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ABSTRACT syllables as phrasal stress bearing units. Earlier works [2][4]
have in fact shown that segments within VC sequences are
Acoustic final lengthening is addressed in this work by homogeneously lengthened at phrasal stress. This result
examining segment durations at three different phrasereinforces Vaissiere's claim that rhymes (tautosyllabic VC)
boundaries. Each prosodic boundary strength alsogwttally seem to be universal units for signalling prosodic strength [19].
compares two kinds of Brazilian Portuguese lexical patternEven phonological research confirms this trend by
(paroxyton and oxyton). Careful statistical analyses show thatdistinguishing heavy syllables from light syllables. The first
overall V#C lengthening distinguishes the two weaker phraseones are characterized by the branching structure of their
boundaries from each other. It is also shown that postboundaryhymes (typically, VC) and are potential or obligatory stress
onset consonants are lengthened by the same process stretchiagractors in many languages [10].
the preboundary vowel. At utterance boundary, oxytons and But our results have shown that the same is true for VC
paroxytons do not entrain distinct lengthenings in postboundarysequences across boundaries. That is to say, not only rhymes are
consonants, but they do so in the two other prosodic conditionslengthened at phrasal stress but also the postboundary onset
For them, the stress degree of the last vowel extends to theonsonant (if present). In other words, our findings suggest that
postboundary consonant. These results indicate théalin  VCo (#) G units act as rhythmic programming units, i.e.
lengthening is not the only phenomenon cueing initial potential candidates for bearing phrasal stress, depending on the
strengthening at phrase left edges. Based on these and earliparticular prosodic boundary strength. This behavior is
data, a dynamical, hierarchical model of rhythm production is consistent with two related notions.
presented. Marcus and colleagues [15] have coined the term P-center
for designating acoustic anchor points in the speech signal
1. INTRODUCTION which are used by listeners to perceive sequences of syllables as
Acoustic final lengthening is well documented in the speechoccurring isochronously. More ecological data [11] have
production literature. Research shows that segmentiergo confirmed Marcus’s intuitions about the P-center location: the
more than two degrees of lengthening, depending on thevowel onset. It seems to us that P-centers would delimitate the
strength of the particular prosodic boundary (see [7][17][20], for minimal programming units for the phonetic implementation of
English and [3], for French). These different strengths arerhythm. Port and colleagues’ experiments confirm this
usually considered as a result of the projection of specific nodesassumption by choosing vowel onsets as rhythmic beats in their
of a prosodic hierarchy onto the phonetic string of segmentsspeech cycling task [8].
Phonological words and phrases, intonational phrases and Another related issue is the characterization of the speech
phonological utterances may constitute domains delimitatingchain as twofold: a continuous vowel flow (probably represented
this string, depending on the particular node label. by the alternate movement of jaw openings and closings [18]) on
At phrase boundaries, it is usually reported that the lastwhich consonant gestures are superimposed [9][16]. We
vowel, the final consonant, the final rhyme or the final syllable consider here that lengthened consonants in typical V(#)C
are lengthened. What is pointed out in this work is, first, that sequences are by-products of greater displacements of jaw
the domain of final lengthening is not necessarily isomorphousclosing movements beginning during vowel production. Byrd
to phonological units like syllables or their constituents but it and Saltzman’s recent paper [6] seems to confirm this
extends across phrase boundaries and it includes at least omessumption for lip movement at five different prosodic
postboundary onset consonant. And second, that iniliBraz  boundaries.
Portuguese (henceforth BP), this consonant lengthening cannot  The experiment we describe here shows that consonants
be characterized as initial lengthening alone but it is also a pargfter three different phrase stress boundaries are lengthened and
of the very final lengthening that stretches the preboundarythat, at least in BP, this phenomenon can also be explained as
rhyme (here, a vowel). final lengthening.

2. RESEARCH BACKGROUND 2.1. A Pilot Study

By studying segmental acoustic durations in syllable-sizedThe starting point for the results shown here was the
frames, we have presented evidence against phonologicabbservation of a non-random variation of [p] occlusion durations
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in the phrase “para eletq him), embedded in the sentences (that is why these results are not shown in table 1). For this
“Digo word para ele.” () say __ to him At the variable place  speaker, postsilence mean (and standard deviafiotyriations
marked word, the three BP lexical stress patterns, are 132 (11) ms (paroxyton) and 135 (12) ms (oxyton). This
proparoxytons (antepenultimate stress), paroxytons (penultimateifference is also not significant

stress) and oxytons (final stress) were contrasted in 126

sentences. Word length was three or four syllables long. Phrasd gent. speaker AJ speaker GR
stress falls on each contrasted word. This corpus was recorded type | paroxyton oxyton paroxyton oxytof
with one subject at three speech rates (self-chosen normal and™— g3 *112 (4) *122(11) 124 (5) 127(12)
metronome-controlled fast and slow rates) in order to study BP [~ *135 (16) *155(14) *150 (8) *163(11]
rhythmic and intonational patterns. s1 170 (18) 179 (11) : :

We have measured [p] occlusions from the previous vowel - — -
i - Table 1: Mean durations (and standard deviations) in ni$ of [
offset to the onset of the first vowel in “pardpdre]. We have . o R .
in the word “chapado” for the three prosodic boundary

decided to compare [p] durations according to the stress pattern conditions. Stress pattern of previous word is indicated.

of the previous word. Statistical analyses were carried out and _. .. . .
) Significant differences are starred. In s2, p is lesser than 1%.
no differences were found for the fast rate. But for the normal " .
See text for additional explanations.

rate, occlusion intervals were 8 ms (p < 0.0001) shorter after
paroxytons or proparoxytons in comparison to those after - .
oxytons. An even greater difference in the same direction wa For ;peaker AJ, table 1 shows 5|gn|f!cant differences for
found for the slow rate: 56 ms (p < 0.0001) S[j'_| duration after phrase boundaryj following oxytons are

Proparoxytons and paroxytons have had the same effect olpnger than those following paroxytons in s3 (10 ms) and s2 (20
[p] durations. This can be explained by a tendency in BP forms). Speaker GR shows the same trefjdirp 13 ms longer in
reducing non-final stressless vowels in proparoxytons (cf.average after oxytons in s2. In both subjects, these differences
“xicara” - cup -, pronounced 'fikce] or “veiculo’ - car -, are no more distinctive at utterance boundary (s1).

pronounced e'iklu]). Thus, rhythmically, proparoxytons Table 2 shows that this lengthening is restricted to the

behave as the unmarked lexical stress paradigm: those of thgnset consonan{][ it does not spread to the prestressed vowel
paroxytons. in “chapado”. This vowel onset sets the beginning of the second

These figures indicate that phrasal stress seems to exteng'€SS group, which ends at utterance final stress.
to the postboundary onset consonant. In order to evaluate thi

hypothesis a more controlled experiment was carried out. sent. speaker AJ speaker GR
type | paroxyton oxyton paroxyton oxytor

3. EXPERIMENT DESCRIPTION AND RESULTS s3 61 (6) 64 (9) 54 (7) 54 (5)
Two other subjects (AJ and GR) recorded twelve repetitions of | s2 60 (4) 58 (5) 65 (5) 63 (6)
three-paired sentences. The three pairs of sentences contrasted s1 66 (6) 64 (3) - -
prosodic boundaries of three different strengths. Very strong (or Table 2: Mean durations (and standard deviations) in ms of the
utterance boundary) sl: “Zé diz __. Chapado tambédeé€ ( first [a] in the word “chapado” for the three prosodic boundary
says ___. Chapado tgo.strong s2: “Digo ___ chapado e conditions. Stress pattern of previous word is indicated. There
baixo.” ((I) say ___ unconsciously andfdp) and weak s3:  are no significant differences between paroxyton/oxyton pairs.
“José Paulo diz ‘___ chapado’Jdseph-Paul says ‘
unconsciously). Each sentence pair orthogonally contrasts “se Back to table 1, it is worth noting that differences between
gaba” fr'gabe] ((he's) boastiny and “se gaba”sfga'ba]' (to [{] durations for paired sentences of different prosodic strengths
boas), i.e. the paroxyton and the oxyton pattern. (for each lexical pattern condition) are significant for subjects

The durations of three phonetic segments are shown in the\J (s1/s2, s2/s3 and s1/s3) and GR (s2/s3). But it is important
tables below: the postboundary segméhtthe first vowel §], to stress that the role of distinguishing between different phrase
both in the word “chapadof4'padu], and the sequence [], in boundaries is mainly attributed to VC units (and also to
[st ga'ba fa'padu] (only for oxytons). A t-test evaluated the null individual segments, like the consonaftif this work, as a by-. 3
hypothesis for the differences in duration under two itimm: product of lengthened VCs or as a consequence of phrase-lmtlal
paroxyton or oxyton at phrase boundary. Significance wasPhase adjustments: see section 5). If'an ut.terance ends with a
accepted for p-values lesser than 2%. vowel, the boundary is cued by stretching this vowel alone. The

In table 1, speaker AJ produced eight repetitions (oxytonSa@me is valid for phrases ending with a vowel, if the
pattern) and four repetitions (paroxyton pattern) of the sentenc©Stboundary segment is also a vowel. Degree of phrase stress
s1 with additional silent pauses at phraserigary. These a0 be inferred by observing durations of the V#C sequence
sentences were discarded as it is preferable to preserve identickd ] in table 3, for oxytons at phrase boundary. For sentence s1,
event sequences for all utterances. Results for those cases a@gly the vowel durayon IS.ShOWH.- N
143 (16) ms (paroxyton) and 158 (21) ms (oxyton) and the The V#C durations distinguish phrase boundary itmms
difference between them is not significant. Speaker GRS3 and s2 in both subjects. But the vowel duration alone in sl is
produced all sentences s1 with a silent pause at phrase boundagt sufficient to separate this case from the others. Additional
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cues beside final lengthening are probably used to decodeonstitute a domain where stress culminates, the greater
utterance boundary. The significantly different itial perceptual prominence of proparoxytons over the other two
lengthening of {] seen in table 1 (speaker AJ, sentence s1) islexical stress patterns can also be explained.

certainly one of them but syntactic information is also certainly ~ Moraes [14] has in fact confirmed that listeners perceive

used (this seems to be the case for speaker GR). proparoxytons as being more salient than paroxytons, which are
more prominent than oxytoneeteris paribusin our hypothesis,
sentence type speaker Al speaker GR this is due to the greater duration of the stressed interval:
s3 238 (24) 275 (34) stressed VC plus two post-stressed ynjts in proparoxytons,
) 343 (20) 417 (36) stressed VC plug one post-stressed unit in paroxytons and just
s1 221 (14) §] N the stressed VC in oxytons. In paroxytons, our results also show
a slightly greater stability of the durations of the sequence

Table 3: Mean durations (and standard deviations) in ms of the[abe {] (case 1) in comparison with those of the sequendg [

squencea[ﬂ (oxytons) for the three prosodic bpuqdary (case 2) for sentence s3 (where segments are more coarticulated
conditions. Differences between s3 and s2 are significant for 4 gach other at boundary). Coefficients of variation are 5%/7%
both speakers. For s1 and s3, results are statistically |nd|st|nct.(Case 1/case?), for speaker AJ, and 8%/9% (case l/case2), for
speaker GR.
4. DISCUSSION i This discussion enables us to propose a model of rhythm
We have shown elsewhere [2] that only V-to-V durations can production integrating Metrical Phonology insights  but

reveal correct prosodic hierarchies underlying utteranceqnstrained by the dynamical apparatus of the speech production
production. Local perturbations to this general trend can system.

nevertheless occur depending on syllable structure (in the
sequence CVC#CV, weaker effects - than those shown here - O TOWARD A HIERARCHICAL MODEL OF RHYTHM

postboundary C are found), on particular language (for BP, the PRODUCTION
whole syllable is lengthened at lexical stress not phrasa”yArticulatory Phonology (henceforth AP) [5] has shown the
prominent [2]). In this work, the duration of the sequencf] [  advantages and power of integrating the first-order dynamic

distinguishes two phrase boundary strengths in both subjectsconstraints of a mass-spring system into their gestural
But, in BP, oxyton and paroxyton stress patterns allow us to goramework. But AP fails to account for differences in vowel
further. height among languages, easily explained by acoustic facts. It
If the lengthening of postboundary onset consonants werea|so fails to explain phenomena of reduction and elision in BP,
only due to the so-called initial lengthening, results would showysually characterized by a more constricted derived gesture. And
no differences between the two lexical stress pattern conditionsit only has begun to show how the prosodic organization of
But in fact they do. It seems easier to interpret this fact as beingtterances should be.
due to the extension of the stress degree of the previous vowel By adressing the first two questions, Albano [1] has tried to
to the following consonant: in oxytons, the last vowsdl ip solve the AP drawbacks with the integration of acoustic

stressed and its stress degree extends§] tacfoss the phrase information into a gestural framework and the introduction of

boundary. In paroxytons, the last vowe] fs not stressed and other kinds of constraint in the paired tract variable equations
its stresslessness extends to the nfixiMajor boundaries (as associated with some gestures (as the glide gestures in the cited

. i . _reference). We would like to address the third point by
in s1) seem to block this rule. Only for these boundaries - : .
lengthening would be restricted to the class of “initial proposing a dynamical model of rhythm production.

. . This model uses the notion of period and phase
lengthening” phenomena (cf. longg} urations for s1, table 1,  sntrainment reported in [13], but extends it to rhythm
speaker AJ). production. To entrain an oscillator means to synchronize it by
Another issue still needs to be treated here. Which timemeans of external stimulation (from an inputibstor).
interval cues prosodic strength for paroxytons at phrase o order to explain acoustic duration data in BP and in
boundary. In this case, post-stressed VCs seem gowEned  prench [2][3][4], we propose at least three hierarchically
by the previous stressed vowel. The culminative interval for connected extrinsic, abstract clocks (or oscillators). The first
stress is likely to be bounded by the stressed vowel onset angiock stands for the vowel flow (section 2), the second one
the postboundary consonant across boundary with the inclusiogtangs for lexical stress sequence and the third clock represents
of post-stressed segments. the eurhythmic phrasal stress sequence. These clocks act as the
Research on f0 patterns shows that post-stressed syIIabIelﬁput osdlators in McAuley's experiments.
constitute domains where fO movements unfold [12]. For The abstract vowel flow clock is related to a corresponding
sentence s1, fO contours do not change during all syllables ifo.pe-entrained clock representing, on the other hand, the level
paroxytons but go down during post-stressed syllables ingf rhythm production. The period of this clock explains, at the
oxytons. For sentences s2 and s3 with paroxyton or oxytonynysical level, V-toV duration flow regularity. The onsets of the
patterns, fO contours rise at stressed vowel onset, get highespsiract vowel flow clock cycles would be anchored at vowel
during post-stressed syllables (in paroxytons) and level Offgesture onsets of AP-like gestural scores [1][5]. The
during the postboundary syllablga]. If post-stressed syllables  corresponding physical clock would control the alternate jaw
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openings and closings. The phrasal stress clock, on the othdi] Albano, E.C. 1999. Gestural solutions for some glide epenthesis
hand, divides the utterance in evenly produced chunks bypzrog'en;S-These‘;“ng%%d'Rgls- e un .
reinforcing the amplitudes of the previous clock at intervals of 12 Barbosa, P-A. - Atleast two macrorhythmic units aessary for

. b f llable-sized iod S . _modeling Brazilian Portuguese duratidProceedings of the first ESCA
an integer number of syllable-size periods. (Syntactic Tutorial and Research Workshop on speech production mod85r88.

information WQU|d be used to avoid Pem.”bing linguistic input [3] Barbosa, P.A. 1994Caractérisation et génération automatique de la

by stress misplacement.) It also triggers a slow-down structuration rythmique du frangaisUnpublished thése de® Zycle,

entrainment mechanism increasing the period of the vowel flow!INPG/ICP, Grenoble, France.

clock. These two clocks are supposed to be universal. [4] Barbosa, P. and Baillly, G.994. Characterisation of rhythmic patterns
The (lexical) stressed vowel clock is supposed to befor text-to-speech synthes8peech Communicatiph5 (1-2), 127-137.

| i . for the oh | | 5] Browman, C. and Goldstein, L. 1990. Tiers in ArticulatohoRology
anguage specific. It acts as an input for the phrasal stress clo ith some implications for casual speech. In: Kingston, J. and Beckman,

and as a stress beat which reinforces (and reduces eVentUm.E. (Edsl)Papers in Laboratory Phon0|ogy Cambridge: Cambridge
poststressed beats) the vowel flow clock amplitudes at lexicaluniversity Press, 341-376.

edges, in languages like BP. French would not have this kind of6] Byrd, D. and Saltzman, E. 1998. Intragestughamics of multiple
clock. prosodic boundariedournal of Phonetic26, 173-199.

. " i [7] Campbell, W.N. 1991. Phrase-level factor affecting timing ieesh.
The perceptual sensation of syllable-timed or stress tImedProceedings of the 2nd European Conference on Speech Communication

Ignguages would be explained by concentrating the attentiprbnd Technology?, 629-632.
either on the vowel flow clock or on the stressed-vowel clock (lf [8] Cummins, F. and Port, R. 1998. Rhythmic constraints on stress timing
it exists). French listeners would use the first kind of clock to in English.Journal of Phonetic&6, 145-171.
judge the V-toV continuum and English listeners would use the[9] Fujimura, O. 1995. Prosodic organization ofegh based on syllables:
second one to make expectancies about the lexical stress flow. the C/D model.Proceedings of the XM International Congress of

In this framework, segmental durations are only by "nonetic Sciences, 10-17.

. . . . . 10] Goldsmith, J. 1990Autosegmental and metrical phonolo@xford:
products of this clock hierarchy controlling the mandible cycling E3Ia]ckwe|| Publishers. g P o

and of the phasing of consonant gestures around vowel onset$1] Janker, P. 1995. On the influence of the internal structure of a syllable
[1][5]. Initial lengthening would be treated with this kind of on the P-center perceptioroceedings of the X International
phase readjustments. No clock is then needed at thigcongress of Phonetic Scien&$10-513.

microrhythmic level of implementation. The next figure shows [12] Madureira, S., Barbosa, P.A., Fontes, M., Spina, D. and Crispim, K.

the model currently being implemented with recurrent neural é?gfe'ez(i’sgztressed syllables in Biiaa Portuguese as f0 markefhese
networks. [13] McAuley, J.D. 1995.Perception of time as phase: toward an
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PhD dissertation, Indiana University, USA.
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NOTES
1. The deletion of the final infinitive markav is a common phenomenon
in BP.
REFERENCES

page 300 ICPhS99 San Francisco



