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Abstract

How do the discrete phonological wnits of the lexi-
€00 wap onto continuous-time articulatory gestures and
continuons-timne auditory signals? The distinctive fea-
ture of [voice] in syllabie-coda position in English raises
these questions with a vengeance. For minimal pairs Like
buzz/bus, clumber/clamper, tens/tense, ctc, most mea-
surable time intervals associated with the first syllable of
these words are affected by the value of [voice]. Several
of the rules in the traditional standard phouologies of En-
glish and many so-called *phonetic implementation rules’
serve to account for the vavions large and small tempo-
ral effects associated with the feature, We show that a
very sinple model For tie Buglish voicing contrast can be
proposed that may acconnt for these effects only if this
phunobugiend fentire in phonetically defined s a oelority
perturbetion of a periodic dynamicnd wystem for English
syllables. We summarize some evidence for the gencral-
ization bt localized speaking-rate ehanges characterize
a change in voicing. Then we suggest a general wathe-
matical form for this dynamic effect that requires only a

few parameters. This model implements the voicing fea-
ture aw a perturbing forcing function for an nuderlying
syllable oscillator. b

1 The English Voicing Contrast

This paper explores sonte influences of English phonology on
the temporal microstructure of speech. In English, when the
[voice] value of a consonant or cluster in sylalle-Anal position
is changed, not only is there a difference in the presence of glot-
tal pulsing, but the temporal pattern of the syllable is altered in
complex ways. For example, the linguistically minimal change
from clamber to clumper affects the durations of many of the Neg-
mental parts of the word. The phonolagical feature difference
in this pair also differentiates other Euglish pairs like fuss-fuzz,
rapid-rubid, nch-tunge, ete.' In particular, the goal of this pa-
per is to propose a model to abtain the right kind of offects on
speech timing in speech production. At thé same time, howevor,
we expect that the dyvamic model we propose will also be an
cssential component of a modei for auditory perception of specch
by English-speaking listeners.

1.1 Temporal Microstructure of Voicing

To illustrate the problem, we show in Figure 1 some of the seg-
wental durational effeets of a change in voicing in two syllable
types studied by Fourakis aud Port {5]. The two voicing pairs are
dense-dens and dents-dends (where the last word was described
to subjects as a form of the hypothetical verb *dend rhyming

10f course, [voice] also distinguishes syllabie-initial stops and fricatives
by means different phonetic cues. Qur concern here is ouly with syilable-final
position.

with fend) and were embedded in a carrier sentence read by 4
speakers. The display shows the mean durations (n=24) for each
measurable segment after the initial stop, plotted cumulatively:
the vowel, nasal, stop closure and final fricative. It can be seen
that the voicing change from [~voice] to {+voice| has the effect
of lengthening both the vowel and nasal portions of each syllable
and shortening the stop and fricative parts of the syllable {signif-
icantly, of course).? The hasic results here are well-known in the
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Figure I: Cumulative segment durations for the minimal pairs,
dense-dens and dents-dends. Data are means across 24 pro-
ductions of each word by four (Anglophone) speakers of South
African English [5].

literature [3, 13, 19]. Not only are these effects observed in pro-
duction. but they also play a role in speech perception [21, 14, 17],
indicating that listeners are able to exploit such temporal detail
for making perceptual judginents - at least, they can if they are
native speakers of English (cf. [16, 4, 18]).

The standard way to account for these effects in production is
to propose temporud implementation ruiles (12, 19, 9. These nre
rules that would specify how much to lengthen or shorten each
phonetic segment that appears in cach possible syllable type in
Euglish for each linguistic and pragmatic feature that has.an in-
Huence on seginental duration. Thus, a hypothetical durational

" implementation tule for the [voice] contrast would require a differ-

ent form for each possible syllable type (eg, CVC, CVNC, CVCC,
ete} and then appropriate coefficients for each vowel and conso-
nant that could appear in these segment slots — since so many
segment durations are affected by other segments within the same
syllable. Auct the rules would still presumably have to be stated
in terms that are abstract enough to be applicable across a range

#These data are for speakers of Sonth African English. American English
is the same except that in dense, Americaus tend to epenthesize a short stop
hefore the 5] in dense, making it more similar to (but aot identical with)
dents, See [3].
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of speaking rates. Thus, the first difficulty with this concept of
“temporal implementation rules is that there are a vast number
of syllables. So the number of temporal implementation rules
threatens to approach the number of possible syllables - even
ignoring rate and stress effects. Sccoudly, such mles are merely
specifications or injunctions - to be “abeyed® by some other sys-
tem. They do unot suggest how the actual durations coukd be
achieved Ly the speaker |10, 6. The dynamic model proposed
helow is a model for achievement of appropriately timed speech
gestures. Finally, there are data that show that the voicing ef-
fect is actnally continuous and affects all portions of the pre-
ceding vowel. This provides additional evidence against discrete
sepitent-based temporal implementation rules [23].

1.2 General Form of the Model

The idea we explore in this essay is & means of accounting for
the durationai effects differentiating —[voice]-final from [+voice]-
final syllables in a new way. Working within a dynamical-systems
mndel for the speech production process [11, 2], we suggest that
the temporal effeets of the voicing contrast are due to perturbe-
tion of the rate of mation of an underlying syllabic oscillator. To
implement this, one of the syliable types, the [—ooice] syllahle,
is ehosen as baste® and madeled as asinple hanaonie oscillatos,
Then a pertarbation function having two terms is proposed that
cunses a phase-dependent continnons distortion of the rate of
motion of this osciflator. One term decelerates the rate of artic-
niation of all speecl gestures near mid-phase in the syllable. and
the second accelerates the rate of articulation of any obstrient
(i.e., stop or fricative) segments that ocenr late in the syllable.
The deceleration would result in a lengthening of vowel or reso-
nant segments neat the middie of the syllable and the acceleration
would cause shortening of any final obstruents. This perturba-
tion function is presumably called for by the feature [+voice] in
the syllable coda of lexical entries.

If & mathematical description of such dynamics conld be ob-
tained, it might provide an ecouomical description for all svilable
types ad segmental components that is independent. of speak-
ing rate. Conceivably, the variable effects of the voicing change
on specitie segments in the syllable condd be aceonnted for by
their dynamic dependence on pliase angie and by changes in the
paraeters of the perturbation function,

1.3 Toward a Dynamic Interpretation

The first step toward such a wodel is to clarify what the dara
suggest about the proposed perturbation. Coutinuous mappings
from [—wvoice] to {+voice}, such as might he produced by dynamic
time warping of one onto the other, are hard to fid in the lit-
erature {but see [15] for application of dynamic time-warping for
a similar purpose), although mappings based ou the durations of
aconstically salient segments exist in many forms. In Figure 2,
we have replotted old data [19, 5, T, 24] for several syllable types
nnder different conditions of word length, stress and dialect in
a form that shows the amount of lengthening or shortening re-
quired on ench segment to generate a [+woice] syllable from the
corresponding [~voice] syllable.

It can be seen that there is lengthening of the vocalic and reso-
nant portions of the sylable {implying deceleration) and a short-
cuing of the obstruent portions (implying acceleration). A critical

*We somewhat arbitrarily treat the [—ooice] syllable as basic. and we

maodel its temporal pattern with a simple harmonic oscillator. Thus. the
" longer vowels before voiced cousonants or in syllable-final position are

achieved by our dynamic version of a ‘lengthening rule’. Of course, the
model would be essentially the same if the longer vowei were taken as basic,
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Figure 2: Proportion of lengthening and shortening required to
transform each segment of selected syllables from voiceless to
voiced, Thus, on the y-axis, 1 means no change in duration. The
zaxis shows only the ordinal position of each segment in the
syllable. Data are from [5] dens/dense by South African English
speakers; [19] deeb/deep (Expt. 1); [7] biz/biss (Expt. 1, Phrase
Tuternal); [24] camber/eamper, candor/canter.

property is the position at which lengthening is replaced by short-
enimg, It appears that the deceleration Hnetion Las its greatest
value close to this point. Thus, for example, the nasal in camber-
camper tends to lengthen more than the vowel that precedes it
does.  Other data suggest that even the preceding voice-onset
time (VOT) in syllables with initial aspirated stops is lengthened
a small amount by the effect of [+woice] on the final consonant
cluster {20]. Syllable-initial consonant closures appear to be to-
tally unaffected by syllable-final voicing [19]. Altogether these
results suggest that a schematized continuous rate-perturbation
function for voicing in CVC syilables involves gradually decreas-
ing articulatory rate until the phase angle for a final obstruent
onset approacles, at which point articulation is accelerated.

H the next section, we present a sketeh of a dynamie model
for speech production which will provide a snitable framework
for presentation of our own maodel for syllable-final voicing.

2 Dynamical Model of Speech Pro-
duction

In a scries of papers, Kelso, Saltzman, Browman and others
(11, 22, 1, 2] have put forward a framework that attempts to rec-
onctle the linguistic hypothesis that speech consists of a sequence
of discrete, context-inclependent (phoneme-like) nnits with em-
pirical observation of continuous, context-dependent overlapped
articulatory movements. They propose a madel having several
lhierarchically ordered, dynamic systems. At the highest Ievel,
there are partially ordered speech gestures that correspond very
roughly to phonological autosegmental features and segments in
the lexicon. These can be organized into a ‘gestural score' {2]
for a word or any stretch of speech with rows representing inde-
pendently specifiable articulatory subsystems or ‘tiers’, and the
horizontal axis representing the time dimension in some form.
In variants of the gestural score, time can be (1) the sequential
order of segments, (2} phase angle within a syllable cycle, or (3)
absolute miliscconds, depending on one’s purpose and the data
to be represented.

Each gesture in this score exerts partial control over a set of
tract variables (e.g., lip aperture, lip protrusion and velar low-




/ #ring) which specify articulatory goals. Each goal is modeled as
/a point attractor in 2 low-dimensional space. The trajectories
" toward these goals are then given by damped second-order linear
differential cquatious, incorporating inertial and stiffuess coctfi-
cients. These coordinates are then transformed into the higher
dimensional articulator space, where they specify the position,
velocity and acceleration of the various articulators. Thus the
general sirategy is that higher level coordinative systems spec-
ify goals which are initially expressed in a low dimensional task
space. These goal specifications are then transformed. via 2 one-
to-many mapping, into the much higher dimensional space of the
effectors.

For example, the tract variable goal for the bilabial gesture
in [b] is given in context-independent terms of lip aperture in
the gestural score. The associated confext-dependent artieuia-
tory task variables are the yoked horizontal movements of the
upper and lower lips, jaw angle, and independent vertical mo-
tions of the upper and lower lips. As the actual articulators have
many more degrees of freedom than the more abstract tract vari-
ables, no one-ta-one mapping from tract-variable coordinates to
articulator coordinates exists. Rather. the dynamies are specified
at tract-variable level and are transformed iuto artienlator spaee
with the aid of a snitable one-to-many transformation (since a
tract variable goal can be reached in mauy wavs in artienlator
space}. (Need for this flexibility is demonstrated by experiments
in which an articulator, like the jaw. is pliysically perturbed dur-
ing speech, yet comes to acopt a slightly altered position nonethe-
less satisfying the speaker’s requirements [11].)

Within the context of the model in i2], we might propose that
the gestural score be supplemented with a new tier, the Temnpoml
Perturbation Tier. The [roice] feature of syllable-final consonants
inserts 2 symbo)-like gesture (similar to those represented witl;
Greek letters in {2]) onto this tier, The gesture may be just a
deceleration (where there is no final consonant), or deceleration
followed by acceleration (in the case where final voiced obstruents
occur). These ‘gestures’ are different from fhe other gestnres
proposed since they do not produce distinet articulatory ‘events”,
They only change the local, intrasytlabic rate-of-articulation of all
the other gestures. Still, this seems the simplest way to achieve
the effect we need and yet retain the link to the phonolegical
specification.

2.1 The Syllable as a Harmonic Oscillator

We propose to model the svllable as an abstract. coordinative
timing nunit - specifically, as a harmonic oseillator: p" 4% = 0.
This oscillator shonld he viewed. for the moment. as a clock
with unspecified angular rate whose phase angles can be nsed
to specify critical time-points for the gestures associated with
specific segments in the syllable. As this homogeneous svstem
is antonomous, or time inclependent., the dynamics of the speeeh
control system as a whole then depend on a single parameter
of speaking rate, without recourse to any absolute-time clocking
mechanism. This corresponds to our intuition that we may con-
tinuously vary our rate of speech, hut, over a certain range of
speaking rates, all further coordination takes care of itself.

By regarding coarticulatory phenomena as arising from inter-
gestural competition for controf of the articulators, the present
model predicts that most coarticulation will be found within the
domain of a single syllable. It also offers an answer to the ques-
tion of why the syllable, which is required as an explanatory
construct by so many phonolagical processes, does not have a
clearly identifizble realization in the acoustic signal. If. as pro-
posed, the syllable is a higher-level coordinative timing structure
that is removed from actnal artienlator motion by a number of
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one-to-many coordinate transformations, the original titing in-
formation (phase angle) may only he present in very indirect
form, as temporal patterning across the more directly observable
segnients.

2.2 Perturbation Model for [ Voice]

We have so far only considered the underlying homogeneous sys-
tem p” + w?p = 0 which describes the abstract velocity profile
and serves as a time scale for all the gestural tiers of the sylla-
bie. If we now perturh this system by the addition of a forcing
function. f(#), dependent upon phase angle, we can continuonsly
alter the velocity of the gestures (cf. [8]). Taking the [—voice]
alternate as basic and [+roice] to be perturhed, we select a per-
turbation function that provides the abserved deeclegation dur-
ing those segments of the syllable nuclens which are lengthened,
and acceleration in the shortened final olstruents. We therefore
propose this preliminary and rather general version of a forcing
funetion for the oseillator: p” + w2p = —ae-HO~4F 4 o-dif~y)]
where & and v arc the peak locations (as phase angles) near the
melens and coda respeetively, @ and ¢ are amplitndoe terms speri-
fying the pertarbation minime artd maxingn acceloration, and
b anel o control the rate of onset of the perturbation.

A fetion snch as this will provide the observed offects of
segment lengthening and shortening by eontinuonsly varving the
rate of motion of the syllable. Figure 3 shows the acceleration
function for both the simple oscillator (dark line} and the oscilla-
tor perturbed by the hypotletical decelerate-accelerate function

Phase angle

Figure 3: A plot of acceleration for a simple homogeneons osciila-
tor (biack curve} together with the perturbed oscillator (dashed)
and the perenrbation function itself (dotted). The eqnation
in the text computed these Curves using the parameter valnes:
t=15.0=5.¢c=9,d=1.06= 4, 9=152,
required to transforin, say, dense nto dens {dashed lhne). It was
computed using the equation abave with plausible values for the
relevant parameters. The dotted Jine shows the combined per-
turbation function itself for these cnrves, illustrating gracual de-
celeration throngh the mid regior and then acceleration through
the syllable-final obstruent. This figure shows that there need
be no underlying assumption of discrete segments. Instead, it is
assumed that all the simuitancous gestures of speech production
will be lengthened or shortened in a certain way depending on
their relative position with respect to the perturbation function.
It will be noted that this function is quite general. It has sep-
arate parameters that specify hotl the phase angle and degree of
rate change for each of the two perturhations independently. Tlhe

.deceleration and acceleration gestures are simply superimposed

on each other and on the underlying syllable acceleration. Thus,
for syllables with no coda obstments, like il or Sam, only the
deceleration term applies, with a final [~voiee] obstrnent {e.g.,
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/it) or obstruent cluster (e.g., stamps), both deceleration and ac-
écleration torms exist. In some cases, it has been ohserved that
" the total syllable duration is unaffected by the change in voic-
ing {e.g., in dibber-dipper and deeber-deeper) giving rise to the
hypothesis that speakers are manipulating the ratie of the vowel
to the final consonant in these eascs (19], but in other eases the
total syllable duration is considerably longer in the [+roice] ease
{as they do not in Figure 1 above). This is evidence that velocity
perturbation provides a better model, sinee the amount of decel-
eration need not equal the amount of acecleration {as oconrs in
both Figures I and 3). Clearly, more data is required to allow
better specification of the perturbation function.

3 Conclusions

Under a segmental analysis, the influcnce of the feature frofce]
in syllable-final obstruents appears inordinately compiex. and ro
quires the postulation of a lnge array of segment-hased phonetic
implementation rules, Plus an additional, thusfar unspecified,
mechanism for actual segmental duration contrel. Qur model],
however, accounts for all these effects by the perturbation of the
velocity of an ahstract syilable escillator which in turn controls
the dynamics of articulator motion. Even though the data which
provided the initial evidence for sich a rate-perturbation fune-
tion were based on segmental measurements, the assumption of
segmentation is incompatible witl; the model. Insteaxl, we re-
quire only some way to specify temporal location in terms of
syllabie phase angle and the ability to impose a very local. in-
trasyilabic perturbation on the rate of instantaneous articulation
to accounnt for the effects of voicing on syllables with final ob-
struents or withont them. This seems to be the first model for a
linguistic segmental feature that demands description in dvnamic
terms. Thus, this model provides a bridge hetween phonolog-
ical segments and their phonetic implementation in time, and,
at the same time, demonstrates that not ever’ phonology can be
described independently of the tdynamic mechanisms of speech
articulation.
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