ.Corpus 2 Corpus 3e.g. [puAu] e.g. [k�^puA]� 3 cases, stressed> 4 cases, unstressedCorpus 1a Corpus 2 and 3e.g. [uA... Au] e.g. [puAu], [k�^puA]high e�ort no equivalents in word or nonsense -wordmedium � all stressedlow � all destressedWe have also looked at the same set of 7 examples for Speaker ACC butthe overall spectral amplitude of fricatives from Corpus 2 and Corpus 3 isapproximately the same.
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Figure 5.15: Averaged power spectra of fricative /A/ in [^biA�] from Corpus 3(solid line), and in [pi^A�] from Corpus 2 (dotted line). The dashed curve isthe averaged spectrum of the room noise. Speaker LMTJ.
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Figure 5.16: Averaged power spectra of fricative /A/ in [^taA] from Corpus 3(solid line), and in [p�^Au] from Corpus 2 (dotted line). The dashed curve isthe averaged spectrum of the room noise. Speaker LMTJ.
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Figure 5.17: Averaged power spectra of fricative /A/ in [^moA] from Corpus 3(solid line), and in [puAu] (both syllables equal stress) from Corpus 2 (dottedline). The dashed curve is the averaged spectrum of the room noise. SpeakerLMTJ. 96
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Figure 5.18: 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(dotted line). The dashed curve is the averaged spectrum of the room noise.Speaker LMTJ.
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Figure 5.19: Averaged power spectra of fricative /A/ in [�^Aar] from Corpus 3(solid line), and in [p�^A�] from Corpus 2 (dotted line). The dashed curve isthe averaged spectrum of the room noise. Speaker LMTJ.97
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Figure 5.20: Averaged power spectra of fricative /A/ in [bu^laA�] from Cor-pus 3 (solid line), and in [p�^A�] from Corpus 2 (dotted line). The dashedcurve is the averaged spectrum of the room noise. Speaker LMTJ.
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Figure 5.21: Averaged power spectra of fricative /A/ in [^t4A�] from Corpus 3(solid line), and in [^puA�] from Corpus 2 (dotted line). The dashed curve isthe averaged spectrum of the room noise. Speaker LMTJ.
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5.10 DiscussionThe analysis of results from di�erent corpora, shows that the peak and troughlocations are quite similar. The vowel context does not seem to a�ect mostof the peaks and troughs locations in the spectra of Portuguese fricatives.The peak locations for the spectra of sustained fricatives are identical tothose of corresponding fricatives in real words. Some of the broad peaksabove 10 kHz observed in sustained fricatives are not visible in the spectraof fricatives from 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, from 10 dB for /f/ to15 dB for /A/; it tends to be smaller for the voiced fricatives, from 5 - 10 dBfor /v/ to 10 dB for /O/. These di�erences are associated with source typeand strength, and are similar to results for American English and Frenchsubjects.We have analysed the broad spectral envelope, and then re�ned this descrip-tion to speci�c frequency bands which present signi�cant di�erences or cues.We have also studied, the similarity of word - initial (Corpus 3) to high - e�ort(Corpus 1b) fricatives, word -medial to medium - e�ort fricatives and word -�nal to low - e�ort fricatives.
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Chapter 6
Parameterising the SpectralCharacteristics of Fricatives
6.1 IntroductionFricative spectra have been parameterized in order to aid comparisons acrossspeaker and across corpus, and to gain insight into the production mecha-nisms underlying the language-speci�c variations. The parameters, derivedfrom previous studies, capture source-related changes for the most part aspredicted; for the sustained fricative, they also separate fricatives by place.6.2 Previous Studies Parameterising FricativesAutomatic identi�cation of fricatives in natural speech would be useful forspeech recognition. Related applications involve detecting change in produc-tion of fricatives, e.g. after a cochlear implant, and quantifying di�erencesin production across speakers. However all of these applications require aset of parameters to be applied to the acoustic signal or acoustic spectrum.Researchers have used spectral moments (Forrest et al. 1988) and locusequations (Sussman 1994) on fricatives without much success, although suchtechniques work well on stops. The parameterisation of fricatives can thenhave two goals: distinguish fricatives (e.g. speech recognition) and charac-100



terize fricatives (e.g., voiced-voiceless, normal-disordered speech); and threeapproaches: locus equations, spectral moments and other time- or frequency-domain parameters.Wilde (1995) studied acoustic cues (place and voiced/voiceless categoriza-tion) in fricative-vowel boundaries and assessed perceptual importance ofvarious time/frequency-domain parameters via synthesis. She used nonsensewords produced by 4 speakers of American English. Results showed thatvoiceless fricatives are more dependent on vowel context, and that voicingonset time and formant structure provide important place information. Shealso showed that the amplitudes of fricative noise in restricted frequencyregions can distinguish sibilants from nonsibilants.Jongman and Sereno (1995) and Jongman et al. (1998) studied spectralmoments, locus equations, the spectral peak location, and noise duration andamplitude, as cues to place of articulation. The corpus consisted of nonsensewords produced by 3 speakers of American English (Jongman and Sereno1995) and 20 speakers of American English (Jongman et al. 1998). Spectralpeak location and noise duration distinguished sibilants from non-sibilants;spectral peak location separated /s,z/ from /A,O/; the amplitude distinguishedall four places of articulation. The slope of locus equations could be used todi�erentiate labiodental from the other three places of articulation. The �rstmoment distinguished all places of articulation.Sussman (1994) also used locus equations to distinguish fricatives but withoutmuch success, although this technique worked well on stops. The corpusconsisted of a small number of nonsense words produced by 4 speakers ofAmerican English.Evers et al. (1998) tried to distinguish and characterize the fricatives /s/and /A/ produced by two speakers of English, Bengali and Dutch (12 realwords). They used power spectra computed from a single 40ms windowplaced mid-fricative, and calculated the slopes of linear regression lines �t tospectra from 0 to 2.5 kHz (Sa) and from 2.5 kHz to 8 kHz (Sb). Their resultsshowed that it was possible to separate /s/ from /A/ by using the di�erencein slope below and above 2.5 kHz, i.e., (Sa � Sb)A > (Sa � Sb)s. The slopedi�erence was successful in categorizing the two sibilants within a range of7-15 dB/kHz across the three languages. Results also showed that there is novowel inuence in the discrimination, and that there is a variation betweenspeakers. 101



Forrest et al. (1988) used spectral moments to characterize normal speechwith the intent of using them on disordered speech. Results showed thatspectral moments worked well to classify stops but could not distinguish allfricatives. However, the authors used a very limited corpus of 5 real wordsproduced 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. The moments that were the most useful for distinguishingfricatives in (Forrest et al. 1988) proved not to be, when used on multipletokens, varying e�ort levels, di�erent vowel contexts, and three di�erent lo-cations within a fricative. Two additional parameters, dynamic amplitudeand spectral slope, were de�ned. These did not distinguish the fricativescompletely but did vary with source location and e�ort level as predicted.Parameters similar to those used in (Shadle and Mair 1996), and S 0p similarto Sa used in (Evers et al. 1998), were used in this study in order to comparefricatives across-speaker, relate the more controlled productions (sustainedand nonsense words) to those of real words, and gain insight into the pro-duction mechanisms underlying the variations speci�c to Portuguese.6.3 ParameterisationThe parameters used were de�ned �rst frommechanical model results (Shadle1985) and further developed as a potential tool for classifying fricatives usingreal speech (Shadle and Mair 1996). They consist of measures of the dynamicrange of the spectrum, and spectral slope, and are applied to the spectrumof the far-�eld acoustic signal.The far-�eld acoustic signal is the result of the excitation of the tract transferfunction by the source (for unvoiced) or sources (for voiced fricatives). Thetransfer function consists of poles, which are the resonances of the entire vocaltract, and zeros, which are antiresonances of the part of the tract upstreamof the noise source, see Figure 6.1.If the noise source is distributed, as in /�c/, zero frequencies will be corre-spondingly smeared. An intermediate source location (as for all fricatives)always produces a low-frequency zero. Poles and zeros corresponding to102
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          - antiresonances of the part of the tract upstream of the noise source.

         - resonances of the entire vocal tract.Poles

Zeros Figure 6.1: Transfer function.back-cavity resonances tend nearly to cancel. Uncancelled poles correspondto front cavity resonances; their spectral prominence will depend on boththe losses (especially radiation losses) and the noise source strength at theirrespective frequencies.The noise source spectrum depends on the shape of the constriction, the tractdownstream of it, and the ow velocity through it. The noise source spectrumenvelope has its highest amplitude at low frequencies and falls o� smoothly.If the tract geometry remains the same and ow velocity is increased, asseen in Figure 6.2, the noise spectral envelope increases in amplitude at allfrequencies, but more so at higher frequencies (Shadle and Mair 1996). Thenoise source is weaker in voiced fricatives than their unvoiced counterparts.
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/A/, or it can be changing over time as in any fricative which is surroundedby di�erent vowels. We will be looking at time-averaged power spectra, sothe change in source location will also be \time-averaged", i.e., the changein source location is assimilated into the time-averaged spectra.If our goal is identi�cation of the fricative spoken regardless of its contextor the way in which it was spoken, we are then interested in the transferfunction, since the peak frequencies o�er clues to the place, and in the sourcetype, since that not only di�erentiates voiced and unvoiced versions, but, inindicating whether the source is localized or distributed, again o�ers clues tothe place. If our goal instead is to describe the acoustic variation caused bythe context or the way in which a particular fricative is spoken, we are theninterested in the source spectrum, since it o�ers clues to the source variationsacross subject and corpus. In this study we are primarily interested in thelatter goal.Figure 6.3 illustrates the four parameters that we consider in this paper. Fis the frequency of the spectral peak between 2 and 8 kHz having maximumamplitude, and which corresponds to the same cavity resonance for all tokensof a particular fricatives.The dynamic amplitude, Ad, is the di�erence between the maximum ampli-tude value of the averaged power spectrum occurring between 0.5 and 20 kHz,and the minimum amplitude between 0 and 2 kHz. Two linear regression linesare �t to the spectrum; S 0p is the slope of the line �t to all the points from500Hz to F , and Sp is the slope of the line �t to all the points from F to20 kHz. This frequency range allows us to capture relevant variations in thesound power (the area delimited by the acoustic spectrum) and shifts in thepeaks, which was not possible in previous studies such as the measurementsof spectral tilts up to 5 kHz by Badin et al. (1994).The values of F used to calculate Sp and S 0p were the same for each place ofarticulation of the 6 fricatives for all speakers and corpora: F/f,v/ = 5 kHz,F/s,z/ = 6 kHz and F/A,O/ = 4kHz. These frequencies are the average of themanually calculated values of all sustained tokens (Corpus 1a) of a particularplace (labiodental, alveolar and postalveolar).Given these de�nitions, we can make the following predictions. The param-eter F should be related to place of the fricative, decreasing as place movesposteriorly. The parameter Ad should be maximized for a localized source,104



0 2 4 6 8 10 12 14 16 18 20
−60

−50

−40

−30

−20

−10

0

10

20

SpAd
A

m
pl

itu
de

 (
dB

)

F
Frequency (kHz)

pS’

Figure 6.3: Dynamic amplitude Ad, and regression lines used to calculatelow frequency (500Hz to F kHz) slope S 0p (dashed line) and high frequency(F kHz to 20 kHz) slope Sp (solid line). Sustained fricative /A/ (Corpus 1a)produced by Speaker ISSS.and for higher source strength, as in sibilants, and unvoiced fricatives. Theparameter Sp should be related to the source strength. Although the res-onance peaks will a�ect the line �t, they should a�ect the �t in the sameway for within-fricative comparisons. Thus, for a given fricative where trans-fer function will vary only slightly from token to token, Sp should increase,i.e. become less negative, as ow velocity through the constriction increases.

105



Soft

Medium

Loud

A
m

pl
itu

de
 (

dB
)

Frequency (kHz)
0

60

0 20

Flow Velocity

Figure 6.4: Correlation between e�ort level and increased ow velocity.E�ort level (see Figure 6.4) and syllable stress should be correlated with in-creased ow velocity; the velocity should also be at a maximum mid-fricative,when constriction area is smallest and pressure across the constriction high-est. The parameter S 0p should be similar to Ad. For a fricative with a local-ized source and posterior place, S 0p will be the largest. Within a fricative,increased S 0p should be correlated with either more posterior place (due, forinstance, to a more rounded vowel context) or greater source strength. SeeTable 6.1 for a summary of the predicted e�ects on parameters.

106



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-DevoicedVoiced Lower source strength Ad, Sp and S 0p lowerLoud e�ort level Higher source strength � Ad, Sp and S 0p higherMedium e�ort levelSoft e�ort levelBeginning of fricativeMiddle of fricative Higher source strength � Ad, Sp and S 0p higherEnd of fricativeStressed syllable Higher source strength � Ad, Sp and S 0p higherDestressed syllableWord positionRounded Longer front cavity;Lower source strength y F lower; Ad higher; ? S 0pand Sp lowerUnroundedSubject ? No e�ect�A higher source strength means higher airow for the same constriction areaAc, or a constant ow for a smaller Ac.yThe lips form a second constriction and so the one downstream in the vocaltract has lower strength (unpublished experimental results by Shadle and Bandin).6.4 Results6.4.1 Sustained FricativesFigure 6.5 shows average regression line �ts (from F to 20 kHz) to the spectraof the sustained fricatives in Corpus 1b. Each graph corresponds to a singleplace, and shows lines for three e�ort levels, voiced and unvoiced. Clearly,107



each place has a di�erent \family" of nearly-parallel lines; higher e�ort levelincreases amplitude signi�cantly and slope slightly, as predicted. The familiesof lines for the voiced and unvoiced fricatives always overlap, with the voicedcases mostly lower in amplitude and occupying a smaller range of amplitudesthan the unvoiced cases.
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For all subjects, Corpus 1a and 1b, /s, z, A, O/ have a higher Ad than /f, v/,as predicted; this parameter also di�erentiates between voiced fricatives andtheir unvoiced counterparts, as can be seen in Figure 6.6.
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Figure6.10:Corpus1a(sustainedfricatives),Fvs.Ad vs.Sp .
WepredictthatonanS 0p vs.Sp plot,astheoneshowninFigure6.11,each
placewillclusterseparately,withvoicedtokenshavinglowerS 0p butsimilar
Sp relativetotheirunvoicedcounterparts.113
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Figure6.13:Corpus1a(sustainedfricatives),Fvs.S 0p vs.Sp .
Wehavealsolookedattheinuenceofe�ortlevelonparametersAd ,Sp and
S 0p ,asshowninFiguresFigure6.14and6.15,andfoundthatthereisnoor
littlechangeinAd ,Sp orS 0p notaspredicted.116
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6.4.2 Fricatives in Context\Physiological realization of the categorical feature speci�cation [+ voice] {when considered in terms of several quasi-independent articulatory move-ments (which may or may not be speci�c to, but undeniably relevant tocontrol of closure voicing) is neither place nor context-invariant." (West-bury 1983)6.4.2.1 Fricatives in Nonsense Words (Corpus 2)In Figures 6.16 and 6.17, Ad and Sp are plotted vs. location of the analysiswindow within the fricative for Corpus 2, subject LMTJ. For /f,v/ there isno consistent pattern; results in (Shadle et al. 1996) indicate that the vowelcontext may play more of a role. As for the sustained fricatives, Ad separatessibilants from /f, v/. Ad is higher on average at the middle of the fricativethan at the beginning and end for /s, z, A, O/, as predicted.
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Preliminary comparisons of stressed and destressed fricatives indicate no orlittle change in Ad and Sp, as shown in Figures 6.24 and 6.25 for Corpus 2fricatives , not as predicted. We note, though, that syllable stress is stronglycorrelated with the amount of devoicing, and since Portuguese fricatives de-voice in over one half of words, there may be some interaction of these pa-rameters, i.e.:� Syllable stress is strongly correlated with the amount of devoicing.� Portuguese fricatives devoice > 50%.� For fricatives in destressed syllables we predict: Ad & and Sp &.� For fricatives in stressed syllables we predict: Ad % and Sp %.� There may be some interaction!
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Wewerealsointerestedinthefollowingquestions:
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� Are the parameters capturing the feature stress?� Is there a signi�cant di�erence in the overall amplitude of the spectraof the various examples of a particular fricative?To answer these questions we've superimposed the ensemble-averaged spectraat the middle of all examples of each fricative in Corpus 2 (Speaker LMTJ).The overall amplitude of stressed and destressed fricatives is the same, so theparameters seem to capture the main spectral features. The only signi�cantdi�erence seems to be the amplitude of the \voice-bar", which is 10-15 dBhigher for stressed than for destressed fricatives.6.4.2.2 Fricatives in Real Words (Corpus 3 and 4)On a F vs. Ad or S 0p vs. Sp graph the fricatives in real words (Corpus 3 and4), produced by all four speakers, cluster by place as shown in Figures 6.30to 6.33.
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Figure6.30:Corpus3,Fvs.Ad vs.Sp .
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6.4.2.3 Correlations Between Duration, Word Position, Vowel Con-text, Stress and Devoicing\Vowel to fricative duration ratio appears to be pertinent for recognition.Klatt (1976) has noted that many English speakers devoice postvocalicvoiced fricatives indicating that vowel duration or vowel to fricative dura-tion ratio may be assuming the functional load for the voicing contrast. Itwas noted by Raphael (1972) that when voicing was added during the frica-tion portion, change in the preceding vowel duration became less e�ectivein inuencing the recognition scores." (Hogan and Rozsypal 1980)In Figures 6.34 and 6.35 we've looked for duration and devoicing correlations,and analysed their e�ect on parameters Ad and Sp. There does not seem to beany correlation between these two factors (duration and devoicing) and thevalues of our parameters. The vowel to fricative duration ratio, as quotedbefore, might be a better candidate than the duration of the fricative tocapture the e�ects of devoicing-duration correlations in Ad and Sp.We also studied the correlation between the value of Ad, Sp and duration,and various other contextual factors (fricatives in stressed and destressed syl-lables; word-initial, word-medial and word-�nal fricatives; voiced, partiallydevoiced and devoiced fricatives), as shown in Figures 6.36 to 6.38, but with-out much success.
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6.5 ConclusionsThe parameters spectral slope, frequency of maximum amplitude, and dy-namic amplitude, were developed to characterize fricative spectra, and ap-plied to corpora recorded by four native Portuguese speakers. The param-eters behaved as predicted for changes in e�ort level, voicing, and locationwithin the fricative. Some combinations were also useful for separating thefricatives by place or by sibilance.The parameters capture source-related changes for the most part as predicted;for the sustained fricatives, they also separate fricatives by place. However,for the nonsense words of corpus 2, comparisons of stressed and destressedfricatives indicate little or no change in Ad and Sp, not as predicted. Sincethis pattern occurs also in real words of Corpus 3, this may be a characteristicof Portuguese.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.6.6 Future workResults from the four subjects seem, for 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. Implications for modelling Por-tuguese fricatives, and fricative production mechanisms, should be discussedin the future. The quanti�ed spectral characteristics of Portuguese frica-tives can be related to speci�c properties of the transfer function and sourcespectrum during the production of these sounds.
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Chapter 7
Future Work
7.1 IntroductionIn this thesis, work on the acoustics of Portuguese fricatives has been de-scribed. Corpora were designed including Portuguese words, nonsense wordsfollowing Portuguese phonology, and sustained fricatives at three di�erente�ort levels; these were recorded for one speaker. The speech corpus reectsthe variety of phonetic contexts in which these speech sounds occur.The parameters spectral slope, frequency of maximum amplitude, and dy-namic amplitude, were developed to characterize fricative spectra, and ap-plied to corpora.7.2 ConclusionsVoiced fricatives devoice in over one half the cases in both nonsense and realwords; two measures of devoicing were developed and compared. Spectralanalysis revealed a correspondence between the e�ect of e�ort level and ofsyllable stress, and showed some e�ect of vowel context.The parameters behaved as predicted for changes in e�ort level, voicing,and location within the fricative. Some combinations were also useful for147



separating the fricatives by place or by sibilance.7.3 Further WorkWe plan to produce a re�ned set of distinctive features for the Portuguesefricatives. In the future, we will also conduct a parallel study of the charac-teristics of fricative consonants in Portuguese and English.A large annotated database (dictionary) of Portuguese words could be used tolook for the context in which the fricatives occur in the Portuguese language.One of the possible explanations for such high percentages of devoicing couldbe that, due to the structure of the language and its vocabulary, Portuguesespeakers are very seldom faced with confusions between voiced and devoicedexamples.
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Appendix A
Listings of Corpus 3 and 4
A.1 Corpus 3: Real WordsThe �rst number in the column designated as \Notes" (Tables A.1 to A.15)corresponds to the order in which particular words were read (see Appendix B).Table A.1: Portuguese words with fricatives /f, v, s, z, A, O/ in initial andmedial position (nearly minimal pairs).Example IPA Notes English Translationfofa ^fof� 23 softviver vi^ver 122 � to liveviva ^viv� 140 hurrah!, to live (verb form)cessa ^s�s� 64 ceases (verb form)Z�ez�e ^z�z� 129chocha ^AoA� 80 � weakenedbochecha bu^AeA� 154 cheekGigi Oi^Oi 145 ��Word used to form sentence in Corpus 4.
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Table A.2: Portuguese words with fricative /f/ in initial position.Example IPA Notes English Translation�go ^�gu 41 �gferir fi^rir 18 to hurtfebra ^febr� 61 slice of meatferro ^f�Ru 4 ironfalir f�^lir 47 to be bankruptfala ^fal� 2 � speechfoco ^f4ku 90 torchfogo ^fogu 101 � �refurar fu^rar 44 � to drillA.2 Corpus 4: Real Words in Connected SpeechSentences 11 and 12 were devised to reproduce some of the vocalic contextsused for Corpus 3 across word boundaries (this is signaled in the phonetictranscription by boxes). The following sentences were analysed: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 weak and acts in bene�t of 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^bir ^m4vi � ^az� ^p�r� z�r^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 ^r4z� 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�ru Au^rar ^oOi �ri^Oar u ^sitju i ^vugar/(I want to cry today, ventilate the place and oat.)150



Table A.3: Portuguese words with fricative /v/ in initial position.Example IPA Notes English Translationvila ^vil� 59 small townvermelho vir^m�Lu 86 � redver ver 102 � to seev�eu ^v�w 104 veilveia ^v�j� 111, diphthong veinvaca ^vak� 92 � cowvolta ^v4lt� 81 � turnvoo vow 17 � ightvogar ^vugar 7 � to row, to oat6. \O bravo do Z�e quer ajudar o judeu s�o."/u ^bravu du z� k�r �^Oudar 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� kur� � Ri^sak� aw Ai^gar 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."/ver � mi^zi.� ^n4v� di ^v4lt� a ^sal� � bi^n��ku ^p�r� u ^m4du di vi^verduA ^dozi/(It was bene�cial for the way of living of the twelve, to see the newtable back in the room.)9. \Furar uma j�oia choca a condessa Zita."/fu^rar 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 vir^m�Lu du ^fogu i u �^zul duA ^mariA du br�^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 r/(Tea in the place is possible to �nd.)151



Table A.4: Portuguese words with fricative /s/ in initial position.Example IPA Notes English Translations��tio ^sitju 77 � placesecar si^kar 93 to drysede ^sedi 75 � thirstseta ^s�t� 34 � arrowsaber s�^ber 39 knowledge, to knowsala ^sal� 13 � rooms�o s4 5 � alonesopa ^sop� 83 soopsubir su^bir 139 � to climb12. \Cava sala meche ver o dever de assar."/^kav � ^sa l� ^m�A i ver u d i^ver di �^sa r/(Dig room touches see the duty to roast.)
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Table A.5: Portuguese words with fricative /z/ in initial position.Example IPA Notes English TranslationZita ^zit� 68 �zelar ^zilar 126 to watch overzelo ^zelu 115 zealZ�e z� 85 �zarpar z�r^par 113 � to escapeZaire ^zajri 99, diphthongZ�opiro ^z4piru 10zona ^zon� 84 � zonezurrar zu^Rar 16 to bray
Table A.6: Portuguese words with fricative /A/ in initial position.Example IPA Notes English Translationchicote Ai^k4ti 134 wipchegar Ai^gar 65 � to arrivecheta ^Aet� 30 \n~ao ter cheta" { \to be penniless"cheque ^A�ki 36 chequechamar A�^mar 28 to callch�a Aa 51 � teachoca ^A4k� 116 � brooding (feminine), shocks (verb form)choco ^Aoku 76 brooding (masculine), cuttle �shchorar Au^rar 78 � to cry
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Table A.7: Portuguese words with fricative /O/ in initial position.Example IPA Notes English Translationgirar Oi^rar 48 to spingelado Oi^ladu 127 ice creamgelo ^Oelu 119 � icegerme ^O�rmi 72 germjaqueta O�^ket� 20 short jacketjacto ^Oatu 123 jetj�oia ^O4j� 143 � jeweljogo ^Oogu 3 gamejudeu Ou^dew 32 � Jew
Table A.8: Portuguese words with fricative /f/ in medial position.Example IPA Notes English Translationefectuar i^f�twar 98 to accomplishbenef��cio bini^�sju 49, mult. fric. bene�ttrefo ^trefu 107 cunningben�e�co bi^n��ku 89 � bene�ciala�ar ��^ar 53, V2CV1 to sharpencaf�e k�^f� 31, V2CV2 � co�eegarrafa g�^Raf� 71, V2CV2 bottlebafo ^bafu 26, V2CV3 breathgalhofa g�^L4f� 128 frolicmofo ^mofu 55 mouldbufa ^buf� 73 to blow (verb form)
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Table A.9: Portuguese words with fricative /v/ in medial position.Example IPA Notes English Translationaltivo al^tivu 124 � haughty, arrogantdever di^ver 22, V1CV1 � duty, to owelevar li^var 105, V1CV2 to takerelevo Ri^levu 94 reliefleva ^l�v� 149 takes (verb form)av�o �^v4 88, V2CV3 � grandmothercava ^kav� 24, V2CV2 � digs (verb form)bravo ^bravu 100, V2CV3 � bravenova ^n4v� 147 � newovelha o^v�L� 136 sheepmover mu^ver 57, V3CV1 to moveuva ^uv� 40, V3CV2 grape
Table A.10: Portuguese words with fricative /s/ in medial position.Example IPA Notes English Translationi�ca ^is� 148 lifts (verb form)ressaca Ri^sak� 82, V1CV2 � hangovercondessa k~o^des� 153 � countesspêssego ^pesigu 87 peachaquecer �k�^ser 131 to heatpassear p�^sjar 103, V2CV1 to walkassar �^sar 137, V2CV2 � to roastca�ca ^kas� 35 � huntingpossa ^p4s� 150 to be able to (verb form)mo�ca ^mos� 152 girlposs��vel pu^siv�l 95, mult. fric. � possible
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Table A.11: Portuguese words with fricative /z/ in medial position.Example IPA Notes English Translationexacto i^zatu 43, V1CV2 exactmesinha mi^zi.� 50 � small tablebeleza bi^lez� 135, V1CV2 � beautypeso ^pezu 60, V1CV3 weightmezinha m�^zi.� 27 traditional medicineBrasil br�^zil 58, V2CV1 �azar �^zar 97, V2CV2 bad luckazul �^zul 33, V2CV3 � bluemazinha ma^zi.� 37, V2CV1 bad girlasa ^az� 19, V2CV2 � wingrosa ^r4z� 14, V3CV2 � roseamoroso �mu^rozu 8 amorous, sweetacusar �ku^zar 146 to acuse
Table A.12: Portuguese words with fricative /A/ in medial position.Example IPA Notes English Translationbicha ^biA� 142 cuebexiga bi^Aig� 106 bladdereste ^eAti 54, VCC this onemeche ^m�Ai 141 � touches (verb form)achar �^Aar 114,V2CV2 � to �nd, to thinkbolacha bu^laA� 15, V2CV2 biscuittacho ^taAu 133, V2CV3 pot, pantocha ^t4A� 121 torchmocho ^moAu 109 owlcapucho k�^puAu 74 hood
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Table A.13: Portuguese words with fricative /O/ in medial position.Example IPA Notes English Translationoriginar oriOi^nar 1, V1CV1 to originate, to generatetijolo ti^Oolu 110, V1CV3 brickarejar �ri^Oar 46 � to ventilatepejo ^peOu 25 modestyBeja ^b�O� 52agir �^Oir 108, V2CV1 to actcajado k�^Oadu 63, V2CV2 hooked stickajudar �^Oudar 66, V2CV3 � to helphaja ^aO� 12 there is (verb form)aloja �^l4O� 151 lodges (verb form)tojo ^toOu 9 gorsetugir tu^Oir 120, V3CV1 to speak low
Table A.14: Portuguese words with fricative /A/ in �nal position.Example IPA Notes English Translationdiz diA 96 says (verb form)mares ^mariA 130 � seasmês ^meA 112 monthp�es p�A 62 feetperdas ^p�rd�A 29 lossescapaz k�^paA 91 capablep�os p4A 70 dusts (noun form)pôs poA 144 put (verb form)dos ^duA 138 � of the
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Table A.15: Portuguese words with fricatives /f, v, s, z, O/ in \simulated"�nal position. Example IPA Notes English Translationchefe ^A�fi 11 � chiefFafe ^fafi 125teve ^tevi 42 had (verb form)leve ^l�vi 6 lightave ^avi 45 � birdmove ^m4vi 67 � moves (verb form)partisse par^tisi 117 left (verb form)batesse b�^tesi 69 hit (verb form)asse ^asi 118 roast (verb form)posse ^p4si 21 possessiondoce ^dosi 56 � sweetdoze ^dozi 132 � twelveage ^aOi 79 � acts (verb form)hoje ^oOi 38 � today
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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.The stress was placed where Speaker LMTJ found it is most natural (re-specting language speci�c phonological rules), and kept throughout all therepetitions and for Speakers CFGA, ACC and ISSS. There are also some160



words with equal stress in both syllables. There are some reduced vowels.1. /pi^Au/2. /^p�fi/3. /pu^Ou/4. /pifi/5. /p�^vu/6. /pi^z�/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.
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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."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."162



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."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."163



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."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."164



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."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."165



Appendix C
Listings of Recorded Material(Corpus 1a, 1b and 2)
This appendix lists the recorded material of Corpus 1a, 1b and 2 for allfour speakers (LMTJ, CFGA, ACC and ISSS). There are some di�erencesbetween the listings of Corpora presented in Appendix B and the tokenswhich the speakers produced. This is due to the fact that none of them werephonetically trained and Corpus 1a, 1b and 2 are unnatural corpora.
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Table C.1: Corpus 1a (Speaker LMTJ).File N. IPA1 18 [i�� ... i]2 13 [��� ... �]3 7 [u�� ... u]4 5 [ivvvv ... i]5 3 [�vvvv ... �]6 1 [uvvvv ... u]7 12 [uvvvv ... u]8 11 1r y [issss ... i]9 11 2r y [issss ... i]10 15 [�ssss ... �]11 11 [�ssss ... �]12 8 [ussss ... u]

File N. IPA13 16 1r y [izzzz ... i]14 16 2r y [izzzz ... i]15 9 [�zzzz ... �]16 16 [�zzzz ... i]17 12 r1 y [uzzzz ... u]18 12 r2 y [uzzzz ... u]19 14 1r y [iAAAA ... i]20 14 2r y [iAAAA ... i]21 6 [�AAAA... �]22 14 [�AAAA... �]23 4 [uAAAA ... u]24 10 1r y [iOOOO ... i]25 10 2r y [iOOOO ... i]26 2 [�OOOO ... �]27 10 [�OOOO ... �]28 17 1r y [uOOOO ... u]29 17 2r y [uOOOO ... u]Table C.2: Corpus 1a (Speaker CFGA).File N. IPA1 18 [i�� ... i]2 13 [��� ... �]3 7 [u�� ... u]4 5 [ivvvv ... i]5 3 [�vvvv ... �]6 1 [uvvvv ... u]7 11 [issss ... i]8 15 [�ssss ... �]9 8 [ussss ... u]
File N. IPA10 16 [izzzz ... i]11 9 [�zzzz ... �]12 12 [uzzzz ... u]13 14 [iAAAA ... i]14 6 [�AAAA... �]15 4 [uAAAA ... u]16 10 [iOOOO ... i]17 2 [�OOOO ... �]18 17 [uOOOO ... u]yRe-Recording Session (25/1/1999).
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Table C.3: Corpus 1a (Speaker ACC).File N. IPA1 18 [i�� ... i]2 18r1 [i�� ... i]3 13 [��� ... �]4 13r1 [��� ... �]5 7 [u�� ... u]6 7r1 [u�� ... u]7 5 [ivvvv ... i]8 5r1 [ivvvv ... i]9 3 [�vvvv ... �]10 3r1 [�vvvv ... �]11 1 [uvvvv ... u]12 1r1 [uvvvv ... u]13 11 [issss ... i]14 11r1 [issss ... i]15 11r2 [issss ... i]16 15 [�ssss ... �]17 15r1 [�ssss ... �]18 8 [ussss ... u]19 8r1 [ussss ... u]

File N. IPA20 16 [izzzz ... i]21 16r1 [izzzz ... i]22 9 [�zzzz ... �]23 9r1 [�zzzz ... �]24 9r2 [�zzzz ... �]25 12 [uzzzz ... u]26 12r1 [uzzzz ... u]27 14 [iAAAA ... i]28 14r1 [iAAAA ... i]29 6 [�AAAA... �]30 6r1 [�AAAA... �]31 4 [uAAAA ... u]32 4r1 [uAAAA ... u]33 10 [iOOOO ... i]34 10r1 [iOOOO ... i]35 2 [�OOOO ... �]36 2r1 [�OOOO ... �]37 17 [uOOOO ... u]38 17r1 [uOOOO ... u]Table C.4: Corpus 1a (Speaker ISSS).File N. IPA1 18 [i�� ... i]2 13 [��� ... �]3 7 [u�� ... u]4 5 [ivvvv ... i]5 3 [�vvvv ... �]6 1 [uvvvv ... u]7 11 [issss ... i]8 15 [�ssss ... �]9 8 [ussss ... u]
File N. IPA10 16 [izzzz ... i]11 9 [�zzzz ... �]12 12 [uzzzz ... u]13 14 [iAAAA ... i]14 6 [�AAAA... �]15 4 [uAAAA ... u]16 10 [iOOOO ... i]17 2 [�OOOO ... �]18 17 [uOOOO ... u]
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Table C.5: Corpus 1b, Fricatives /f,v,s,z/ (Speaker LMTJ).File N. IPA E�ort Level1 5ar1 [f] loud2 5br1 soft3 5nr1 medium4 5ar2 loud5 5br2 soft6 5nr2 medium7 9ar1 loud8 9br1 soft9 9nr1 medium10 9ar2 loud11 9br2 soft12 9nr2 medium13 3ar1 [v] loud14 3br1 soft15 3nr1 medium16 3ar2 loud17 3br2 soft18 3nr2 medium19 3a1r y loud20 3b1r y soft21 3n1r y medium22 3a2r y loud23 3b2r y soft24 3n2r y medium25 8ar1 loud26 8br1 soft27 8nr1 medium28 8ar2 loud29 8br2 soft30 8nr2 medium

File N. IPA E�ort Level31 2ar1 [s] loud32 2br1 soft33 2nr1 medium34 2ar2 loud35 2br2 soft36 2nr2 medium37 7ar1 loud38 7br1 soft39 7nr1 medium40 7ar2 loud41 7br2 soft42 7nr2 medium43 7a1r y loud44 7b1r y soft45 7n1r y medium46 7a2r y loud47 7b2r y soft48 7n2r y medium49 6ar1 [z] loud50 6br1 soft51 6nr1 medium52 6ar2 loud53 6br2 soft54 6nr2 medium55 11ar1 loud56 11br1 soft57 11nr1 medium58 11ar2 loud59 11br2 soft60 11nr2 medium61 13ar2 loud62 13br2 soft63 13nr2 mediumyRe-Recording Session (25/1/1999).
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Table C.6: Corpus 1b, Fricatives /A,O/ (Speaker LMTJ).
File N. IPA E�ort Level64 1ar1 [A] loud65 1br1 soft66 1nr1 medium67 1ar2 loud68 1br2 soft69 1nr2 medium70 12ar1 loud71 12br1 soft72 12nr1 medium73 12ar2 loud74 12br2 soft75 12nr2 medium

File N. IPA E�ort Level76 4ar1 [O] loud77 4br1 soft78 4nr1 medium79 4ar2 loud80 4br2 soft81 4nr2 medium82 4a1r y loud83 4b1r y soft84 4n1r y medium85 4a2r y loud86 4b2r y soft87 4n2r y medium88 10ar1 loud89 10br1 soft90 10nr1 medium91 10ar2 loud92 10br2 soft93 10nr2 medium94 10a1r loud95 10b1r soft96 10n1r medium97 10a2r loud98 10b2r soft99 10n2r mediumyRe-Recording Session (25/1/1999).
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Table C.7: Corpus 1b (Speaker CFGA).
File N. IPA E�ort Level1 5a [f] loud2 5b soft3 5n medium4 9a loud5 9b soft6 9n medium7 3a [v] loud8 3b soft9 3n medium10 8a loud11 8b soft12 8n medium13 2a [s] loud14 2b soft15 2n medium16 7a loud17 7b soft18 7n medium

File N. IPA E�ort Level19 6a [z] loud20 6b soft21 6n medium22 6a r loud23 6b r soft24 6n r medium25 11a loud26 11b soft27 11n medium28 1a [A] loud29 1b soft30 1n medium31 12a loud32 12b soft33 12n medium34 4a [O] loud35 4b soft36 4n medium37 4a r loud38 4b r soft39 4n r medium40 10a loud41 10b soft42 10n medium
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Table C.8: Corpus 1b (Speaker ACC).File N. IPA E�ort Level1 5a [f] loud2 5b soft3 5n medium4 5ar loud5 5br soft6 5nr medium7 9a loud8 9b soft9 9n medium10 3a [v] loud11 3b soft12 3n medium13 3ar loud14 3br soft15 3nr medium16 8a loud17 8b soft18 8n medium19 2a [s] loud20 2b soft21 2n medium22 2ar loud23 2br soft24 2nr medium25 7a loud26 7b soft27 7n medium

File N. IPA E�ort Level28 6a [z] loud29 6b soft30 6n medium31 6ar loud32 6br soft33 6nr medium34 11a loud35 11b soft36 11n medium37 1a [A] loud38 1b soft39 1n medium40 1ar loud41 1br soft42 1nr medium43 12a loud44 12b soft45 12n medium46 4a [O] loud47 4b soft48 4n medium49 4ar loud50 4br soft51 4nr medium52 10a loud53 10b soft54 10n medium
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Table C.9: Corpus 1b (Speaker ISSS).File N. IPA E�ort Level1 5a [f] loud2 5b soft3 5n medium4 9a loud5 9b soft6 9n medium7 3a [v] loud8 3b soft9 3n medium10 8a loud11 8b soft12 8n medium13 2a [s] loud14 2b soft15 2n medium16 7a loud17 7b soft18 7n medium

File N. IPA E�ort Level19 6a [z] loud20 6b soft21 6n medium22 11a loud23 11b soft24 11n medium25 1a [A] loud26 1b soft27 1n medium28 12a loud29 12b soft30 12n medium31 4a [O] loud32 4b soft33 4n medium34 10a loud35 10b soft36 10n medium
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Table C.10: Corpus 2 (Speaker LMTJ).File N. IPA1 4 [^pifi]2 4r y [pifi]3 38 [pi^f�]4 25 [pi^fu]5 2 [^p�fi]6 21 [p�f�]7 33 [p�^fu]8 40 [^puf]9 28 [pu^f�]10 44 [pufu]11 34r y [pivi]12 45 [piv�]13 19r y [pi^vu]14 10 [^p�v]15 34 [^p�v]16 26 [p�v�]17 5 [p�^vu]18 19 [p�^vu]19 15 [^puv]20 37 [pu^v�]21 12 [puvu]22 16 [^pis]23 16r y [pisi]24 16rr y [pisi]25 14 [pi^s�]26 47 [pi^su]27 29 [^p�s]28 49 [p�s�]29 7 [p�^s�]30 53 [p�su]31 27 [^pus]32 52 [pu^s�]33 32 [pusu]

File N. IPA34 36r y [pizi]35 6 [pi^z�]36 13 [pi^z�]37 6r y [pi^z�]38 9 [pi^zu]39 51 [^p�z]40 36 [^p�z]41 23 [p�^zu]42 42 [^puz]43 54 [pu^z�]44 54r y [pu^z�]45 35 [puzu]46 8 [^piAi]47 8r y [piAi]48 31 [pi^A�]49 1 [pi^Au]50 24 [^p�Ai]51 17 [p�^A�]52 20 [p�^Au]53 50 [^puA]54 48 [^puA�]55 39 [puAu]56 43 [piOi]57 43r y [piOi]58 43rr y [piOi]59 7r y [pi^O�]60 41 [pi^Ou]61 41r y [pi^Ou]62 11 [^p�O]63 30 [p�O�]64 18 [p�^Ou]65 22 [^puO]66 46 [pu^O�]67 3 [pu^Ou]yRe-Recording Session (25/1/1999).
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Table C.11: Corpus 2 (Speaker CFGA).File N. IPA1 4 [pifi]2 38 [pi^f�]3 25 [pi^fu]4 2 [^p�f]5 21 [p�f�]6 33 [p�^fu]7 40 [^puf]8 28 [pu^f�]9 44 [pufu]10 34 [pivi]11 45 [pi^v�]12 19 [pi^vu]13 10 [^p�v]14 26 [p�v�]15 5 [p�^vu]16 15 [^puv]17 37 [pu^v�]18 12 [puvu]19 16 [pisi]20 14 [pi^s�]21 47 [pi^su]22 29 [^p�s]23 49 [p�s�]24 49r [p�s�]25 53 [p�su]26 27 [^pus]27 52 [pu^s�]28 32 [pusu]

File N. IPA29 36 [pizi]30 36r [pizi]31 6 [pi^z�]32 9 [pi^zu]33 51 [^p�z]34 13 [p�z�]35 13r [p�z�]36 23 [p�^zu]37 42 [^puz]38 54 [pu^z�]39 35 [puzu]40 8 [piAi]41 31 [pi^A�]42 1 [pi^Au]43 1r [pi^Au]44 24 [^p�A]45 17 [p�^A�]46 20 [p�^Au]47 20r [p�^Au]48 50 [^puA]49 48 [puA�]50 39 [puAu]51 43 [piOi]52 7 [pi^O�]53 41 [pi^Ou]54 11 [^p�O]55 30 [p�O�]56 18 [p�^Ou]57 22 [^puO]58 46 [^puO�]59 46r1 [pu^O�]60 46r2 [pu^O�]61 3 [pu^Ou]
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Table C.12: Corpus 2 (Speaker ACC).File N. IPA1 4 [^pif]2 4r1 [^pifi]3 38 [pi^f�]4 25 [pi^fu]5 2 [^p�f]6 21 [^p�f�]7 33 [p�^fu]8 40 [^puf]9 28 [pu^f�]10 44 [pufu]11 34 [^pivi]12 45 [pi^v�]13 19 [pi^vu]14 10 [^p�v]15 26 [^p�v�]16 5 [p�^vu]17 5r1 [p�^vu]18 15 [^puvi]19 15r1 [^puvi]20 37 [pu^v�]21 12 [^puvu]22 16 [^pisi]23 14 [pi^s�]24 47 [pi^su]25 29 [^p�si]26 49 [^p�s�]27 53 [p�^su]28 27 [^pusi]29 52 [pu^s�]30 32 [pusu]

File N. IPA31 36 [^pizi]32 6 [^piz�]33 9 [pi^zu]34 51 [^p�z]35 13 [^p�z�]36 13r1 [^p�z�]37 13r2 [^p�z�]38 23 [p�^zu]39 42 [^puzi]40 54 [pu^z�]41 35 [puzu]42 8 [^piA]43 31 [pi^A�]44 1 [pi^Au]45 24 [^p�A]46 24r1 [^p�Ai]47 17 [p�^A�]48 20 [p�^Au]49 50 [^puA]50 48 [^puA�]51 39 [^puAu]52 43 [piOi]53 7 [^piO�]54 7r1 [^piO�]55 41 [pi^Ou]56 11 [^p�Oi]57 30 [^p�O�]58 18 [p�^Ou]59 22 [^puOi]60 46 [puO�]61 3 [pu^Ou]
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Table C.13: Corpus 2 (Speaker ISSS).File N. IPA1 4 [pifi]2 38 [pi^f�]3 25 [pi^fu]4 2 [^p�f]5 21 [p�f�]6 33 [p�^fu]7 40 [^puf]8 28 [pu^f�]9 44 [pufu]10 34 [pivi]11 45 [pi^v�]12 19 [pi^vu]13 10 [^p�v]14 26 [p�v�]15 5 [p�^vu]16 15 [^puv]17 37 [pu^v�]18 12 [puvu]19 16 [pisi]20 14 [pi^s�]21 47 [pi^su]22 29 [^p�s]23 49 [p�s�]24 53 [p�^su]25 27 [^pus]26 52 [pu^s�]27 32 [pusu]

File N. IPA28 36 [pizi]29 6 [pi^z�]30 9 [pi^zu]31 9r [pi^zu]32 51 [^p�z]33 13 [p�z�]34 23 [p�^zu]35 42 [^puz]36 54 [pu^z�]37 35 [puzu]38 8 [piAi]39 31 [pi^A�]40 1 [pi^Au]41 24 [^p�A]42 17 [p�^A�]43 20 [p�^Au]44 50 [^puA]45 48 [^puA�]46 48r [^puA�]47 39 [puAu]48 43 [piOi]49 7 [pi^O�]50 41 [pi^Ou]51 11 [^p�O]52 30 [p�O�]53 18 [p�^Ou]54 22 [^puO]55 46 [pu^O�]56 3 [puOu]
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Appendix D
Listings of Recorded Materialfor All Speakers and TimeAnalysis for Speaker LMTJ(Corpus 3 and 4)
This appendix lists the results of the time analysis of Corpus 3 and 4 frica-tives, and their VF and FV transitions for Speaker LMTJ. We also includea broad phonetic transcription of all recorded material and list re-recordedexamples for Speaker LMTJ. The data presented includes: the VF transi-tion duration, the fricative duration, the FV transition duration, the ratio ofvariances r�2 , and a manual classi�cation of devoicing (listed in the column\Devoicing").The �le numbering of words from Corpus 4 has two parts: a number thatrefers to the sentence where the words occur (see sentence listings in Sec-tion A.2 in Appendix A) and a word number which is the same as the oneused in Corpus 3 (see Appendix A).When the phonetic transcription, of words with fricatives at the beginningor end, has an additional initial ([� ^vil�] in Table D.8) or �nal ([^m4v �] inTable D.26) phoneme, separated from the transcription of the word we areanalysing by a white space, this means that there is co-articulation betweenthe fricative and the �nal or initial phoneme of the previous or following wordin the sentence. 178



Table D.1: Fricative /f/ in Corpus 3 (Speaker LMTJ).Example IPA File N. VF (ms) F (ms) FV (ms) r�21 �go [� ^�gu] 41 58.8 145.8 38.5 59.22 ferir [� f^9i9] 18 78.8 150.0 - 128.23 febra [� ^feb9�] 61 37.5 135.4 51.0 20.14 ferro [� ^f�Ru] 4 64.6 182.3 80.2 128.15 falir [� f�^li9] 47 62.1 106.3 33.3 36.26 fala [� ^fal�] 2 37.7 167.7 26.7 24.97 Fafe [� ^ f af] 1258 foco [� ^f4ku] 90 71.3 122.9 36.0 146.99 fogo [� ^fogu] 101 54.8 149.6 29.6 17.110 fofa [� ^ f of�] 23 96.7 129.2 29.2 55.411 furar [� fu^9a9] 44 36.7 124.6 41.7 20.412 efectuar [i^f�twa9] 98 55.2 116.5 12.7 3.513 benef��cio [bini^ f isju] 49 1r y 61.7 158.1 25.4 197.614 [bini^ f isju] 49 2r y 55.6 122.9 41.0 93.315 ben�e�co [bi^n��ku] 89 44.4 107.7 30.0 64.216 [bi^n��ku] 49 51.7 106.7 23.3 24.917 a�ar [��^a9] 53 108.3 104.2 66.7 97.418 caf�e [k�^f�] 31 52.9 137.3 32.3 92.419 garrafa [g�^Raf�] 71 71.5 88.5 33.1 15.910 fofa [^fo f �] 23 54.2 91.7 69.8 45.920 galhofa [g�^L4f�] 128 72.5 136.3 37.7 47.821 bufa [^buf�] 73 45.0 131.0 24.0 54.422 trefo [^t9ef] 107 46.3 177.7 - 87.223 chefe [^A� f ] 11 96.6 162.5 - 58.87 Fafe [^fa f ] 125 59.8 123.1 - 92.224 bafo [^baf] 26 62.5 95.8 - 97.225 mofo [^mof] 55 50.4 86.3 - 52.2yRe-Recording Session (25/1/1999).
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Table D.2: Fricative /v/ in Corpus 3 (Speaker LMTJ).Example IPA File N. VF (ms) F (ms) FV (ms) r�2 Devoicing26 vila [� ^vil�] 59 66.3 50.2 73.3 4.527 viver [� v i^ve9] 122 58.1 46.7 65.6 32.6 par. dev.28 viva [� ^ v iv�] 140 84.2 63.3 54.0 66.729 vermelho [� vi9^m�Lu] 86 1r y 32.3 21.7 26.3 161.1 dev.30 [� vi9^m�Lu] 86 2r y 39.0 22.7 37.1 185.3 dev.31 ver [� ve9] 102 44.0 89.6 36.9 118.9 dev.32 v�eu [� ^v�w] 104 65.0 72.9 53.1 122.5 dev.33 veia [� ^v�j�] 111 39.2 98.8 35.2 57.1 dev.34 vaca [� ^vak�] 92 36.9 71.7 58.5 6.935 [� ^vak�] 92 1r y 47.5 55.8 62.1 3.536 [� ^vak�] 92 2r y 50.4 80.8 41.7 11.237 volta [� ^v4lt�] 81 70.0 59.6 47.1 2.038 voo [� vow] 17 61.5 70.8 65.6 118.9 dev.39 vogar [� ^vuga9] 7 81.5 37.5 47.9 30.6 par. dev.27 viver [vi^ v e9] 122 46.3 78.1 46.0 4.140 poss��vel [p^si v �l] 9528 viva [^vi v �] 140 57.7 68.8 38.5 114.941 dever [di^ve9] 22 43.8 83.3 57.3 1.542 levar [li^va9] 105 59.8 77.3 34.4 58.9 dev.43 leva [^l�v�] 149 64.4 55.8 40.6 25.144 av�o [�^v4] 88 40.2 64.4 32.5 9.345 cava [^kav�] 24 1r y 61.3 67.5 43.1 88.3 par. dev.46 [^kav�] 24 2r y 62.3 99.8 28.8 49.8 dev.47 cavo [^kavu] 24 72.9 43.8 43.8 139.4 dev.48 nova [^n4v�] 147 79.0 40.4 85.4 1.649 ovelha [o^v�L�] 136 65.2 54.0 47.5 107.550 mover [mu^ve9] 57 38.1 77.1 38.5 11.6 par. dev.51 uva [^uv�] 40 68.3 66.7 45.8 416.9 dev.52 altivo [al^tiv] 124 46.0 110.2 - 44.2 dev.53 teve [^tev] 42 69.0 88.3 - 75.1 dev.54 relevo [Ri^lev] 94 58.3 117.7 - 34.4 dev.55 leve [^l�v] 6 81.3 122.9 - 51.5 dev.56 ave [^av] 45 84.4 97.9 - 55.7 dev.57 bravo [^b9av] 100 56.5 72.1 - 58.7 dev.58 move [^m4v] 67 24.2 135.4 - 32.9 dev.59 [^m4v] � 67 1r y 99.6 37.3 - 1.260 [^m4v] � 67 2r y 63.5 83.3 - 458.1 dev.�\Diga ..., bem dito."yRe-Recording Session (25/1/1999).
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Table D.3: Fricative /s/ in Corpus 3 (Speaker LMTJ).Example IPA File N. VF (ms) F (ms) FV (ms) r�261 s��tio [� ^sitju] 77 62.9 181.3 36.3 27.662 secar [� s^ka9] 93 43.5 154.4 - 12.363 sede [� ^sedi] 75 44.6 167.7 42.1 53.664 seta [� ^s�t�] 34 31.5 171.0 32.5 26.365 cessa [� ^ s �s�] 64 65.4 175.8 25.2 34.966 saber [� s�^be9] 39 45.2 133.8 31.3 10.367 sala [� ^sal�] 13 64.8 135.4 38.5 47.468 s�o [� s4] 5 79.6 149.8 55.4 104.869 sopa [� ^sop�] 83 54.6 154.2 17.3 47.570 subir [� su^bi9] 139 43.1 144.2 43.1 43.771 i�ca [^is�] 148 90.0 124.6 64.8 45.972 benef��cio [bini^� s ju] 49 1r y73 [bini^� s ju] 49 2r y74 ressaca [Ri^sak�] 82 73.3 142.9 35.8 28.975 condessa [k~o^des�] 153 65.4 123.3 34.8 124.376 pêssego [^pesgu] 87 39.2 164.6 - 24.177 aquecer [�k�^se9] 131 44.6 157.1 48.1 18.565 cessa [^s� s �] 64 60.8 109.4 34.8 34.478 passear [p�^sja9] 103 61.0 184.0 49.0 39.179 assar [�^sa9] 137 74.6 130.4 53.5 28.880 ca�ca [^kas�] 35 61.7 127.7 30.6 22.681 possa [^p4s�] 150 48.1 111.0 60.0 150.982 mo�ca [^mos�] 152 38.1 111.0 41.3 20.983 poss��vel [p^ s iv�l] 95 - 219.8 25.0 2.684 partisse [pa9^tis] 117 71.0 208.8 - 37.585 batesse [b�^tes] 69 37.3 139.6 - 22.186 asse [^as] 118 67.3 197.5 - 60.687 posse [^p4s] 21 29.2 139.6 - 13.288 doce [^dos] 56 36.7 112.5 - 113.7yRe-Recording Session (25/1/1999).
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Table D.4: Fricative /z/ in Corpus 3 (Speaker LMTJ).Example IPA File N. VF (ms) F (ms) FV (ms) r�2 Devoicing89 Zita [� ^zit�] 68 87.3 79.2 37.5 243.5 dev.90 zelar [� ^zila9] 126 43.5 82.5 31.9 4.6 par. dev.91 zelo [� ^zelu] 115 93.1 116.9 64.0 6.692 Z�e [� z�] 85 58.3 94.6 24.6 29.9 dev.93 Z�ez�e [� ^ z �z�] 129 36.0 74.8 39.6 1.394 zarpar [� z�r^pa9] 113 46.5 67.3 31.7 47.9 dev.95 Zaire [� ^zaj9i] 99 37.9 74.2 25.0 69.2 dev.96 Z�opiro [� ^z4pi9u] 10 47.9 72.9 75.0 93.0 dev.97 zona [� ^zon�] 84 58.1 93.1 39.8 16.9 par. dev.98 zurrar [� zu^Ra9] 16 40.6 55.2 55.2 2.299 exacto [i^zatu] 43 46.9 76.5 36.5 67.3 dev.100 mesinha [mi^zi.�] 50 53.8 60.8 78.8 250.5 dev.101 [mi^zi.�] 27 54.2 97.7 48.1 25.0 par. dev.102 beleza [bi^lez�] 135 63.5 87.7 22.3 27.5 dev.103 peso [^pezu] 60 45.8 80.0 21.5 55.8 dev.104 mezinha [m�^zi.�] 27 1r y 31.0 61.5 37.3 3.8105 [m�^zi.�] 27 2r y 32.0 95.4 65.0 133.7 dev.93 Z�ez�e [^z� z �] 129 45.2 78.1 24.0 32.5 dev.106 Brasil [b9�^zil] 58 55.8 110.6 26.7 117.1 dev.107 azar [�^za9] 97 101.3 95.0 33.3 8.2108 azul [�^zul] 33 99.8 101.0 28.1 85.8 dev.109 mazinha [ma^zi.�] 37 64.6 86.0 36.9 62.8 dev.110 asa [^az�] 19 1r y 59.6 77.3 39.6 33.3 dev.111 [^az�] 19 2r y 59.6 66.7 35.4 17.4 par. dev.112 rosa [^94z�] 14 47.9 45.8 50.0 257.2 dev.113 doze [^dozi] � 132 2r y 32.3 100.4 45.6 105.3 dev.114 acusar [�ku^za9] 146 41.9 68.3 68.1 15.0115 doze [^doz] 132 56.7 90.4 - 199.4 dev.116 [^doz] � 132 1r y 24.0 86.0 - 27.1 dev.117 amoroso [�mu^9oz] 8 93.8 54.2 - 30.4 dev.�\Diga ..., bem dito."yRe-Recording Session (25/1/1999).
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Table D.5: Fricative /A/ in Corpus 3 (Speaker LMTJ).Example IPA File N. VF (ms) F (ms) FV (ms) r�2118 chicote [� Ai^k4ti] 134 47.5 119.2 38.5 124.2119 chegar [� Ai^ga9] 65 52.9 136.7 29.8 18.7120 cheta [� ^Aet�] 30 59.6 155.8 42.8 191.0121 cheque [� ^A�ki] 36 65.6 165.6 26.7 137.6122 chefe [� ^ A �f] 11123 chamar [� A�^ma9] 28 36.0 129.2 32.3 35.4124 ch�a [� Aa] 51 71.0 150.2 52.5 127.6125 choca [� ^A4k�] 116 79.4 176.9 39.6 10.8126 choco [� ^Aoku] 76 59.2 189.0 21.3 47.7127 chocha [� ^ A oA�] 80 74.4 192.9 25.8 27.0128 chorar [� Au^9a9] 78 45.4 150.4 37.1 74.6129 bicha [^biA�] 142 62.9 144.2 48.8 38.8130 bexiga [b^Aig�] 106 - 193.5 36.5 1.2131 bochecha [bu^Ae A �] 154 52.1 122.7 36.3 103.7132 este [^eAt] 54 44.4 98.1 - 141.3133 achar [�^Aa9] 114 77.1 154.2 32.5 61.9134 bolacha [bu^laA�] 15 105.4 94.6 50.4 35.9135 tocha [^t4A�] 121 52.3 121.5 46.0 48.0127 chocha [^Ao A �] 80 37.3 133.3 32.5 34.0131 bochecha [bu^ A eA�] 154 38.3 151.9 24.0 28.9136 diz [diA] 96 44.6 114.0 - 16.5137 mares [^ma9iA] 130 69.0 101.0 - 192.3138 mês [^meA] 112 29.0 124.6 - 23.7139 p�es [p�A] 62 122.5 77.1 - 334.5140 meche [^m�A] 141 41.9 156.3 - 117.4141 perdas [^p�9d�A] 29 48.1 75.6 - 164.5142 capaz [k�^paA] 91 44.2 102.7 - 20.6143 tacho [^taA] 133 62.3 147.7 - 48.0144 p�os [p4A] 70 71.0 85.4 - 93.9145 pôs [poA] 144 81.5 94.2 - 235.5146 mocho [^moA] 109 33.5 159.2 - 30.0147 dos [^duA] 138 40.8 77.5 - 28.8148 capucho [k�^puA] 74 49.6 133.8 - 68.0
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Table D.6: Fricative /O/ in Corpus 3 (Speaker LMTJ).Example IPA File N. VF (ms) F (ms) FV (ms) r�2 Devoicing149 girar [� Oi^9a9] 48 59.4 71.0 36.9 142.3 dev.150 Gigi [� O i^Oi] 145 31.9 82.5 32.3 2.0151 gelado [� Oi^ladu] 127 39.8 103.5 32.3 11.2 dev.152 gelo [� ^Oelu] 119 37.9 105.0 38.5 5.4 dev.153 germe [� ^O�9mi] 72 76.9 76.0 27.9 17.0 par. dev.154 jaqueta [� O�^ket�] 20 48.3 61.3 30.0 53.5 dev.155 jacto [� ^Oatu] 123 32.5 85.8 28.5 5.9156 j�oia [� ^O4j�] 143 59.8 79.4 32.9 103.0 dev.157 jogo [� ^Oogu] 3 82.3 69.8 114.6 8.2 dev.158 judeu [� Ou^dew] 32 31.0 100.2 37.3 56.9 dev.159 originar [o9iOi^na9] 1 49.7 60.4 22.5 120.0 dev.150 Gigi [Oi^ O i] 145 73.8 85.2 61.9 52.6160 tijolo [ti^Oolu] 110 31.0 100.2 26.9 27.1 dev.161 arejar [�9i^Oa9] 46 36.0 112.5 28.1 59.9 dev.162 pejo [^peOu] 25 77.1 77.1 66.7 57.1 dev.163 Beja [^b�O�] 52 36.3 79.2 42.5 119.9 dev.164 agir [�^Oi9] 108 89.2 124.6 35.2 81.9 dev.165 cajado [k�^Oadu] 63 55.2 61.0 77.5 58.1 dev.166 ajudar [�^Ouda9] 66 24.0 78.5 14.8 2.3 dev.167 haja [^aO�] 12 1r y 43.5 112.1 27.3 59.0 dev.168 [^aO�] 12 2r y 55.6 94.2 40.0 123.0 dev.169 [^aO�] 19 89.0 109.8 22.1 207.4 dev.170 aloja [�^l4O�] 151 49.2 59.8 31.7 10.0171 hoje [^oOi] � 38 2r y 24.6 128.8 53.8 106.8 dev.172 tugir [tu^Oi9] 120 45.8 139.2 38.5 73.2 dev.173 age [^aO] 79 108.8 135.8 - 89.4 dev.174 [^aO] 12 75.0 100.0 - 42.2 dev.175 hoje [^oO] 38 56.0 111.0 - 224.9 dev.176 [^oO] � 38 1r y 51.9 111.9 - 9.7177 tojo [^toO] 9 129.2 75.0 - 228.6 dev.�\Diga ..., bem dito."yRe-Recording Session (25/1/1999).
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Table D.7: Fricative /f/ in Corpus 3 (Speaker CFGA).Example IPA File N. VF (ms) F (ms) FV (ms) r�21 �go [� ^�gu] 412 ferir [� fi^9i9] 183 febra [� ^feb9�] 614 ferro [� ^f�Ru] 45 falir [� f�^li9] 476 fala [� ^fal�] 27 Fafe [� ^ f af] 1258 foco [� ^f4k] 909 fogo [� ^fogu] 10110 fofa [� ^ f of�] 2311 furar [� fu^9a9] 4412 efectuar [i^f�twa9] 9813 benef��cio [bini^ f isju] 4914 ben�e�co [bi^n��k] 8915 a�ar [��^a9] 5316 caf�e [k�^f�] 3117 garrafa [g�^Ka f �] 7110 fofa [^fo f �] 2318 galhofa [g�^L4f�] 12819 bufa [^buf�] 7320 trefo [^tref] 107 -21 chefe [^A� f ] 11 -7 Fafe [^fa f ] 125 -22 bafo [^baf] 26 -23 mofo [^mof] 55 -
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Table D.8: Fricative /v/ in Corpus 3 (Speaker CFGA).Example IPA File N. VF (ms) F (ms) FV (ms) r�2 Devoicing24 vila [� ^vil�] 5925 viver [� v i^ve9] 12226 viva [� ^ v iv�] 140 dev.27 vermelho [� vi9^meLu] 86 dev.28 ver [� ve9] 102 dev.29 v�eu [� ^v�w] 104 dev.30 veia [� ^v�j�] 11131 vaca [� ^vak�] 92 dev.32 volta [� ^v4lt�] 81 dev.33 voo [� vow] 17 dev.34 vogar [� ^vuga9] 725 viver [vi^ v e9] 122 dev.35 poss��vel [p^si v l] 95 -26 viva [^vi v �] 14036 dever [di^ve9] 22 dev.37 levar [li^va9] 105 dev.38 leva [^l�v�] 149 dev.39 av�o [�^v4] 88 dev.40 cava [^kav�] 24 par. dev.41 nova [^n4v�] 147 dev.42 ovelha [o^v�L�] 136 dev.43 mover [mu^ve9] 57 par. dev.44 uva [^uv�] 40 dev.45 altivo [al^tiv] 124 - dev.46 teve [^tev] 42 - dev.47 relevo [Ki^le v ] 94 - dev.48 leve [^l�v] 6 - dev.49 ave [^av] 45 - dev.50 bravo [^b9av] 100 - dev.51 move [^m4v] 67 - dev.
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Table D.9: Fricative /s/ in Corpus 3 (Speaker CFGA).Example IPA File N. VF (ms) F (ms) FV (ms) r�252 s��tio [� ^sitju] 7753 secar [� s^ka9] 93 -54 sede [� ^sed] 7555 seta [� ^s�t�] 3456 cessa [� ^ s �s�] 6457 saber [g s�^be9] 39 -58 sala [� ^sal�] 1359 s�o [� s4] 560 sopa [� ^sop�] 8361 subir [� su^bi9] 13962 i�ca [^is�] 14863 benef��cio [bini^� s ju] 4964 ressaca [K^ s ak�] 82 -65 condessa [k~o^des�] 15366 pêssego [^pesg] 87 -67 aquecer [�k�^se9] 13156 cessa [^s� s �] 6468 passear [p�^sja9] 10369 assar [�^sa9] 13770 ca�ca [^kas�] 3571 possa [^p4s�] 15072 mo�ca [^mos�] 15273 poss��vel [p^ s ivl] 95 -74 partisse [pa9^tis] 117 -75 batesse [b�^tes] 69 -76 asse [^as] 118 -77 posse [^p4s] 21 -78 doce [^dos] 56 -
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Table D.10: Fricative /z/ in Corpus 3 (Speaker CFGA)Example IPA File N. VF (ms) F (ms) FV (ms) r�2 Devoicing79 Zita [� ^zit�] 68 par. dev.80 zelar [� ^zla9] 126 - dev.81 zelo [� ^zelu] 115 dev.82 Z�e [� z�] 85 dev.83 Z�ez�e [� ^ z �z�] 12984 zarpar [� z�9^pa9] 113 dev.85 Zaire [� ^zaj9i] 99 dev.86 Z�opiro [� ^z4pi9u] 10 dev.87 zona [� ^zon�] 84 dev.88 zurrar [� z u^Kar] 16 dev.89 exacto [i^zat] 43 dev.90 mesinha [mi^zi.�] 50 dev.91 [mi^zi.�] 50r1 dev.92 [mi^zi.�] 50r2 dev.93 beleza [bi^lez�] 135 par. dev.94 mezinha [m�^zi.�] 27 dev.83 Z�ez�e [^z� z �] 129 dev.95 Brasil [b9�^zil] 58 par. dev.96 azar [�^za9] 97 dev.97 azul [�^zul] 33 dev.98 mazinha [ma^zi.�] 37 dev.99 asa [^az�] 19 dev.100 rosa [^@4 z �] 14 dev.101 acusar [�ku^za9] 146 dev.102 peso [^pez] 60 -103 doze [^doz] 132 - dev.104 amoroso [�mu^9oz] 8 - dev.
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Table D.11: Fricative /A/ in Corpus 3 (Speaker CFGA).Example IPA File N. VF (ms) F (ms) FV (ms) r�2105 chicote [� Ai^k4t] 134106 chegar [� Ai^ga9] 65107 cheta [� ^Aet�] 30108 cheque [� ^A�k] 36109 chefe [� ^ A �f] 11110 chamar [� A�^ma9] 28111 ch�a [� Aa] 51112 choca [� ^A4k�] 116113 choco [� ^Aok] 76114 chocha [� ^ A oA�] 80115 chorar [� Au^9a9] 78116 bicha [^biA�] 142117 bexiga [b^Aig�] 106 -118 bochecha [b^Ae A �] 154119 este [^eAt] 54 -120 achar [�^Aa9] 114121 bolacha [bu^laA�] 15122 tocha [^t4A�] 121114 chocha [^Ao A �] 80118 bochecha [b^ A eA�] 154 -123 diz [diA] 96 -124 mares [^m@ A ] 130 - -125 mês [^meA] 112 -126 p�es [p�A] 62 -127 meche [^m�A] 141 -128 perdas [^pe9d�A] 29 -129 capaz [k�^paA] 91 -130 tacho [^taA] 133 -131 p�os [p4A] 70 -132 pôs [poA] 144 -133 mocho [^moA] 109 -134 dos [^duA] 138 -135 capucho [k�^puA] 74 -
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Table D.12: Fricative /O/ in Corpus 3 (Speaker CFGA).Example IPA File N. VF (ms) F (ms) FV (ms) r�2 Devoicing136 girar [� Oi^9a9] 48 dev.137 Gigi [� O i^Oi] 145 par. dev.138 gelado [� O ^%lad] 127 - dev.139 gelo [� ^Oelu] 119 dev.140 germe [� ^O�9m] 72 dev.141 jaqueta [� O�^ket�] 20 dev.142 jacto [� ^Oat] 123 dev.143 j�oia [� ^O4j�] 143144 jogo [� ^Oogu] 3 dev.145 judeu [� Ou^dew] 32 dev.146 originar [o9iOi^na9] 1 dev.137 Gigi [Oi^ O i] 145 dev.147 tijolo [t^Ool] 110 - dev.148 arejar [�9i^Oa9] 46 dev.149 Beja [^b�O�] 52 dev.150 agir [�^Oi9] 108 dev.151 cajado [k�^Oadu] 63 dev.152 ajudar [�^Ouda9] 66 dev.153 haja [^aO�] 12 dev.154 aloja [�^l4O�] 151 dev.155 [�^l4O�] 151r1 dev.156 [�^l4O�] 151r2 dev.157 tugir [tu^Oi9] 120158 pejo [^peO] 25 - dev.159 age [^aO] 79 - dev.160 hoje [^oO] 38 - dev.161 tojo [^toO] 9 - dev.
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Table D.13: Fricative /f/ in Corpus 3 (Speaker ACC).Example IPA File N. VF (ms) F (ms) FV (ms) r�21 �go [� ^�g] 412 ferir [� fi^9i9] 183 febra [� ^feb9�] 614 ferro [� ^f�Ru] 45 falir [� f�^li9] 476 fala [� ^fal�] 27 Fafe [� ^ f af] 1258 foco [� ^f4k] 909 fogo [� ^fog] 10110 fofa [� ^ f of�] 2311 furar [� fu^9a9] 4412 efectuar [i^f�twa9] 9813 benef��cio [bini^ f isju] 4914 ben�e�co [bi^n��k] 8915 a�ar [��^a9] 5316 caf�e [k�^f�] 3117 garrafa [g�^Raf�] 7110 fofa [^fo f �] 2318 galhofa [g�^L4f�] 12819 bufa [^buf�] 7320 trefo [^t9ef] 107 -21 chefe [^A� f ] 11 -7 Fafe [^fa f ] 125 -22 bafo [^baf] 26 -23 mofo [^mof] 55 -
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Table D.14: Fricative /v/ in Corpus 3 (Speaker ACC).Example IPA File N. VF (ms) F (ms) FV (ms) r�2 Devoicing24 vila [� ^vil�] 5925 viver [� v i^ve9] 122 dev.26 viva [� ^ v iv�] 140 par. dev.27 vermelho [� vi9^meL] 8628 ver [� ve9] 10229 v�eu [� ^v�w] 104 dev.30 veia [� ^v�j�] 11131 vaca [� ^vak�] 92 dev.32 volta [� ^v4lt�] 81 dev.33 voo [� vow] 17 par. dev.34 vogar [� ^vuga9] 725 viver [vi^ v e9] 12235 poss��vel [pu^si v �l] 9526 viva [^vi v �] 140 dev.36 dever [di^ve9] 22 dev.37 levar [li^va9] 10538 leva [^l�v�] 149 par. dev.39 av�o [�^v4] 88 dev.40 cava [^kav�] 24 par. dev.41 nova [^n4v�] 147 dev.42 ovelha [o^v�L�] 13643 mover [mu^ve9] 57 dev.44 uva [^uv�] 40 dev.45 altivo [al^tiv] 124 - dev.46 teve [^tev] 42 - dev.47 relevo [Ri^lev] 94 - dev.48 leve [^l�v] 6 - dev.49 ave [^av] 45 - dev.50 bravo [^b9av] 100 - dev.51 move [^m4v] 67 - dev.
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Table D.15: Fricative /s/ in Corpus 3 (Speaker ACC).Example IPA File N. VF (ms) F (ms) FV (ms) r�252 s��tio [� ^sitju] 7753 secar [� s^ka9] 93 -54 sede [� ^sed] 7555 seta [� ^s�t�] 3456 cessa [� ^ s �s�] 6457 saber [� s�^be9] 3958 sala [� ^sal�] 1359 s�o [� s4] 560 sopa [� ^sop�] 8361 subir [� su^bi9] 13962 i�ca [^is�] 14863 benef��cio [bini^� s ju] 4964 ressaca [Ri^sak�] 8265 condessa [k~o^des�] 15366 pêssego [^pesgu] 87 -67 aquecer [�k�^se9] 13156 cessa [^s� s �] 6468 passear [p�^sja9] 10369 assar [�^sa9] 13770 ca�ca [^kas�] 3571 possa [^p4s�] 15072 mo�ca [^mos�] 15273 poss��vel [pu^ s iv�l] 9574 partisse [pa9^tis] 117 -75 batesse [b�^tes] 69 -76 asse [^as] 118 -77 posse [^p4s] 21 -78 doce [^dos] 56 -
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Table D.16: Fricative /z/ in Corpus 3 (Speaker ACC)Example IPA File N. VF (ms) F (ms) FV (ms) r�2 Devoicing79 Zita [� ^zit�] 68 dev.80 zelar [� ^zila9] 12681 zelo [� ^zel] 115 par. dev.82 Z�e [� z�] 8583 Z�ez�e [� ^ z �z�] 129 par. dev.84 zarpar [� z�9^pa9] 113 par. dev.85 Zaire [� ^zaj9i] 99 par. dev.86 Z�opiro [� ^z4pi9u] 10 dev.87 zona [� ^zon�] 84 dev.88 zurrar [� zu^Ra9] 16 dev.89 exacto [i^zat] 4390 mesinha [mi^zi.�] 50 dev.91 beleza [bi^lez�] 135 par. dev.92 mezinha [m�^zi.�] 27 dev.83 Z�ez�e [^z� z �] 129 par. dev.93 Brasil [b9�^zil] 58 dev.94 azar [�^za9] 97 dev.95 azul [�^zul] 33 dev.96 mazinha [ma^zi.�] 37 dev.97 asa [^az�] 19 dev.98 rosa [^94z�] 14 par. dev.99 acusar [�ku^za9] 146 dev.100 peso [^pez] 60 - dev.101 doze [^doz] 132 - dev.102 amoroso [�mu^9oz] 8 - dev.

194



Table D.17: Fricative /A/ in Corpus 3 (Speaker ACC).Example IPA File N. VF (ms) F (ms) FV (ms) r�2103 chicote [� Ai^k4t] 134104 chegar [� Ai^ga9] 65105 cheta [� ^Aet�] 30106 cheque [� ^A�k] 36107 chefe [� ^ A �f] 11108 chamar [� A�^ma9] 28109 ch�a [� Aa] 51110 choca [� ^A4k�] 116111 choco [� ^Aok] 76112 chocha [� ^ A oA�] 80113 chorar [� Au^9a9] 78114 bicha [^biA�] 142115 bexiga [b^Aig�] 106 -116 bochecha [bu^Ae A �] 154117 este [^eAt] 54 -118 achar [�^Aa9] 114119 bolacha [bu^laA�] 15120 tocha [^t4A�] 121112 chocha [^Ao A �] 80116 bochecha [bu^ A eA�] 154121 diz [diA] 96 -122 mares [^ma9A] 130 - -123 mês [^meA] 112 -124 p�es [p�A] 62 -125 meche [^m�A] 141 -126 perdas [^pe9d�A] 29 -127 capaz [k�^paA] 91 -128 tacho [^taA] 133 -129 p�os [p4A] 70 -130 pôs [poA] 144 -131 mocho [^moA] 109 -132 dos [^duA] 138 -133 capucho [k�^puA] 74 -
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Table D.18: Fricative /O/ in Corpus 3 (Speaker ACC).Example IPA File N. VF (ms) F (ms) FV (ms) r�2 Devoicing134 girar [� Oi^9a9] 48 dev.135 Gigi [� O i^Oi] 145 dev.136 gelado [� Oi^lad] 127 par. dev.137 gelo [� ^Oelu] 119 dev.138 germe [� ^O�9m] 72 dev.139 jaqueta [� O�^ket�] 20 dev.140 jacto [� ^Oat] 123 dev.141 j�oia [� ^O4j�] 143 dev.142 jogo [� ^Oog] 3 dev.143 judeu [� Ou^dew] 32 dev.144 originar [o9iOi^na9] 1 dev.135 Gigi [Oi^ O i] 145 dev.145 tijolo [ti^Ool] 110 dev.146 arejar [�9^Oa9] 46 - dev.147 Beja [^b�O�] 52 dev.148 agir [�^Oi9] 108 dev.149 cajado [k�^Oa] 63 dev.150 ajudar [�^Ouda9] 66 dev.151 haja [^aO�] 12 dev.152 aloja [�^l4O�] 151 dev.153 tugir [tu^Oi9] 120 dev.154 pejo [^peO] 25 - dev.155 age [^aO] 79 - dev.156 hoje [^oO] 38 - dev.157 tojo [^toO] 9 - par. dev.
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Table D.19: Fricative /f/ in Corpus 3 (Speaker ISSS).Example IPA File N. VF (ms) F (ms) FV (ms) r�21 �go [� ^�g] 412 ferir [� f i^9i9�] 183 febra [� ^feb9�] 614 ferro [� ^ f �K] 45 falir [� f�^li9] 476 fala [� ^fal�] 27 Fafe [� ^ f af] 1258 foco [� ^f4k] 909 fogo [� ^fogu] 10110 fofa [� ^ f of�] 2311 furar [� fu^9a9] 4412 efectuar [i^f�twa9] 9813 benef��cio [bini^ f isju] 4914 ben�e�co [bi^n��] 8915 a�ar [��^a9] 5316 caf�e [k�^f�] 3117 garrafa [g�^Ka f �] 7110 fofa [^fo f �] 2318 galhofa [g�^L4f�] 12819 bufa [^buf�] 7320 trefo [^tref] 107 -21 chefe [^A� f ] 11 -7 Fafe [^fa f ] 125 -22 bafo [^baf] 26 -23 mofo [^mof] 55 -
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Table D.20: Fricative /v/ in Corpus 3 (Speaker ISSS).Example IPA File N. VF (ms) F (ms) FV (ms) r�2 Devoicing24 vila [� ^vil�] 59 dev.25 viver [� v i^ve9] 12226 viva [� ^ v iv�] 14027 vermelho [� v i9�̂meLu] 86 par. dev.28 ver [� ve9] 102 par. dev.29 v�eu [� ^v�w] 104 par. dev.30 veia [� ^v�j�] 11131 vaca [� ^vak�] 92 par. dev.32 volta [� ^v4lt�] 8133 voo [� vow] 1734 vogar [� ^vuga9] 725 viver [vi^ v e9] 12235 poss��vel [p^si v �l] 9526 viva [^vi v �] 14036 dever [di^ve9] 2237 levar [li^va9] 105 dev.38 leva [^l�v�] 149 dev.39 av�o [�^v4] 8840 cava [^kav�] 24 dev.41 nova [^n4v�] 147 dev.42 ovelha [o^v�L�] 13643 mover [mu^ve9] 5744 uva [^uv�] 40 dev.45 altivo [al^tiv] 124 - dev.46 teve [^tev] 42 - dev.47 relevo [Ki^le v ] 94 - dev.48 leve [^l�v] 6 - dev.49 ave [^av] 45 - dev.50 bravo [^b9av] 100 - dev.51 move [^m4v] 67 - dev.
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Table D.21: Fricative /s/ in Corpus 3 (Speaker ISSS).Example IPA File N. VF (ms) F (ms) FV (ms) r�252 s��tio [� ^sitju] 7753 secar [� s^ka9] 93 -54 sede [� ^sed] 7555 seta [� ^s�t�] 3456 cessa [� ^ s �s�] 6457 saber [� s�^be9] 3958 sala [� ^sal�] 1359 s�o [� s4] 560 sopa [� ^sop�] 8361 subir [� s u^bi9�] 13962 i�ca [^is�] 14863 benef��cio [bini^� s ju] 4964 ressaca [K^ s ak�] 82 -65 condessa [k~o^des�] 15366 pêssego [^pesg] 87 -67 aquecer [�k�^se9] 13156 cessa [^s� s �] 6468 passear [p�^sja9] 10369 assar [�^sa9] 13770 ca�ca [^kas�] 3571 possa [^p4s�] 15072 mo�ca [^mos�] 15273 poss��vel [p^ s ivl] 95 -74 partisse [pa9^tis] 117 -75 batesse [b�^tes] 69 -76 asse [^as] 118 -77 posse [^p4s] 21 -78 doce [^dos] 56 -
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Table D.22: Fricative /z/ in Corpus 3 (Speaker ISSS)Example IPA File N. VF (ms) F (ms) FV (ms) r�2 Devoicing79 Zita [� ^zit�] 68 dev.80 zelar [� ^zla9] 126 - dev.81 zelo [� ^zelu] 115 dev.82 Z�e [� z�] 85 dev.83 Z�ez�e [� ^ z �z�] 129 dev.84 zarpar [� z�9^pa9] 11385 Zaire [� ^ z aj9�] 99 dev.86 Z�opiro [� ^ z 4pi9�] 10 dev.87 zona [� ^zon�] 8488 zurrar [� z u^Kar] 16 dev.89 exacto [i^zat] 43 dev.90 mesinha [mi^zi.�] 50 dev.91 beleza [bi^lez�] 135 dev.92 mezinha [m�^zi.�] 27 dev.83 Z�ez�e [^z� z �] 129 dev.93 Brasil [b9�^zil] 58 dev.94 azar [�^za9] 97 dev.95 azul [�^zul] 33 dev.96 mazinha [ma^zi.�] 37 dev.97 asa [^az�] 1998 rosa [^K4 z �] 14 dev.99 acusar [�ku^za9] 146 dev.100 peso [^pez] 60 - dev.101 doze [^doz] 132 - dev.102 amoroso [�mu^9oz] 8 - dev.
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Table D.23: Fricative /A/ in Corpus 3 (Speaker ISSS).Example IPA File N. VF (ms) F (ms) FV (ms) r�2103 chicote [� Ai^k4] 134104 chegar [� Ai^ga9] 65105 cheta [� ^Aet�] 30106 cheque [� ^A�k] 36107 chefe [� ^ A �f] 11108 chamar [� A �^ma9�] 28109 ch�a [� Aa] 51110 choca [� ^A4k�] 116111 chocho [� ^ A oA] 76112 chocha [� ^ A oA�] 80113 chorar [� Au^9a9] 78114 bicha [^biA�] 142115 bexiga [b^Aig�] 106 -116 bochecha [b^Ae A �] 154117 este [^eAt] 54 -118 achar [�^Aa9] 114119 bolacha [b^laA�] 15120 tocha [^t4A�] 121112 chocha [^Ao A �] 80116 bochecha [b^ A eA�] 154 -121 diz [diA] 96 -122 mares [^ma9� A ] 130 - -123 mês [^meA] 112 -124 p�es [p�A] 62 -125 meche [^m�A] 141 -126 perdas [^pe9d�A] 29 -127 capaz [k�^paA] 91 -128 tacho [^taA] 133 -129 p�os [p4A] 70 -130 pôs [poA] 144 -131 mocho [^moA] 109 -111 chocho [� ^Ao A ] 76 -132 dos [^duA] 138 -133 capucho [k�^puA] 74 -
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Table D.24: Fricative /O/ in Corpus 3 (Speaker ISSS).Example IPA File N. VF (ms) F (ms) FV (ms) r�2 Devoicing134 girar [� Oi^9a9] 48 par. dev.135 Gigi [� O i^Oi] 145 dev.136 gelado [� O^ladu] 127 - dev.137 gelo [� ^Oelu] 119 dev.138 germe [� ^O�9m] 72 dev.139 jaqueta [� O�^ket�] 20 dev.140 jacto [� ^Oat] 123 dev.141 j�oia [� ^O4j�] 143 dev.142 jogo [� ^Oog�] 3 dev.143 judeu [� Ou^dew] 32 par. dev.144 originar [o9iOi^na9] 1135 Gigi [Oi^ O i] 145 par. dev.145 tijolo [t^Ool] 110 - dev.146 arejar [�9^Oa9] 46 - dev.147 Beja [^b�O�] 52 dev.148 agir [�^ O i9�] 108 dev.149 cajado [k�^Oad] 63 dev.150 ajudar [�^Ouda9] 66 dev.151 haja [^aO�] 12 dev.152 aloja [�^l4O�] 151 dev.153 tugir [tu^Oi9] 120 dev.154 pejo [^peO] 25 - dev.155 age [^aO] 79 - dev.156 hoje [^oO] 38 - dev.157 tojo [^toO] 9 - dev.
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Table D.25: Fricative /f/ in Corpus 4 (Speaker LMTJ).Example IPA File N. VF (ms) F (ms) FV (ms) r�21 fala [u ^fal�] 4 2 64 149 36 11.32 [u ^fal�] 4 2r 56 109 44 15.53 foge [� ^ f 4Oi] 2 155 62 132 40 43.54 foge [� ^ f 4O] 2 155r 38 126 - 61.75 fogo [u ^fogu] 10 101 52 148 40 24.16 [u ^fogu] 10 101r 49 137 39 77.97 furar [fu^9a9] 9 44 68 104 57 13.18 [fu^9a9] 9 44r 46 93 62 0.79 benef��cio [bini^ f isju] 1 49 58 130 30 34.710 [bini^ f isju] 1 49r 57 131 32 28.211 ben�e�co [bi^n�fku] 8 89 54 109 - 21.012 [bi^n��ku] 8 89r 54 85 42 26.113 caf�e [k�^f�] 7 31 55 101 29 53.714 [k�^f�] 7 31r 56 114 35 40.715 chefe [^A� f a] 4 11 39 89 - 44.316 [^A� f a] 4 11r 37 85 - 34.5
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Table D.26: Fricative /v/ in Corpus 4 (Speaker LMTJ).Example IPA File N. VF (ms) F (ms) FV (ms) r�2 Devoicing17 viver [d v i^ve9] 8 122 64 85 56 26.7 dev.18 [i v i^ve9] 8 122r 34 49 48 44.8 dev.19 vermelho [u vi9^meLu] 10 86 34 43 32 1.820 [u vi9^meLu] 10 86r 49 57 47 9.421 ver [ve9] 12 102 24 94 39 1.522 [ve9] 12 102r 32 48 38 9.7 par. dev.23 vaca [� ^vak�] 2 92 34 61 48 4.124 [� ^vak�] 2 92r 46 67 35 13.5 dev.25 volta [i ^v4lt�] 8 81 25 44 43 5.426 [d ^v4lt�] 8 81r 10 55 40 0.2 dev.27 voo [u vow] 3 17 43 77 40 1.628 [u vow] 3 17r 32 65 56 1.029 vogar [i ^vuga9] 5 7 35 72 44 1.830 [i ^vuga9] 5 7r 45 72 39 32.9 dev.17 viver [vi^ v e9] 8 122 41 68 44 49 dev.18 [vi^ v e9] 8 122r 51 59 39 53.9 dev.31 poss��vel [pu^si v �l] 11 95 41 58 33 1.532 [pu^si v �l] 11 95r 39 53 38 8.9 par. dev.33 altivo [al^tivu] 4 124 48 66 29 58.0 dev.34 [al^tivu] 4 124r 30 101 31 1.535 dever [di^ve9] 12 22 27 70 34 1.436 [di^ve9] 12 22r 32 41 40 0.237 av�o [�^v4] 1 88 32 96 22 22.9 dev.38 [�^v4] 1 88r 43 45 56 42.6 dev.39 ave [^avi] 3 45 37 75 27 5.4 par. dev.40 [^avi] 3 45r 49 70 37 10.7 par. dev.41 cava [^kav�] 12 24 24 56 32 3.642 [^kav�] 12 24r 36 60 42 16.9 dev.43 bravo [^b9avu] 6 100 45 57 49 2.244 [^b9avu] 6 100r 45 63 30 51.3 dev.45 nova [^n4v�] 8 147 39 52 43 10.446 [^n4v�] 8 147r 39 49 48 2.447 move [^m4v �] 3 67 32 42 - 1.348 [^m4v �] 3 67r 38 56 - 14.7 dev.

204



Table D.27: Fricative /s/ in Corpus 4 (Speaker LMTJ).Example IPA File N. VF (ms) F (ms) FV (ms) r�249 s��tio [u ^sitju] 5 77 82 162 35 33.650 [u ^sitju] 5 77r 49 154 30 25.851 [u ^sitju] 11 77 24 152 39 3.552 [u ^sitju] 11 77r 26 156 38 21.653 sede [di ^sedi] 4 75 104 161 37 17.854 [d ^sedi] 4 75r - 142 39 8.055 seta [� ^s�t�] 3 34 44 129 43 10.856 [� ^s�t�] 3 34r 45 155 41 22.757 sala [a ^sal�] 8 13 70 128 44 31.458 [a ^sal�] 8 13r 56 145 40 33.859 [� ^sal�] 12 13 49 144 42 24.760 [a ^sal�] 12 13r 40 146 35 84.561 s�o [w s4] 6 5 51 151 48 43.762 [w s4] 6 5r 57 173 45 66.963 subir [� su^bi9] 3 139 34 144 32 16.164 [� su^bi9] 3 139r 41 148 43 10.865 benef��cio [bini^� s ju] 1 49 34 117 55 8.066 [bini^� s ju] 1 49r 33 141 30 5.167 ressaca [Ri^sak�] 7 82 53 164 39 83.668 [R^sak�] 7 82r - 169 43 7.369 condessa [k~o^des�] 9 153 39 95 43 9.070 [k~o^des�] 9 153r 42 113 41 18.271 assar [�^sa9] 12 137 50 163 67 10.872 [�^sa9] 12 137r 50 146 50 47.273 poss��vel [pu^ s iv�l] 11 95 34 134 37 7.174 [pu^ s iv�l] 11 95r 29 161 45 4.575 ca�ca [^kas] 7 35 82 144 - 1.276 doce [^dos] 1 56 79 272 - 14.077 [^dos] 1 56r 92 250 - 23
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Table D.28: Fricative /z/ inCorpus 4 (Speaker LMTJ).Example IPA File N. VF (ms) F (ms) FV (ms) r�2 Devoicing78 Zita [� ^zit�] 9 68 58 100 44 50.6 dev.79 [� ^zit�] 9 68r 48 106 55 12.8 dev.80 Z�e [u z�] 6 85 55 91 31 20.7 dev.81 [u z�] 6 85r 52 85 40 50.1 dev.82 zarpar [� z�9^pa9] 3 113 33 49 24 4.183 [� z�9^pa9] 3 113r 33 50 40 3.884 zona [� ^zon�] 2 84 60 107 24 14.5 par. dev.85 [� ^zon�] 2 84r 45 125 52 13.6 dev.86 mesinha [mi^zi.�] 8 50 32 58 22 4.687 [mi^zi.�] 8 50r 23 86 21 5.5 par. dev.88 Brasil [b9�^zil] 10 58 65 129 53 21.3 dev.89 [b9�^zil] 10 58r 46 128 44 52.2 dev.90 azul [�^zul] 10 33 46 98 31 28.3 par. dev.91 [�^zul] 10 33r 47 100 40 32.7 dev.92 asa [^az�] 3 19 33 56 31 25.3 dev.93 [^az�] 3 19r 24 73 44 20.6 dev.94 rosa [^94z�] 4 14 36 71 45 67.8 dev.95 [^94z�] 4 14r 42 90 50 58.0 dev.96 beleza [bi^lez] 4 135 42 121 - 20.2 dev.97 [bi^lez] 4 135r 72 109 - 2.9 dev.98 doze [^doz] 8 132 104 149 - 29.5 dev.99 [^doz] 8 132r 65 268 - 30.3 dev.
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Table D.29: Fricative /A/ in Corpus 4 (Speaker LMTJ).Example IPA File N. VF (ms) F (ms) FV (ms) r�2100 chegar [w Ai^ga9] 7 65 44 138 58 30.5101 [w Ai^ga9] 7 65r 50 132 61 14.8102 chefe [u ^ A �f] 4 11 32 186 26.4103 [u ^ A �f] 4 11r 31 153 9.4104 ch�a [� Aa] 11 51 40 154 28 51.3105 [� Aa] 11 51r 34 171 49 12.4106 choca [� ^A4k�] 9 116 58 132 42 17.4107 [� ^A4k�] 9 116r 53 120 42 204.7108 chocha [� ^ A oA�] 1 80 42 147 39 56.0109 [� ^ A oA�] 1 80r 41 158 38 55.2110 chorar [u Au^9a9] 5 78 48 133 35 96.5111 [u Au^9a9] 5 78r 34 153 36 16.2112 meche [^m�Ai] 12 141 48 182 74 20.8113 [^m�Ai] 12 141r 46 167 53 24.2114 achar [�^Aa9] 11 114 52 146 48 21.8115 [�^Aa9] 11 114r 40 148 49 29.8108 chocha [^Ao A �] 1 80 45 107 42 63.2109 [^Ao A �] 1 80r 32 143 29 35.0116 mares [^maA] 10 130 38 40 - 33.2117 [^maA] 10 130r 50 44 - 159.0118 dos [^duA] 8 138 39 47 - 77.3119 [^duA] 10 138r 40 65 - 35.3
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Table D.30: Fricative /O/ in Corpus 4 (Speaker LMTJ).Example IPA File N. VF (ms) F (ms) FV (ms) r�2 Devoicing120 Gigi [� O i^Oi] 1 145 52 90 25 14.2 dev.121 [� O i^Oi] 1 145r 46 56 34 102.9 dev.122 gelo [u ^Oelu] 2 119 60 77 32 20.7 dev.123 [u ^Oelu] 2 119r 41 73 39 10.0 par. dev.124 j�oia [� ^O4j�] 9 143 38 88 21 31.3 dev.125 [� ^O4j�] 9 143r 38 104 24 32.9 dev.126 judeu [u Ou^dew] 6 32 39 73 30 14.6 dev.127 [u Ou^dew] 6 32r 30 93 34 14.6 dev.120 Gigi [Oi^ O i] 1 145 41 109 39 2.6121 [Oi^ O i] 1 145r 44 124 28 7.5 par. dev.128 arejar [�9i^Oa9] 5 46 37 97 23 16.9 dev.129 [�9i^Oa9] 5 46r 24 68 40 8.0 par. dev.130 ajudar [�^Ouda9] 6 66 57 85 39 89.4 dev.131 [�^Ouda9] 6 66r 43 85 34 53.0 dev.132 age [^aOi] 1 79 19 65 32 9.6 dev.133 [^aOi] 1 79r 19 74 35 36 dev.134 foge [^f4 O i] 2 155 17 56 32 3.7 par. dev.135 foge [^f4 O d] 2 155r 47 92 - 85.5 dev.136 hoje [^oO] 5 38 79 156 - 78.0 dev.137 [^oO �] 5 38r 47 104 58.4 dev.138 dos [^duO d] 8 138r 38 48 - 3.6139 [^duO m] 10 138 21 49 - 14.5
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Table D.31: Fricative /f/ in Corpus 4 (Speaker CFGA).Example IPA File N. VF (ms) F (ms) FV (ms) r�21 fala [u ^fal�] 4 22 [u ^fal�] 4r1 23 [u ^fal�] 4r2 24 foge [� ^ f 4Oi] 2 1555 [� ^ f 4Oi] 2r1 1556 [� ^ f 4Oi] 2r2 1557 fogo [u ^fogu] 10 1018 [u ^fogu] 10r1 1019 [u ^fogu] 10r2 10110 furar [fu^9a9] 9 44 -11 [fu^9a9] 9r1 44 -12 [fu^9a9] 9r2 44 -13 benef��cio [bini^ f isju] 1 4914 [bini^ f isju] 1r1 4915 [bini^ f isju] 1r2 4916 ben�e�co [bi^n��k] 8 8917 [bi^n��k] 8r1 8918 [bi^n��] 8r2 8919 caf�e [k�^f�] 7 3120 [k�^f�] 7r1 3121 [k�^f�] 7r2 3122 chefe [^A� f a] 4 1123 [^A� f a] 4r1 1124 [^A� f a] 4r2 11
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Table D.32: Fricative /v/ (Word-Initial) in Corpus 4 (Speaker CFGA).Example IPA File N. VF (ms) F (ms) FV (ms) r�2 Devoicing25 viver [i v i^ve9] 8 12226 [i v i^ve9] 8r1 12227 [i v ^ve9] 8r2 122 -28 vermelho [u vi9^meLu] 10 8629 [u vi9^meLu] 10r1 86 par. dev.30 [u vi9^meLu] 10r2 86 dev.31 ver [ve9] 8 102 - dev.32 [ve9] 8r1 102 -33 [ve9] 8r2 102 -34 [A ve9] 12 102 -35 [A ve9] 12r1 102 - par. dev.36 [A v e9�] 12r2 102 - dev.37 vaca [� ^vak�] 2 9238 [� ^vak�] 2r1 92 dev.39 [� ^vak�] 2r2 9240 volta [i ^v4lt�] 8 81 dev.41 [i ^v4lt�] 8r1 81 dev.42 [i ^v4lt�] 8r2 81 par. dev.43 voo [u vow] 3 17 dev.44 [u vow] 3r1 17 par. dev.45 [u vow] 3r2 17 dev.46 vogar [i ^vuga9] 5 7 dev.47 [i ^vuga9] 5r1 7 dev.48 [i ^vuga9] 5r2 7 dev.
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Table D.33: Fricative /v/ (Word-Medial and Word-Final) in Corpus 4 (Speaker CFGA).Example IPA File N. VF (ms) F (ms) FV (ms) r�2 Devoicing25 viver [vi^ v e9] 8 122 par. dev.26 [vi^ v e9] 8r1 122 par. dev.27 [v^ v e9] 8r2 122 - dev.49 poss��vel [p^si v l] 11 95 -50 [p^si v l] 11r1 95 -51 [p^si v l] 11r2 95 -52 altivo [al^tivu] 4r1 124 dev.53 dever [di^ver] 12 22 par. dev.54 [di^ver] 12r1 22 dev.55 [di^ver] 12r2 22 dev.56 av�o [�^v4] 1 88 dev.57 [�^v4] 1r1 88 dev.58 [�^v4] 1r2 88 dev.59 ave [^avi] 3 4560 [^avi] 3r1 45 par. dev.61 [^avi] 3r2 45 par. dev.62 cava [^kav�] 12 2463 [^kav�] 12r1 2464 [^kav�] 12r2 2465 bravo [^b9avu] 6r1 100 par. dev.66 [^b9avu] 6r2 10067 nova [^n4v�] 8 14768 [^n4v�] 8r1 147 dev.69 [^n4v�] 8r2 147 dev.70 altivo [al^tiv f] 4 124 - dev.71 [al^tiv f] 4r2 124 - par. dev.72 bravo [^b9av d] 6 100 -73 move [^m4v �] 3 67 par. dev.74 [^m4v �] 3r1 67 dev.75 [^m4v �] 3r2 67 par. dev.

211



Table D.34: Fricative /s/ in Corpus 4 (Speaker CFGA).Example IPA File N. VF (ms) F (ms) FV (ms) r�276 s��tio [u ^sitju] 5 7777 [u ^sitju] 5r1 7778 [u ^sitju] 5r2 7779 [u ^sitju] 11 7780 [u ^sitju] 11r1 7781 [u ^sitju] 11r2 7782 sede [i ^sedi] 4 7583 [i ^sedi] 4r1 7584 [i ^sedi] 4r2 7585 seta [� ^s�t] 3 3486 [� ^s�t] 3r1 3487 [� ^s�t] 3r2 3488 sala [a ^sal�] 8 1389 [a ^sal�] 8r1 1390 [a ^sal�] 8r2 1391 [� ^sal�] 12 1392 [� ^sal�] 12r1 1393 [� ^sal�] 12r2 1394 s�o [w s4] 6 595 [w s4] 6r1 596 [w s4] 6r2 597 subir [� su^bi9] 3 13998 [� su^bi9] 3r1 13999 [� su^bi9] 3r2 139100 benef��cio [bini^� s ju] 1 49101 [bini^� s ju] 1r1 49102 [bini^� s ju] 1r2 49103 ressaca [� K^ s ak�] 7 82 -104 [� K^ s ak�] 7r1 82 -105 [� K^ s ak�] 7r2 82 -106 condessa [k~o^des�] 9 153107 [k~o^des�] 9r1 153108 [k~o^des�] 9r2 153109 assar [�^sa9] 12 137110 [�^ s a9�] 12r1 137111 [�^sa9] 12r2 137112 poss��vel [p^ s ivl] 11 95 -113 [p^ s ivl] 11r1 95 -114 [p^ s ivl] 11r2 95 -115 ca�ca [^kas] 7 35 -116 [^kas] 7r1 35 -117 [^kas] 7r2 35 -118 doce [^dos] 1 56 -119 [^dos] 1r1 56 -120 [^dos] 1r2 56 -212



Table D.35: Fricative /z/ in Corpus 4 (Speaker CFGA).Example IPA File N. VF (ms) F (ms) FV (ms) r�2 Devoicing121 Zita [� ^zit�] 9 68 dev.122 [� ^zit] 9r1 68 dev.123 [^zit�] 9r2 68 - dev.124 Z�e [u z�] 6 85 dev.125 [u z�] 6r1 85 dev.126 [u z�] 6r2 85 dev.127 zarpar [� z�9^pa9] 3 113 dev.128 [� z�9^pa9] 3r1 113 dev.129 [� z�9^pa9] 3r2 113 dev.130 zona [� ^zon�] 2 84 dev.131 [� ^zon�] 2r1 84 par. dev.132 [� ^zon�] 2r2 84133 mesinha [mi^zi.�] 8 50 dev.134 [mi^zi.�] 8r1 50 dev.135 [mi^zi.�] 8r2 50 dev.136 beleza [bi^lez�] 4 135 dev.137 Brasil [b9�^zil] 10 58 dev.138 [b9�^zil] 10r1 58 dev.139 [b9�^zil] 10r2 58 dev.140 azul [�^zul] 10 33 dev.141 [�^zul] 10r1 33 dev.142 [�^zul] 10r2 33143 asa [^az�] 3 19 dev.144 [^az�] 3r1 19 dev.145 [^az�] 3r2 19 dev.146 rosa [^K4 z �] 4 14147 [^@4 z �] 4r1 14 par. dev.148 [^K4 z �] 4r2 14 par. dev.149 beleza [bi^lez] 4r1 135 - dev.150 [bi^lez] 4r2 135 - dev.151 doze [^doz] 8 132 - dev.152 [^doz] 8r1 132 - dev.153 [^doz] 8r2 132 - dev.
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Table D.36: Fricative /A/ in Corpus 4 (Speaker CFGA).Example IPA File N. VF (ms) F (ms) FV (ms) r�2154 chegar [w Ai^ga9] 7 65155 [w Ai^ga9] 7r1 65156 [w Ai^ga9] 7r2 65157 chefe [u ^ A �f] 4 11158 [u ^ A �f] 4r1 11159 [u ^ A �f] 4r2 11160 ch�a [� Aa] 11 51161 [� Aa] 11r1 51162 [� Aa] 11r2 51163 choca [� ^A4k�] 9 116164 [� ^A4k�] 9r1 116165 [� ^A4k�] 9r2 116166 chocha [� ^ A oA�] 1 80167 [� ^ A oA�] 1r1 80168 [� ^ A oA�] 1r2 80169 chorar [u Au^9a9] 5 78170 [u Au^9a9] 5r1 78171 [u Au^9a9] 5r2 78172 meche [^m�Ai] 12 141173 [^m�Ai] 12r2 141174 achar [�^Aa9] 11 114175 [�^Aa9] 11r1 114176 [�^Aa9] 11r2 114166 chocha [^Ao A �] 1 80167 [^Ao A �] 1r1 80168 [^Ao A �] 1r2 80177 meche [^m�A v] 12r1 141 -
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Table D.37: Fricative /O/ in Corpus 4 (Speaker CFGA).Example IPA File N. VF (ms) F (ms) FV (ms) r�2 Devoicing178 Gigi [� O i^Oi] 1 145179 [� O i^Oi] 1r1 145180 [� O i^Oi] 1r2 145 par. dev.181 gelo [u ^Oelu] 2 119 dev.182 [u ^Oelu] 2r1 119 dev.183 [u ^Oelu] 2r2 119 dev.184 j�oia [� ^O4j�] 9 143 dev.185 [� ^O4j�] 9r1 143 dev.186 [� ^O4j�] 9r2 143 dev.187 judeu [u Ou^dew] 6 32 dev.188 [u Ou^dew] 6r1 32 dev.189 [u Ou^dew] 6r2 32 dev.178 Gigi [Oi^ O i] 1 145179 [Oi^ O i] 1r1 145 par. dev.180 [Oi^ O i] 1r2 145 dev.190 arejar [�9i^Oa9] 5 46 par. dev.191 [�9i^Oa9] 5r1 46 dev.192 [�9^Oa9] 5r2 46 - dev.193 ajudar [�^Ouda9] 6 66 dev.194 [�^Ouda9] 6r1 66 dev.195 [�^Ouda9] 6r2 66 dev.196 age [^aOi] 1r2 79 dev.197 hoje [^oOi] 5r1 38 dev.198 [^oOi] 5r2 38 dev.199 foge [^f4 O i] 2 155200 [^f4 O i] 2r1 155201 [^f4 O i] 2r2 155 dev.202 mares [^ma9O] 10 130 - - dev.203 [^ma9O] 10r1 130 - - dev.204 [^ma9O] 10r2 130 - - dev.205 age [^aO ~�] 1 79 dev.206 [^aO ~�] 1r1 79 dev.207 hoje [^oO] 5 38 - dev.208 dos [^duO d] 8 138 - par. dev.209 [^duO d] 8r1 138 - dev.210 [^duO d] 8r2 138 - dev.211 [^dO m] 10 138 - - dev.212 [^duO m] 10r1 138 - dev.213 [^duO m] 10r2 138 - dev.
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Table D.38: Fricative /f/ in Corpus 4 (Speaker ACC).Example IPA File N. VF (ms) F (ms) FV (ms) r�21 fala [u ^fal�] 4 22 [u ^fal�] 4r1 23 [u ^fal�] 4r2 24 foge [� ^ f 4Oi] 2 1555 [� ^ f 4Oi] 2r1 1556 [� ^ f 4Oi] 2r2 1557 fogo [u ^fogu] 10 1018 [u ^fogu] 10r1 1019 [u ^fogu] 10r2 10110 furar [fu^9a9] 9 44 -11 [fu^9a9] 9r1 44 -12 [fu^9a9] 9r2 44 -13 benef��cio [bini^ f isju] 1 4914 [bini^ f isju] 1r1 4915 [bini^ f isju] 1r2 4916 ben�e�co [bi^n��k] 8 8917 [bi^n��] 8r1 8918 [bi^n��k] 8r2 8919 caf�e [k�^f�] 7 3120 [k�^f�] 7r1 3121 [k�^f�] 7r2 3122 chefe [^A� f a] 4 1123 [^A� f a] 4r1 1124 [^A� f a] 4r2 11

216



Table D.39: Fricative /v/ (Word-Initial) in Corpus 4 (Speaker ACC).Example IPA File N. VF (ms) F (ms) FV (ms) r�2 Devoicing25 viver [d v i^ve9] 8 122 -26 [d v i^ve9] 8r1 122 -27 [i v i^ve9] 8r2 122 dev.28 vermelho [u vi9^meLu] 10 8629 [u vi9^meLu] 10r1 86 dev.30 [u vi9^meLu] 10r2 86 dev.31 ver [ve9] 8 102 -32 [ve9] 8r1 102 - dev.33 [ve9] 8r2 102 -34 [A ve9] 12 102 - - - - dev.35 [A ve9] 12r1 102 - - - - dev.36 [A ve9] 12r2 102 - - - - dev.37 vaca [� ^vak�] 2 92 dev.38 [� ^vak�] 2r1 92 dev.39 [� ^vak�] 2r2 92 dev.40 volta [d ^v4lt�] 8r1 81 - - - - dev.41 [d ^v4lt�] 8r2 81 - - - - dev.42 voo [u vow] 3 1743 [u vow] 3r1 17 par. dev.44 [u vow] 3r2 17 dev.45 vogar [i ^vuga9] 5 746 [i ^vuga9] 5r1 747 [i ^vuga9] 5r2 7 dev.
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Table D.40: Fricative /v/ (Word-Medial and Word-Final) in Corpus 4 (Speaker ACC).Example IPA File N. VF (ms) F (ms) FV (ms) r�2 Devoicing25 viver [vi^ v e9] 8 12226 [vi^ v e9] 8r1 122 dev.27 [vi^ v e9] 8r2 12248 poss��vel [pu^si v �l] 11 9549 [pu^si v �l] 11r1 9550 [pu^si v �l] 11r2 9551 altivo [al^tivu] 4 124 dev.52 [al^tivu] 4r2 124 par. dev.53 dever [di^ver] 12 22 dev.54 [di^ver] 12r1 22 dev.55 [di^ver] 12r2 2256 av�o [�^v4] 1 88 par. dev.57 [�^v4] 1r1 8858 [�^v4] 1r2 8859 ave [^avi] 3 45 dev.60 [^avi] 3r1 45 dev.61 [^avi] 3r2 45 dev.62 cava [^kav�] 12 24 dev.63 [^kav�] 12r1 24 dev.64 [^kav�] 12r2 24 dev.65 bravo [^b9avu] 6 100 dev.66 [^b9avu] 6r1 10067 [^b9avu] 6r2 100 dev.68 nova [^n4v�] 8 14769 [^n4v�] 8r1 14770 [^n4v�] 8r2 14771 altivo [al^tiv f] 4r1 124 - dev.72 move [^m4v �] 3 67 dev.73 [^m4v �] 3r1 6774 [^m4v �] 3r2 67 dev.
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Table D.41: Fricative /s/ in Corpus 4 (Speaker ACC).Example IPA File N. VF (ms) F (ms) FV (ms) r�275 s��tio [u ^sitju] 5 7776 [u ^sitju] 5r1 7777 [u ^sitju] 5r2 7778 [u ^sitju] 11 7779 [u ^sitju] 11r1 7780 [u ^sitju] 11r2 7781 sede [d ^sedi] 4 75 -82 [^sedi] 4r1 75 -83 [d ^sedi] 4r2 75 -84 seta [� ^s�t�] 3 3485 [� ^s�t�] 3r1 3486 [� ^s�t�] 3r2 3487 sala [a ^sal�] 8r1 1388 [a ^sal�] 8r2 1389 [� ^sal�] 12 1390 [� ^sal�] 12r1 1391 [� ^sal�] 12r2 1392 s�o [w s4] 6 593 [w s4] 6r1 594 [w s4] 6r2 595 subir [� su^bi9] 3 13996 [w su^bi9] 3r1 13997 [� su^bi9] 3r2 13998 benef��cio [bini^� s ju] 1 4999 [bini^� s ju] 1r1 49100 [bini^� s ju] 1r2 49101 ressaca [R^sak�] 7 82 -102 [R^sak�] 7r1 82 -103 [R^sak�] 7r2 82 -104 condessa [k~o^des�] 9 153105 [k~o^des�] 9r1 153106 [k~o^des�] 9r2 153107 assar [�^sa9] 12 137108 [�^sa9] 12r1 137109 [�^sa9] 12r2 137110 ca�ca [^kas�] 7 35111 [^kas�] 7r1 35112 [^kas�] 7r2 35113 poss��vel [pu^ s iv�l] 11 95114 [pu^ s iv�l] 11r1 95115 [pu^ s iv�l] 11r2 95116 doce [^dos] 1 56 -117 [^dos] 1r1 56 -118 [^dos] 1r2 56 -219



Table D.42: Fricative /z/ in Corpus 4 (Speaker ACC).Example IPA File N. VF (ms) F (ms) FV (ms) r�2 Devoicing119 Zita [� ^zit�] 9 68 dev.120 [� ^zit�] 9r1 68 par. dev.121 [� ^zit�] 9r2 68 dev.122 Z�e [u z�] 6 85 dev.123 [u z�] 6r1 85 dev.124 [u z�] 6r2 85 dev.125 zarpar [� z�9^pa9] 3 113 dev.126 [� z�9^pa9] 3r1 113 par. dev.127 [� z�9^pa9] 3r2 113 dev.128 zona [� ^zon�] 2 84 dev.129 [� ^zon�] 2r1 84 dev.130 [� ^zon�] 2r2 84 dev.131 mesinha [mi^zi.�] 8 50132 [mi^zi.�] 8r1 50 dev.133 [mi^zi.�] 8r2 50 dev.134 beleza [bi^lez�] 4 135135 [bi^lez�] 4r1 135 dev.136 [bi^lez�] 4r2 135 dev.137 Brasil [b9�^zil] 10 58 dev.138 [b9�^zil] 10r1 58 dev.139 [b9�^zil] 10r2 58 dev.140 azul [�^zul] 10 33 dev.141 [�^zul] 10r1 33 dev.142 [�^zul] 10r2 33 dev.143 asa [^az�] 3 19 dev.144 [^az�] 3r1 19 dev.145 [^az�] 3r2 19146 rosa [^94z�] 4 14 dev.147 [^94z�] 4r1 14 dev.148 [^94z�] 4r2 14 dev.149 doze [^dozi] 8r2 132 dev.150 doze [^doz] 8 132 - dev.151 [^doz] 8r1 132 - dev.
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Table D.43: Fricative /A/ in Corpus 4 (Speaker ACC).Example IPA File N. VF (ms) F (ms) FV (ms) r�2152 chegar [w Ai^ga9] 7 65153 [w Ai^ga9] 7r1 65154 [w A^ga9] 7r2 65 -155 chefe [u ^ A �f] 4 11156 [u ^ A �f] 4r1 11157 [u ^ A �f] 4r2 11158 ch�a [� Aa] 11 51159 [� Aa] 11r1 51160 [� Aa] 11r2 51161 choca [� ^A4k�] 9 116162 [� ^A4k�] 9r1 116163 [� ^A4k�] 9r2 116164 chocha [� ^ A oA�] 1 80165 [� ^ A oA�] 1r1 80166 [� ^ A oA�] 1r2 80167 chorar [u Au^9a9] 5 78168 [u Au^9a9] 5r1 78169 [u Au^9a9] 5r2 78170 achar [�^Aa9] 11 114171 [�^Aa9] 11r1 114172 [�^Aa9] 11r2 114164 chocha [^Ao A �] 1 80165 [^Ao A �] 1r1 80166 [^Ao A �] 1r2 80173 meche [^m�A v] 12 141 -174 [^m�A v] 12r1 141 -175 [^m�A v] 12r2 141 -
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Table D.44: Fricative /O/ in Corpus 4 (Speaker ACC).Example IPA File N. VF (ms) F (ms) FV (ms) r�2 Devoicing176 Gigi [� O i^Oi] 1 145 dev.177 [� O i^Oi] 1r1 145 dev.178 [� O i^Oi] 1r2 145 dev.179 gelo [u ^Oelu] 2 119 par. dev.180 [u ^Oelu] 2r1 119 par. dev.181 [u ^Oelu] 2r2 119 dev.182 j�oia [� ^O4j�] 9 143 dev.183 [� ^O4j�] 9r1 143 dev.184 [� ^O4j�] 9r2 143 dev.185 judeu [u Ou^dew] 6 32 dev.186 [u Ou^dew] 6r1 32 dev.187 [u Ou^dew] 6r2 32 par. dev.176 Gigi [Oi^ O i] 1 145 dev.177 [Oi^ O i] 1r1 145 dev.178 [Oi^ O i] 1r2 145 dev.188 arejar [�9^Oa9] 5 46 - par. dev.189 [�9^Oa9] 5r1 46 - par. dev.190 [�9^Oa9] 5r2 46 - par. dev.191 ajudar [�^Ouda9] 6 66 dev.192 [�^Ouda9] 6r1 66 dev.193 [�^Ouda9] 6r2 66 dev.194 age [^aOi] 1 79 dev.195 [^aOi] 1r1 79 dev.196 [^aOi] 1r2 79 dev.197 hoje [^oOi] 5 38198 [^oOi] 5r1 38 dev.199 [^oOi] 5r2 38 dev.200 foge [^f4 O i] 2 155 dev.201 [^f4 O i] 2r1 155 dev.202 [^f4 O i] 2r2 155203 mares [^ma9O] 10 130 - - dev.204 [^ma9O d] 10r1 130 - - par. dev.205 [^ma9O d] 10r2 130 - - dev.206 dos [^duO] 8 138 - dev.207 [^duO d] 8r1 138 -208 [^duO] 8r2 138 -209 [^duO m] 10 138 - par. dev.210 [^duO] 10r1 138 -211 [^duO] 10r2 138 - par. dev.
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Table D.45: Fricative /f/ in Corpus 4 (Speaker ISSS).Example IPA File N. VF (ms) F (ms) FV (ms) r�21 fala [u ^fal�] 4 22 [u ^fal�] 4r 23 foge [� ^ f 4Oi] 2 1554 [� ^ f 4Oi] 2r 1555 fogo [u ^fogu] 10 1016 [u ^fogu] 10r 1017 furar [fu^9a9] 9 44 -8 [fu^9a9] 9r 44 -9 benef��cio [bini^ f isju] 1 4910 [bini^ f isju] 1r 4911 ben�e�co [bi^n��k] 8 8912 [bi^n��k] 8r 8913 caf�e [k�^f�] 7 3114 [k�^f�] 7r 3115 chefe [^A� f a] 4 1116 [^A� f a] 4r 11
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Table D.46: Fricative /v/ in Corpus 4 (Speaker ISSS).Example IPA File N. VF (ms) F (ms) FV (ms) r�2 Devoicing17 viver [d v i^ve9] 8 122 - dev.18 [d v i^ve9] 8r 122 - dev.19 vermelho [u vi9^meLu] 10 8620 [u vi9^meLu] 10r 86 par. dev.21 ver [ve9] 8 102 -22 [ve9] 8r 102 -23 [A ve9] 12 102 -24 [A ve9] 12r 102 - dev.25 vaca [� ^vak�] 2 92 dev.26 [� ^vak�] 2r 9227 volta [d ^v4lt�] 8 81 -28 [d ^v4lt�] 8r 81 - par. dev.29 voo [u vow] 3 1730 [u vow] 3r 1731 vogar [i ^vuga9] 5 7 dev.32 [i ^vuga9] 5r 7 dev.17 viver [vi^ v e9] 8 12218 [vi^ v e9] 8r 12233 poss��vel [p^si v �l] 11 9534 [p^si v �l] 11r 9535 dever [di^ver] 12 22 par. dev.36 [d^ver] 12r 22 -37 av�o [�^v4] 1 88 dev.38 [�^v4] 1r 88 dev.39 ave [^avi] 3 45 dev.40 [^avi] 3r 4541 cava [^kav�] 12 2442 [^kav�] 12r 2443 bravo [^b9avu] 6 10044 [^b9avu] 6r 10045 nova [^n4v�] 8 147 dev.46 [^n4v�] 8r 147 dev.47 altivo [al^tiv f] 4 124 -48 [al^tiv f] 4r 124 -49 move [^m4v �] 3 67 dev.50 [^m4v �] 3r 67 dev.
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Table D.47: Fricative /s/ in Corpus 4 (Speaker ISSS).Example IPA File N. VF (ms) F (ms) FV (ms) r�251 s��tio [u ^sitju] 5 7752 [u ^sitju] 5r 7753 [u ^sitju] 11 7754 [u ^sitju] 11r 7755 sede [d ^sedi] 4 75 -56 [d ^sedi] 4r 75 -57 seta [� ^s�t�] 3 3458 [� ^s�t�] 3r 3459 sala [� ^sal�] 8 1360 [� ^sal�] 8r 1361 [� ^sal�] 12 1362 [� ^sal�] 12r 1363 s�o [w s4] 6 564 [w s4] 6r 565 subir [� su^bi9] 3 13966 [� s u^bi9�] 3r 13967 benef��cio [bini^� s ju] 1 4968 [bini^� s ju] 1r 4969 ressaca [K^ s ak�] 7 82 -70 [K^ s ak�] 7r 82 -71 condessa [k~o^des�] 9 15372 [k~o^des�] 9r 15373 assar [�^ s a9�] 12 13774 [�^ s a9�] 12r 13775 ca�ca [^kas�] 7 3576 [^kas�] 7r 3577 poss��vel [p^ s iv�l] 11 95 -78 [p^ s iv�l] 11r 95 -79 doce [^dos] 1 56 -80 [^dos] 1r 56 -
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Table D.48: Fricative /z/ in Corpus 4 (Speaker ISSS).Example IPA File N. VF (ms) F (ms) FV (ms) r�2 Devoicing81 Zita [� ^zit�] 9 68 dev.82 [� ^zit�] 9r 6883 Z�e [u z�] 6 85 par. dev.84 [u z�] 6r 85 dev.85 zarpar [� z�9^pa9] 3 113 dev.86 [� z�9^pa9] 3r 113 dev.87 zona [� ^zon�] 2 84 dev.88 [� ^zon�] 2r 84 dev.89 mesinha [mi^zi.�] 8 50 dev.90 [mi^zi.�] 8r 50 dev.91 beleza [bi^lez�] 4 135 dev.92 [bi^lez�] 4r 135 dev.93 Brasil [b9�^zil] 10 5894 [b9�^zil] 10r 58 dev.95 azul [�^zul] 10 33 par. dev.96 [�^zul] 10r 33 par. dev.97 asa [^az�] 3 19 dev.98 [^az�] 3r 19 dev.99 rosa [^K4 z �] 4 14 par. dev.100 [^K4 z �] 4r 14101 doze [^doz] 8 132 - dev.102 [^doz] 8r 132 - dev.
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Table D.49: Fricative /A/ in Corpus 4 (Speaker ISSS).Example IPA File N. VF (ms) F (ms) FV (ms) r�2103 chegar [w A^ga9] 7 65 -104 [w A^ga9] 7r 65 -105 chefe [u ^ A �f] 4 11106 [u ^ A �f] 4r 11107 ch�a [� Aa] 11 51108 [� Aa] 11r 51109 choca [� ^A4k�] 9 116110 [� ^A4k�] 9r 116111 chocha [� ^ A oA�] 1 80112 [� ^ A oA�] 1r 80113 chorar [9 Au^9a9] 5 78 -114 [9 Au^9a9] 5r 78 -115 achar [�^Aa9] 11 114116 [�^ A a9�] 11r 114111 chocha [^Ao A �] 1 80112 [^Ao A �] 1r 80117 meche [^m�A v] 12 141 -118 [^m�A v] 12r 141 -
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Table D.50: Fricative /O/ in Corpus 4 (Speaker ISSS).Example IPA File N. VF (ms) F (ms) FV (ms) r�2 Devoicing119 Gigi [� O i^Oi] 1 145 par. dev.120 [� O i^Oi] 1r 145 dev.121 gelo [u ^Oelu] 2 119 par. dev.122 [u ^Oelu] 2r 119 par. dev.123 j�oia [� ^O4j�] 9 143 dev.124 [� ^O4j�] 9r 143 dev.125 judeu [u Ou^dew] 6 32 dev.126 [u Ou^dew] 6r 32 dev.119 Gigi [Oi^ O i] 1 145 dev.120 [Oi^ O i] 1r 145127 arejar [�9�i^ O a9] 5 46 dev.128 [�9�̂ O a9] 5r 46 - par. dev.129 ajudar [�^Ouda9] 6 66 dev.130 [�^Ouda9] 6r 66 dev.131 age [^aOi] 1 79 dev.132 [^aOi] 1r 79 dev.133 hoje [^oOi] 5r 38 dev.134 foge [^f4 O i] 2 155 par. dev.135 [^f4 O i] 2r 155 dev.136 dos [^duOi] 8 138 par. dev.137 mares [^ma9O] 10 130 - - dev.138 [^ma9O] 10r 130 - - dev.139 hoje [^oO] 5 38 - dev.140 dos [^duO] 8r 138 - dev.141 [^duO] 10 138 - dev.142 [^duO] 10r 138 - dev.
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Appendix E
Results of an Initial FrequencyAnalysis of Corpus 1a, 1b, 2and 3 (Speaker LMTJ)
In this Appendix we present the results of an initial spectral analysis of Corpus 1a, 1b, 2and 3 for Speaker LMTJ, which served as a reference for later analysis of Speakers CFGA,ACC and ISSS. This included a complete list of all the peaks, broad peaks and troughsvisible in the spectra of each fricative. It has to be noted that some of these peaks arerarely visible, and so they have been disregarded in the discussion presented in Chapter 5.The inuence of vowel context is also reported.
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Table E.1: Peaks of fricative /f/.Peak 1 (kHz) Peak 2 (kHz) Peak 3 (kHz) Peak 4 (kHz) Peak 5 (kHz) Peak 6 (kHz) Peak 7 (kHz)Corpus 1a(sustained) - 1 1.6 2.1 2.5-2.6 3.9 4.9Corpus 1b(sustained atthree di�erente�ort levels) � 0.5 1 1.7 - 2.6 4 -Corpus 2 (non-sense words) 0.5-0.8 1 1.4-1.7 2.1-2.5 2.8-3 3.8-4 4.2-5Corpus 3(nearly mini-mal pairs) - 1.2 - 2.5 - - 4.2Corpus 3 (ini-tial position inreal words) - 0.8-1.1 a 1.4-1.7 2.1 b 2.5-2.7 3.8-4 4.4-5.1 bCorpus 3 (me-dial position inreal words) 0.5 kHz for/efu/ and/��/. 0.8-1.1 1.4-1.8 2.1-2.4 b 2.6 3.8-4 4.1-5.1Corpus 3 (�nalposition in realwords) - 1 1.6 2.1 kHz for/�f/. 2.6 3.6 kHz for/�f/ and4 kHz for/af/. 5 kHz for/�f/ and4.5 kHz for/af/.aNot visible for /fu/.bNot always visible.�There is an additional peak around 6-7 kHz for loud e�ort level.
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Table E.2: Broad peaks and trough of fricative /f/.Broad Peak 1 (kHz) Broad Peak 2 (kHz) Trough (kHz)Corpus 1a(sustained) 11.9 15.3-15.5 -Corpus 1b(sustained atthree di�erente�ort levels) - - -Corpus 2 (non-sense words) 11-12 14-16 a 3-3.8Corpus 3(nearly mini-mal pairs) - - -Corpus 3 (ini-tial position inreal words) 11.5 kHz for /fu/. 14.9-16.7 for /�/,/fi/, /f4/ and /fu/. 3-3.2Corpus 3 (me-dial position inreal words) - - 3-3.4Corpus 3 (�nalposition in realwords) - - 3aNot always visible.
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Table E.3: Peaks of fricative /v/.Peak 1 (kHz) Peak 2 (kHz) Peak 3 (kHz) Peak 4 (kHz) Peak 5 (kHz) Peak 6 (kHz) Peak 7 (kHz)Corpus 1a(sustained) - 0.9-1 1.4-1.6 2.1 a 2.5 3.6-4 4.5-5.1Corpus 1b(sustained atthree di�erente�ort levels) - 1 1.5 - 2.5 3.8-4 -Corpus 2 (non-sense words) 0.4-0.7 0.8-1 1.2-1.7 1.8-2.3 2.5-2.7 3.6-3.9 4.2-5Corpus 3(nearly mini-mal pairs) - - - 1.8 2.5 3.7 4.5Corpus 3 (ini-tial position inreal words) - 0.8-1 a 1.6 b 2.1 a 2.5 3.5-4 4.5-5.2 cCorpus 3 (me-dial position inreal words) - 0.8-1 a 1.3-1.5 1.8-2.4 a 2.5 3.7-3.9 4.1-5.2Corpus 3 (�nalposition in realwords) - 0.9 1.3-1.5 1.8-2.4 2.6 3.5-3.9 4.2-5aNot always visible.bShifted down by 200Hz for /vo/ and /vu/.cNot visible for /vi/ and /vaj/.
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Table E.4: Broad peaks and troughs of fricative /v/.Broad Peak 1 (kHz) Broad Peak 2 (kHz) Trough 1 (kHz) Trough 2 (kHz)Corpus 1a(sustained) 11.5-12.3 15.1-15.5 - -Corpus 1b(sustained atthree di�erente�ort levels) - - - -Corpus 2 (non-sense words) 11-12 14-16 a 2 3.1-3.4 aCorpus 3(nearly mini-mal pairs) - - - -Corpus 3 (ini-tial position inreal words) - - - 3.2 aCorpus 3 (me-dial position inreal words) - - - 3-3.3 aCorpus 3 (�nalposition in realwords) - - 2 kHz for backvowel context. 3.2aNot always visible.
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Table E.5: Peaks of fricative /s/.Peak 1 (kHz) Peak 2 (kHz) Peak 3 (kHz) Peak 4 (kHz) Peak 5 (kHz)Corpus 1a(sustained) 0.5 kHz for/�s...�/ and/us...u/. 1 1.7 - 2.6Corpus 1b(sustained atthree di�erente�ort levels) 0.5 a 0.9-1.2 1.9 - 2.5-2.7Corpus 2 (non-sense words) � 0.4-0.5 0.9-1.2 1.6-1.8 2.2-2.4 2.6-2.9Corpus 3(nearly mini-mal pairs) - 0.9 1.6 - 2.5Corpus 3 (ini-tial position inreal words) - 0.9 b 1.5-1.8 2.1-2.3 2.6Corpus 3 (me-dial position inreal words) 0.4-0.5 a 0.8-1 a 1.5-1.8 2.1kHz for/i^sa/ and/�^sja/. 2.5-2.7Corpus 3 (�nalposition in realwords) - 0.9 1.6 2.2 2.7aNot always visible.bNot visible for /si/, /si/ and /se/.�There is an additional peak around 6.2-6.9kHz for /pusu/.
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Table E.6: Broad peaks and trough of fricative /s/.Broad Peak (kHz) Secondary Broad Peak (kHz) Trough (kHz)Corpus 1a(sustained) 5 kHz for /is...i/ and /�s...�/,and 4.4 kHz for /us...u/. 9.4-10.3 -Corpus 1b(sustained atthree di�erente�ort levels) 5.1-5.4 - -Corpus 2 (non-sense words) 3.5-5.4 a 9-12 3-3.3Corpus 3(nearly mini-mal pairs) 5.2 - 3.2Corpus 3 (ini-tial position inreal words) � 4.5-4.8kHz for back vowelcontexts and 5.1-6kHz fornon-back vowel contexts. 9.3-10kHz for /s�/, /so/ and/su/. 2.9-3.2 bCorpus 3 (me-dial position inreal words) 4.3-5kHz for close and close-mid vowel contexts preced-ing the fricative and 5.1-6kHzfor open-mid and open vowelcontexts preceding the frica-tive. - -
Corpus 3 (�nalposition in realwords) 5-5.5 c 9.8-10.1 d -aThe /u/ vowel context shifts down the broad peak by 700Hz, and the �nal /i/ vowel contextshifts down the broad peak by 700-1100Hz.bNot always visible.cShifted down to 4 kHz for back vowel contexts.dShifted down by 1kHz for back vowel contexts.�There is an additional secondary broad peak around 16-17.1kHz for /si/, /sa/, /so/ and /su/.
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Table E.7: Peaks and broad peak of fricative /z/.Peak 1 (kHz) Peak 2 (kHz) Peak 3 (kHz) Peak 4 (kHz) Peak 5 (kHz) Broad Peak (kHz)Corpus1a(sustained) - - 1.7-1.9 2.2 kHz for/�z...�/ and/�z...i/. 2.8 5-5.3kHz for /iz...i/,/�z...�/ and /uz...u/, and6.4 kHz for /�z...i/.Corpus1b(sustained atthree di�erente�ort levels) - - 1.7 - 2.5-2.8 5-5.4Corpus2 (non-sense words) 0.4-0.5 a 0.7-1 a 1.6-1.8 2.2-2.3 a 2.6-2.8 4-5.5Corpus3(nearly mini-mal pairs) - 1.1 1.7 - 2.6 6Corpus3 (ini-tial position inreal words) - 0.9-1 a 1.6-1.8 2.1 2.6 5-6.2 bCorpus3 (me-dial position inreal words) - 0.9-1.1 a 1.4-1.8 2.2 a 2.6-2.8 3.8-4.7kHz for back vowelcontexts and 4.7-6kHz fornon-back vowel contexts.Corpus3 (�nalposition in realwords) - - 1.6 - 2.6 4.3-5aNot always visible.bShifted down to 4 kHz for /zo/.
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Table E.8: Peaks, prominent peak, secondary broad peak and trough of fricative /A/.Peak 1 (kHz) Peak 2 (kHz) Peak 3 (kHz) Peak 4 (kHz)� ProminentPeak (kHz) Secondary BroadPeak (kHz) Trough(kHz)Corpus 1a(sustained) - 1 a 2 2.6 a 2.4-2.6 b 11 -Corpus 1b(sustained atthree di�erente�ort levels) - - 2 2.6 3.6-4.1 - -Corpus 2 (non-sense words) 0.4-0.5 0.8-0.9 1.6-1.9 - 2.3-3 10-11.6 a 1.1-1.3Corpus 3(nearly mini-mal pairs) - - 1.7 2.6 a 2.5 b 9.8-11 -Corpus 3 (ini-tial position inreal words) - 0.9 a 1.8 2.6 c 2.6 b 10.4-11.5 1.1Corpus 3 (me-dial position inreal words) - 1 a 1.8 2.6 a 2.2-2.6 b - 1.1Corpus 3 (�nalposition in realwords) - 0.8 a 1.7 2.6 a 2.3-2.5 b - 0.8-1.2aNot always visible.bShifted up to 3.1-3.8kHz when Peak 4 (around 2.6 kHz) is visible.cNot visible for back vowel contexts.�Peak 4 is sometimes the most prominent peak in the spectrum of the fricative.
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Table E.9: Peaks, prominent peak, secondary broad peak and trough of fricative /O/.Peak 1 (kHz) Peak 2 (kHz) Peak 3 (kHz) Peak 4 (kHz)� ProminentPeak (kHz) Secondary BroadPeak (kHz) Trough(kHz)Corpus 1a(sustained) - 0.9-1 a 1.9 2.6 a 2.4-2.6 b - -Corpus 1b(sustained atthree di�erente�ort levels) - - 2 2.6 3.4-3.7 - -Corpus 2 (non-sense words) 0.4 0.8 c 1.6-1.8 - 2.4-3 10.2-10.6 a 1.1-1.3Corpus 3(nearly mini-mal pairs) - - 2 2.6 3.5 - 1Corpus 3 (ini-tial position inreal words) - 0.9 a 1.6-1.9 2.5-2.6 a 2.5-2.6 b - 1.1Corpus 3 (me-dial position inreal words) - 0.9 a 1.5-1.8 2.6 d 3.1-3.6 e - 1-1.2Corpus 3 (�nalposition in realwords) - 0.8 1.5-1.8 - 2.6 - 1.2aNot always visible.bShifted up to 3.3-3.5kHz when Peak 4 (around 2.6 kHz) is visible.cOnly visible for /^p�Oi/, /p�O�/, /p�^Ou/, /^puOi/, /pu^O�/ and /pu^Ou/.dOnly visible for /iOi/, /i^Oa/, /aOi/ and /aO�/.eShifted down to 2.2-2.6kHz for back vowel contexts.�Peak 4 is sometimes the most prominent peak in the spectrum of the fricative.
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