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1. Introduction

Segment duration varies with syllable structure (Lehiste, 1970), resulting in word-level duration
patterns. These patterns provide important phonetic cues to syllable and word boundaries in English
(Christie, 1977; Boucher, 1988; Tuller & Kelso, 1991), and possibly in other languages (Maddieson,
1985). For instance, English-speaking listeners syllabify the same sequence differently depending on
the relative duration of the participating segments. An obstruent-sonorant sequence is syllabified as an
onset cluster when the obstruent is longer than the sonorant, but split when the consonants are similar
in length (Christie, 1977). The relationship between segment duration patterns and syllable perception
could indicate that syllables are units of speech production. Such a conclusion is consistent with most
theories of speech production, which invoke the syllable explicitly or implicitly as a unit in speech
motor programming (e.g., Stetson, 1951; Kozhevnikov & Chistovich, 1965; Lehiste, 1970;
MacNeilage, 1970; Fujimura, 1981; Shattuck-Hufnagel, 1983; Fowler, 1987; Dell, Burger, Svec,
1997).

A magjor reason that the syllable has been chosen as an appropriate unit in speech motor
programming is because suprasegmental sound patterns, such as the aforementioned consonant
duration patterns, are best characterized with respect to the syllable. But the duration patterns
themselves—long for consonantal onsets, short for consonantal offsets, long-short for onset clusters,
and so on—are arbitrary. That is, there is nothing about the phonological syllable that can explain why
an onset cluster is produced with a long-short duration pattern instead of short-long, long-long or any
other kind of pattern. Since we know that speakers control duration to convey other sorts of boundary
information, e.g., lexical boundaries (Turk & Shattuck-Hufnagel, 2001), it is reasonable to suggest that
the duration patterns are so produced because they convey syllable structure information. But if the
claim is that the same duration patterns are universaly associated with the same syllable structures
(Lehiste, 1970; Maddieson, 1985), then we might wonder how such arbitrary patterns have become
language universal.

The seeming arbitrariness of the segment duration patterns and their universality might be
explained, however, if the link between the patterns and the syllable is broken, at least in speech
production. If segment duration patterns are delinked from syllables in production, then the patterns
are free to be explained according to other, more basic, production constraints on the sequential
articulation of segments. The patterns may then be relinked to the syllable in perception. Syllable
boundaries can be extrapolated from word boundaries, which are also characterized by the same
suprasegmental phonetic and phonological patterns.

For illustration of a basic production explanation for segment duration patterns, consider the long-
short pattern typically associated with onset clusters. Cross-language frequency data indicate that onset
clusters are usually constructed of an obstruent-sonorant sequence that precedes a vowel (Bell &
Hooper, 1978). This type of sequence suggests a coarticulatory origin for the long-short duration
pattern based on jaw movement. In general, obstruents are articulated with a more closed jaw than
sonorants, and sonorants are articulated with a more closed jaw than vowels (Lindblom, 1983;
Keating, Lindblom, Lubker, Kreiman, 1994). An obstruent-sonorant-vowel sequence is therefore
articulated with the jaw moving from a closed position to an open position. The sonorants may be
shortened when the segments are sequentially articulated because jaw movement is continuous in
speech. Sonorants are only initiated after obstruent release, when the jaw is already in alower position,
and must be terminated when the continually downward-moving jaw makes for inefficient consonantal
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articulation, whereupon the vowdl is initiated. Such a hypothesis agrees with a theory of coproduction
(Fowler, 1980; Fowler & Saltzman, 1993), and can be restated in its terms. the articulation of the
internal consonant in a consonant cluster is truncated due to its coproduction with the following vowel.
Similar coproduction explanations have been advanced to account for closed-syllable vowel shortening
(Munhall, Fowler, Hawkins, Saltzman, 1992; Shaiman, 2002). The jaw-movement-first view
advocated here adds areason for why the segment is truncated when it is.

To summarize, segment duration patterns provide a phonetic cue to syllable boundaries (Christie,
1977; Boucher, 1988), and have been used to support the syllable as a unit of speech production (e.g.,
Kozhevnikov & Chistovich, 1965; Lehiste, 1970). So one explanation for segment duration patternsis
that they are tied to the syllable in production, which means that the timing patterns themselves are
explicitly specified in the speech plan. Such an explanation does not account for the specific patterns
that are associated with different syllable structures. To explain the patterns themselves, an alternative
explanation is proposed that delinks consonant duration patterns from the syllable in production, and
relinks them only later in perception. In this account, consonant duration patterns are due to segment
articulation during jaw movement. The timing patterns are not specified in advance, but instead
emerge from the biomechanical constraint of the jaw on segment articulation. The present experiment
was conducted to differentiate between these two possible explanations for the long-short duration
pattern associated with onset clusters.

Specifically, we reasoned that if syllables specify the segment duration patterns, then these
patterns should coincide with syllabification judgments even in languages where such judgments
contradict cross-language preferences. Finnish speakers were asked to produce possible Finnish non-
words with medial obstruent-sonorant sequences (e.g., ketra). In Finnish, these sequences are split
(Berg & Niemi, 2001) and so should be produced with along-long or short-long duration pattern. Such
a pattern would be consistent with Finnish syllabification, but contra cross-language norms, which are
to produce the sequence with a long-short duration pattern and syllabify it as an onset cluster to the
second syllable.

If Finnish speakers produce the sequence in a manner consistent with cross-language norms, then
it is likely that segment duration patterns are not tied to the syllable, but emerge from a production
congtraint. To test the specific production hypothesis proposed to explain the long-short duration
pattern of onset clusters, where sonorants are shortened due to coarticulation with the jaw, the speakers
were asked to produce the segments with a fixed jaw. The rationale was that if consonant duration
patterns emerge from biomechanical factors, then the patterns should change if the biomechanics are
altered.

2. Method
2.1. Design

Three adult, native-Finnish speakers produced intervocalic consonant sequences embedded in
nonsense words under four speaking conditions: (1) norma speech; (2) bite-block speech; (3)
clenched-jaw speech; and (4) anormal speech control. Auditory feedback was eliminated in conditions
2 and 3 to avoid perception-induced compensation. Condition 4 controlled for the effect of no auditory
feedback on normal production. Conditions 1 and 4 were always completed first and last, respectively.
Conditions 2 and 3 were completed in different orders by different speakers. The nonsense word
tokens were produced in the same random order by the speakers and in all four speaking conditions.

Auditory feedback was eliminated in conditions 2—4 by having the speakers listen to a continuous
stream of pink noise. Speakers listened to the noise over headphones, and had control over its level.
They were instructed to adjust the level so that they could not hear themselves speak. This instruction
appeared to be effective since the experimenter often had to indicate to the speakers during the
experiment that they were speaking either too loudly or too softly.
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2.2. Simuli and Materials

The stimuli were obstruent-sonorant and, for comparison, sonorant-obstruent sequences that
occurred word-internally (e.g., ketra and kerta) and, for comparison, at the edges of words (e.g., meket
rano and meker kano). The stimuli were constructed so that the sonorant-obstruent sequences mirrored
the obstruent-sonorant sequences, and so that mirror sequences occurred between the same vowel
sounds. There 8 nonwords or nonword pairs that were repeated 3 times (x 4 stimuli types = 96 tokens
total). The nonwords and nonword pairs conformed to Finnish phonology, and were vetted by a native-
Finnish speaker. Since word-final consonants and word-medial obstruent-sonorant sequences are
relatively rare in Finnish, only 2 obstruents, /t/ and /k/, and 2 sonorants, /r/ and /I/, were used, and /t/
only ever occurred with /r/ and /k/ only ever occurred with /I/. All nonsense words and nonsense word
pairs were spoken in the frame sentence“Sano __ taas,” whichtrandatesas“Say  again.”

The bite blocks were 15 millimeters (mm) sections of a hard rubber belt, which was 10 mm thick
and 12 mm wide. Speakers clenched two bite blocks (one for each side of the mouth) between their
premolars. If the bite blocks had been clenched closer to the front of the mouth, as in other such
experiments (e.g., Fowler & Turvey, 1980; Lindblom, Lubker, Gay, 1979), they would have directly
impeded the anterior consonantal articulations under study.

2.3. Recording and Acoustic Measures

The utterances were recorded in an acoustically-insulated experiment room using a Shure BG 5.1
microphone, and saved directly into a computer. They were later displayed as oscillograms and
spectrograms, and the acoustic durations of the intervocalic obstruent and sonorant were measured.
Obstruent boundaries were defined by a sudden drop/rise in the amplitude of a periodic waveform and
by aperiodicity. Sonorant boundaries were defined by amplitude and frequency changesin the periodic
waveform on one side, and by the obstruent boundary on the other. Ambiguity in defining sonorant
boundaries was resolved by repeated listening to different sections of the waveform

3. Resaults

The aim of the experiment was to determine whether consonant duration patterns are specified by
syllable structure, or emerge from more basic production processes, such as a coarticulation constraint
imposed by the jaw. Overal the results favor the latter explanation. Finnish speakers produced
obstruent-sonorant sequences with an onset-cluster-like long-short duration pattern, contradicting the
Finnish syllabification of these sequences as coda-onset. Further, examination of segment durations
across stimuli types suggests that the duration patterns emerge from passive processes.

Although the results suggest that consonant duration patterns emerge from production processes,
they do not support the specific production hypothesis proposed. The specific hypothesis was that
duration patterns emerge from the biomechanics of sequential segment articulation, but the duration
patterns were not disrupted when the biomechanics were changed.

These overall results are presented in more detail below. The first section concentrates on the
relationship between Finnish syllable structure and consonant duration patterns, and so only considers
those tokens produced in the normal speaking condition (condition 1 above). The second section
concentrates on the question of whether or not these duration patterns emerge naturally from the
biomechanics of the system, and so considers the similarities and differences of the duration patterns
across the different speaking conditions.

3.1. Consonant duration patternsin Finnish
In order to gain an overview of the duration patterns for the different sequence types, the duration

of the second consonant in the sequence (C2) was subtracted from the first (C1) yielding a duration
difference. A positive duration difference indicated that C1 was longer than C2, a negative difference
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indicated that C2 was longer than C1. This overall measure of the C1C2 duration pattern was used as a
dependent variable in a univariate Analysis of Variances (ANOVA) with Speaker, Sequence Type
(sonorant-obstruent versus obstruent-sonorant), and Boundary Condition (word-internal versus word-
edge) as factors. The analysis showed a significant 2-way interactions with Speaker and Consonant
Sequence [F(2, 272) = 17.66, p < .001], but the duration pattern only differed quantitatively, not
qualitatively, across the 3 speakers.

The interaction between Sequence Type and Boundary Condition was not significant, but the
simple effects were (Sequence Type [F(1, 272) = 542.61, p < .001]; Boundary Condition [F(1, 272) =
25.64, p < .001]). These results are shown in Figure 1, where it can be seen that obstruent-sonorant
sequences were produced with a long-short duration pattern that was especially pronounced at the
word-internal boundary, and the sonorant-obstruent sequences were produced with a short-long pattern
that was especially pronounced when these sequences were divided by aword-boundary.
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Figure 1: The duration difference between C1 and C2 is shown for the different sequence types and
different boundary conditions. A positive difference corresponds to along-short duration pattern, and a
negative different to a short-long pattern.

To determine how and whether the consonant duration pattern was controlled, a second analysis
was performed using consonant duration as a dependent variable in a univariate ANOVA with
Speaker, Boundary Condition, Consonant Position, and Consonant Type as fixed factors. The 4-way
interaction was not significant, but the 3-way interaction between Boundary Condition, Consonant
Position, and Consonant Type was [F(1, 544) = 30.67, p < .001]. Figure 2 shows this interaction.

Figure 2 shows that although segment duration differs as a function of boundary condition, the
effect was not consistent across segment type and position within a consonant sequence. The effect of
position appears to be more systematic, at least for obstruents. Obstruents that occur after sonorantsin
a consonant segquence are shorter than those that occur before sonorants.

Figure 2 shows that the effect of consonant type is very clear and very systematic. Obstruents are
longer than sonorants. This effect explains the long-short and short-long duration patterns of the
different sequence types. In the next section, we explore whether this effect emerges from a
biomechanical constraint of the jaw on segment articulation.
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Figure 2: Obstruent and sonorant durations are shown as a function of position within a sequence and
the boundary condition.

3.2. The Biomechanical Hypothesis

By hypothesis, jaw movement is the key contributor to the long-short duration pattern, and so it
was predicted that fixed-jaw productions of intervocalic consonant sequences would not exhibit typical
duration patterns. A 4-way (Speaker, Sequence Type, Boundary Condition, Speaking Condition)
analysis of the duration patterns (captured by the C1-C2 duration difference variable) revealed a
significant interaction between Speaker, Sequence Type, and Speaking Condition [F(6, 1100) = 6.39, p
< .001], indicating that articulatory and perceptual manipulations had an effect on production. The
interaction was otherwise not revealing in that there was no systematic effect of speaking condition on
the consonant duration pattern across speakers. In general, the speakers produced obstruent-sonorant
sequences with a long-short duration pattern, and sonorant-obstruent sequences with a short-long
pattern. These patterns were more or less pronounced depending on the speaking condition and on the
speaker (Figure 3).

Analyses of consonant durations indicated that the same 3-way interaction held for both obstruents
and sonorants (obstruents [F(6, 1096) = 2.3 < .05]; sonorants [F(6, 1096) = 7.03, p < .001]), and there
was no systematic effect of speaking condition on duration across all speakers. Such results disconfirm
the specific biomechanical hypothesis proposed. The duration pattern associated with the sequences
under normal speaking conditions was preserved in spite of articulatory and perceptual disruptions to
the system.
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Figure 3: The consonant duration pattern is captured by a single variable (C1 duration — C2 duration)
and is shown as afunction of Sequence Type, Speaking Condition, and Speaker.

4. Discussion

Overal the results support the view that consonant duration patterns arise from basic production
congtraints, and are not tied to the syllable per se. Finnish speakers produced obstruent-sonorant
sequences with duration patterns that were akin to the pattern associated with onset clustersin English
and other languages, even though Finnish phonology does not allow syllables with onset clusters. The
long-short pattern was even observed across word boundaries, suggesting a basic articulatory strategy
that may be repressed in languages, such as English, that co-opt the duration patterns as a cue to lexical
boundaries.

The basic long-short pattern of obstruent-sonorant sequences was mirrored by the short-long
pattern of sonorant-obstruent sequences, typical of coda-onset syllabification. The analyses of
consonant duration suggest that such patterns had their origins in a duration asymmetry: obstruents
were always longer than sonorants. Future research will explore whether this asymmetry holds across
different consonant types and different languages.

The origin of the duration asymmetry is unclear, and is not necessarily consistent with the
biomechanical hypothesis that was proposed to account for sonorant shortening, since this hypothesis
was meant only to explain sonorant shortening in onset clusters. The hypothesis focused on the
contributions of the jaw to sequential segment articulation, and proposed that the duration patterns
emerge from a biomechanical constraint. The preservation of the long-short and short-long patterns
during bite-block and clenched-jaw speech undermined this explanation. Although it is possible that an
aternative biomechanical explanation exists to account for the observed duration patterns, and that the
emphasis on jaw movement was misplace, this author is unsure of how to formulate that alternative.
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Some may look to the duration asymmetry results and advocate abandoning the idea that
consonant duration patterns emerge from articulatory relationships between segments. These
researchers may explain that the asymmetry, and hence the consonant duration patterns, are due to
intrinsic duration differences between obstruents and sonorants. Such an explanation requires that the
different intrinsic durations of the segments be further explored and themselves explained, which
provides yet another avenue for future research.

As an dternative to having the duration patterns emerge from ill-defined intrinsic properties of
segments, one might consider that the patterns emerge during the planning stages of speech production
when the seria order problem is being solved. In this aternative, articulatory coordination with jaw
movement may still be one of the processes conditioning consonant duration patterns, and the patterns
would still be emergent, but they would emerge further upstream from the realization of the actual
segments. The duration patterns would be instantiated in spite of perceptual and articulatory
disruptions to the system because the coordinative structures of speech are immediately adaptable to
these kinds of disruptions (Fowler & Saltzman, 1993). This hypothesis, though more resilient than the
biomechanical hypothesis, is more difficult to test directly. Future work will aim to test the hypothesis
by examining the sequential articulation of consonants in the devel oping speaker.

5. Conclusion

The study examined the role of the syllable and of jaw movement in determining syllable-related
consonant duration patterns. The results clearly showed that these patterns are not tied to the syllable
in production, which suggests that these patterns originate from more basic production processes. The
study also explored a coarticulatory origin for the patterns, conditioned by a biomechanical constraint
of jaw movement on segment articulations. The results did not support this explanation for the patterns
either. Future work will therefore be devoted to following up on several interesting alternative
articulatory explanations for the origin of syllable-related consonant duration patterns.
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