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ABSTRACT

The study of Portuguese fricatives is a complex prob-

lem, which has not been explored fully. As part

of a larger study of the acoustic properties of Por-

tuguese fricatives, corpora of Portuguese words con-

taining /f, v, s, z, A, O/, nonsense words with Por-

tuguese phonology, and sustained Portuguese frica-

tives have been recorded and analysed. Results show

that more than half of the voiced fricatives devoice.

Averaged power spectra were computed for all frica-

tives; di�erences between fricatives, in particular re-

lated to syllable stress, are described.

1 INTRODUCTION

Portuguese is an important European language, spo-

ken by over 180 million people worldwide. Por-

tuguese is unusually rich in instances of vowel re-

duction, consonant clusters, and fricatization of plo-

sives [9]. Further regional variations result in some

instances of substitution of fricative /A/ by a�ricate

/tA/ in the north of Portugal, and various occurrences

of phonemic variation (e.g. [Us] as produced in Viseu).

Lacerda [3] describes the use of perceptual exper-

iments to identify the acoustic features of /f, s, A/.

/f/ has a at spectrum and low intensity level; /s/

has a broad-band spectral peak between 4.1 kHz and

5.7 kHz, and high intensity level; the energy in the

high frequency bands (around 6kHz) is perceptu-

ally important for /s/; /A/ has a high intensity level

and an important broad-band spectral peak between

2.7 kHz and 3.5 kHz.

Andrade's [2] study of consonant clusters in-

cluded an analysis of /asV/ sequences, where V was

one of the vowels /i, �, u/. Results showed that the

duration of the frication period is longer when the

fricative is followed by /i/, due to the fact that this

vowel is weakened (or even not produced) in �nal

position.

Viana's [9] results showed that fricative conso-

nants have longer average duration than the neigh-

boring vowels, and that in �nal position, they have

lower average energy than in initial position. /f/

showed the weakest spectra.

Martins, et al. [4] observed that when the vowel

/V1/ in a /V1AV2/ sequence is weakened (or not pro-

duced), its formant structure is somewhat \trans-

ferred" to the following fricative /A/, allowing the

listener still to perceive the vocalic segment.

In this study we focus on the analysis of frication

in Portuguese, by combining analysis of fricative-rich

Portuguese words and sentences with techniques de-

veloped in previous work using more controlled non-

sense utterances.

2 RECORDING METHOD

The subject used in this study was a male

adult Portuguese native speaker from the city

of Aveiro. A list was created of 154 Por-

tuguese words, each containing one of the fricatives

F=/f, v, s, z, A, O/ in combination with the non-nasal

vowels V=/i, i, e, �, �, a, 4, o, u/. Of the 154 words,

8 follow the same pattern /FV1FV2/, 54 present

the fricative word-initially, 69 word-medially and 23

word-�nally. Strictly, only /A/ can occur in �nal po-

sition [5], but all of the fricatives are elicited word-

�nally by incorporating words with a reduced /i/ as

the �nal phoneme [1].

Corpus 1 consists of each of these words in the

frame sentence \Diga ..., por favor." Corpus 2 con-

sists of 12 sentences containing 61 of the 154 words.

Corpus 3 consists of nonsense words, /pV1FV2/,

where Vi is one of /i, �, u/ and the word follows

Portuguese phonological rules [5]. Each word was

repeated 12 times on one breath. Corpus 4 consists

of sustained fricatives, produced with a short preced-

ing vowel (e.g. /i���/) at three di�erent e�ort levels.

The nonsense-word and sustained-fricative corpora

are similar in design to corpora used previously for

American, French and German subjects, and thus

facilitate cross-language comparisons.

Recordings were made in a sound-treated booth

using a Bruel & Kjaer 4165 1/2 inch microphone lo-

cated 1m in front of the subject's mouth. The sig-

nal was ampli�ed and �ltered by a B&K 2636 mea-

surement ampli�er, with high-pass cut-on frequency
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of 22Hz and low-pass cut-o� frequency of 22 kHz.

A laryngograph (Lx) signal was also recorded us-

ing a Laryngograph Processor. The acoustic and

Lx signals were recorded with a Sony TCD-D7 DAT

recorder (16 bits, sampling frequency 48 kHz), and

digitally transfered to a computer for analysis.

3 ANALYSIS METHOD

3.1 Temporal Analysis

The time waveforms of all the corpus words were

manually analysed to detect the start of the VF tran-

sition, the start of the fricative, the end of the frica-

tive, and the start of the FV transition. During the

VF transition, amplitude decreases, voicing ends (for

unvoiced fricatives) and frication noise starts. Dur-

ing the FV transition, amplitude increases, voicing

starts (for unvoiced fricatives) and frication noise

ends. These events overlap in time, making the seg-

mentation a somewhat subjective process. However,

it is important to segment consistently, since the

analysis methods depend on the boundaries so iden-

ti�ed.

The Lx signal was also used in segmentation.

For unreduced vowels there was always signi�cant

voicing, and for the duration of most fricatives Lx

changed drastically. While segmenting, we noticed

a large number of devoiced examples. To study this

phenomenon further we devised a new criterion for

devoicing based on both the acoustic and Lx signals.

Smith [8] used a criterion for devoicing in Amer-

ican English based on the amplitude of the elec-

troglottograph (EGG) cycles: \The fricative was

considered to be voiced during the portion of its

duration that the amplitude of the EGG cycles ex-

ceeded one-tenth of the EGG cycle amplitude at the

time of maximum energy in the preceding vowel."

A study by Pirello et al. [6] presents an alternative

measure of voicing based on the acoustic signal: \An

amplitude di�erence greater than 10dB between the

amplitude of the vowel and frication noise was classi-

�ed as voiceless. A di�erence of less than or equal to

10dB sustained over 30ms was classi�ed as voiced."

We used both the relative value of the amplitude

and duration of the acoustic signal, and the ampli-

tude of the Lx signal to determine if a fricative is de-

voiced. Devoiced is de�ned as no periodic structure

of the Lx signal on the frication interval. Partially

devoiced is a few steady Lx cycles during frication;

voiced is steady Lx cycles throughout the whole frica-

tion, even if the amplitude is much lower than in the

vowel. Section 4 gives a detailed analysis of the de-

voicing patterns found.

The mean and variance of the laryngograph signal

were calculated during the VF transition and during

the fricative. The relative variance of the two inter-

vals, �r(x) = �t(x)=�f (x), where �t(x) is the vari-

ance of the signal during the VF transition and �f (x)

is the variance of the signal during the fricative, was

used as a quantitative criterion for devoicing.

3.2 Spectral Analysis

The �rst phase of spectral analysis consisted of a

study of the averaged power spectra, used to see the

broad characteristics of the fricatives. We used time

averaging on Corpus 1 with nine 9ms Hamming win-

dows, one left-aligned to the start of the fricative, one

right-aligned to the end of the fricative, and the re-

maining six windows evenly spaced in between. For

the shorter fricatives the windows overlap as much

as 98.6%. The same time-averaging technique was

used to calculate the spectra of sustained fricatives

on Corpus 4 (100 non-overlapping, 9ms windows).

The time-averaged power spectrum for each frica-

tive is given by

hX(f)i =
1

N

NX

i=1

jXi(f)j
2

(1)

where Xi is the DFT of a portion of the fricative sig-

nal, xi, corresponding to the ith windowed segment,

and N = 9 (Corpus 1) or N = 100 (Corpus 4).

Ensemble averaging was used for Corpus 3. The

ensemble-averaged power spectrum of each fricative

is given by

X(f) =
1

9

9X

k=1

jXk(f)j
2

(2)

where Xk is the DFT of a portion of the fricative

signal, xk, corresponding to the windowed segment

(18ms Hamming window placed at the beginning,

middle or end of the fricative) of the kth token. The

�rst and last, and any atypical tokens were elimi-

nated to obtain the ensemble of nine tokens.

4 RESULTS

4.1 Temporal Analysis

Observation of laryngograph and acoustic signals

of the Portuguese words in Corpus 1 revealed that

50.0% of the examples of fricative /v/, 66.7% of /z/,

and 80.0% of /O/ were totally devoiced (see Table 1).

If classifying is instead done using �r � 15 as

the criterion for devoicing, results are as shown in

Table 2. There are a few examples which are classi-

�ed di�erently from the initial empirical observation

of the laryngograph signal (see Table 1). Still, the

percentage of examples from Corpus 1 which were

classi�ed in the same category using the two meth-

ods is quite high: /v/: 91.7%, /z/: 96.7%, and /O/:

80%. Most of the discrepancies result from cases on

the partially devoiced / completely devoiced border-

line, giving promise that this automatic measure can

be used for future subjects.



Table 1: Inventory of all cases of complete devoicing

from Corpus 1 (using an empirical criterion). Values

given are number of devoiced examples divided by the

total number of examples.

Word-

Initial

Word-

Medial

Word-

Final

All

Pos.

/v/ 6/14

(42.9%)

7/16

(43.8%)

5/6

(83.3%)

18/36

(50.0%)

/z/ 5/10

(50.0%)

12/18

(66.7%)

2/2

(100%)

20/30

(66.7%)

/O/ 7/10

(70.0%)

14/16

(87.5%)

3/4

(75.0%)

24/30

(80.0%)

All

Fric.

18/34

(52.9%)

34/50

(68.0%)

10/12

(83.3%)

62/96

(64.6%)

Table 2: Inventory of all cases of complete devoicing

from Corpus 1 (using the relative variance criterion). Val-

ues given are number of devoiced examples divided by the

total number of examples.

Word-

Initial

Word-

Medial

Word-

Final

All

Pos.

/v/ 9/14

(64.3%)

10/16

(62.5%)

5/6

(83.3%)

24/36

(66.7%)

/z/ 6/10

(60.0%)

15/18

(83.3%)

2/2

(100%)

23/30

(76.7%)

/O/ 4/10

(40.0%)

13/16

(81.3%)

3/4

(75.0%)

20/30

(66.7%)

All

Fric.

19/34

(55.9%)

38/50

(76.0%)

10/12

(83.3%)

67/96

(69.8%)

The nonsense words from Corpus 3 were anal-

ysed with the empirical criteria for devoicing. Re-

sults show that 63.4% (64 out of 101) of the tokens

of fricative /v/, 54.3% (63 out of 116) of /z/, and

46.8% (58 out of 124) of /O/ were totally devoiced.

Both measures of devoicing occur more often in

word-�nal than word-initial position. Devoicing rate

by fricative di�ers between the two measures, and

between Corpus 1 and 3.

The minimum and maximum durations of the

fricatives from Corpus 1 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). For fricative /s/ in

initial position, as the following vowel's place of ar-

ticulation moves further back, the duration of the

fricative diminishes.

4.2 Spectral Analysis

Substantial di�erences are found between spectra of

voiced and unvoiced, same-place fricatives: not only

are the voiced spectra lower in amplitude, as ex-

pected, but di�erences in spectral shape occur, par-

ticularly for /A{O/. Examples of averaged power spec-

tra of the sustained fricatives (Corpus 4) are shown in

Figure 1. In general, amplitude di�erences between

the three e�ort levels are smallest at low frequencies.

The amount of amplitude di�erence at high frequen-

cies varies with the fricatives, from 10dB for /f/ to

15dB for /A/; it tends to be smaller for the voiced

fricatives, from 5-10dB for /v/ to 10dB for /O/.

These di�erences are associated with source type and

strength, and are similar to results for American En-

glish and French subjects.

We expected that e�ort level of sustained frica-

tives would correspond with stress of the syllable con-

taining the fricative in Corpora 1 and 3, and possibly

also position within the word in Corpus 1. Figure 2

contrasts spectra for /A/ with similar vowel context

from Corpora 1 and 3: [k�^puAu] (�nal /u/ reduced)

and [puAu] (both syllables equal stress). Four of the

seven such pairs-by-vowel-context showed this pat-

tern, with the Corpus 3 spectral amplitude consis-

tently higher (by 5-10dB) than that of Corpus 1

for frequencies above 2 kHz. This amplitude di�er-

ence across the frequency range corresponds strongly

with a di�erence in stress between the two fricatives.

The spectral shapes and amplitudes are similar to

the soft e�ort level for all destressed /A/ fricatives,

and to the medium e�ort level for stressed /A/ frica-

tives. No fricatives from Corpus 1 or 3 resemble their

high-e�ort-level Corpus 4 counterparts. Some vowel

context e�ects were noted: the main peak in Fig-

ure 2, for /uAu/ context, was at a signi�cantly lower

frequency than in, e.g., /iAi/ context; this is as ex-

pected from previous work [7].

These points taken together give us information

needed to model the fricative. They also indicate

that the nonsense word corpus follows Portuguese

phonological rules. Corpus 3 is better controlled and

easier to analyse than Corpus 1 or 2; validating its

use would give an important advantage.

5 CONCLUSIONS

In this paper, preliminary work on the acoustics of

Portuguese fricatives has been described. Corpora

were designed including Portuguese words, nonsense

words following Portuguese phonology, and sustained

fricatives at three di�erent e�ort levels; these were

recorded for one speaker. Voiced fricatives devoice

in over one half the cases in both nonsense and real

words; two measures of devoicing were developed and

compared. Spectral analysis revealed a correspon-

dence between the e�ect of e�ort level and of syllable

stress, and showed some e�ect of vowel context. Fu-

ture work will include analysis of other Portuguese

speakers.
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Figure 1: Averaged power spectra of sustained fricatives

at three e�ort levels (Corpus 4). Top: /f/; centre: /A/;

bottom: /O/. Solid line: loud; dash-dotted: medium;

dotted: soft levels. The dashed curve is the averaged

spectrum of the room noise.
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Figure 2: Averaged power spectra of fricative /A/ from

Corpora 1 (solid line) and 3 (dash-dotted line). The

dashed curve is the averaged spectrum of the room noise.
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