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This volume of PER ILUS presents brief summaries of the papers
presented at Current Phonetic Research Paradigms: Implications for
Speech Motor Control, a symposium organized at Stockholm Uni ve rsi ty
during August 1 3-16, 1991.
In taking this initiative we believe that we responded to a current, rather
widely felt need for bringing together proponents of a number of different
theoretical viewpoints and for facilitating cross-paradigm interaction. The
International Congress of Phonetic Sciences which took place
immediately after the Stockholm event, appeared to provide ample
evidence for that need. It brought it very much to the fore, perhaps more
than ever before. It showed clearly that our discipline is right now

characterized by a great deal of diversity.

Do phoneticians share a sense of common direction despite the current
breadth of their subject matter? Will a common research agenda
naturally grow out of th e va rie ga ted spectrum of topics and theoretical
perspectives now presented to us? Are the practical applications of
phonetics and its theoretical development best served by leaving it alone
as it goes through its unsupervised process of "mosaic evolution"?
Should the driving force be whatever research happens to promote its
short-term academic survival and prosperity? Or does progress in
phonetics presuppose interfering with that process, raising to one's
awareness and acknowledging that the unification of the field is an
absolute prerequisite for reaching both theoretical and applied goals?
Debating such questions is essential to the future role of phonetics, not
only in Sweden but also internationally. They are big, hard, but important
questions that must be addressed by all concerned whenever there is a
chance to meet.
We are grateful to our sponosr, The Swedish Council for Research in the
Social Sciences, SFR, for providing us with the opportunity to do so
during the Stockholm symposium.
We also thank all participants for all their contributions to the meeting and to the long-term cross-paradigm agenda of phonetics.

Olle Engstrand

Bjorn Lindblom
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Does increasing representational complexity
lead to more speech variability?
On explaining some French data by current models of
anticipatory rounding
Christian ABRYand Tahar LALLOUACHE
/nstitut de /a Communication Parlee, Grenoble-Stendhal (France)

Introduction
On testing competing models of anticipatory rounding - the so-called look-ahead
(LA), time-locked (T L), and two-stage or hybrid (H) models, following the
procedure set up by Perkell (1990)
with French data (Abry and Lallouache,
199 1), we had the opportunity to observe a lot of variational behavior, for the
same speaker, between and within two sessions (dec. 1989 and june 1990). This
discards all three models as candidates to account for anticipatory rounding in
general and the possibility to invoke linguistic and biological variables (Lubker and
Gay, 1982) to account for variability. Experimental variables are thus to be
suspected.
At a first guess, within speaker variability between sessions, and within session
variability for the same speaker, could point out that:
(i) Variability would depend on the complexity of the encoded string, i.e. the
number of consonants and junctures, currently used in this kind of experiment.
(ii) Poorly audible protrusion movements (Benguerel and Adelman, 1976)
through up to five consonants [kstsk] complexes would be "free" to vary, provided
they reach their audible goal, in our case the vowel [y].
(iii) Slow movements, occuring in the realization of such heavy syllables,
would be more variable than fast ones; more specifically, they would allow
underlying vocalic (and supposedly consonantal) protrusion "gestures" to emerge
more clearly (Boyce et al., 1990), leading to bumpy movement profiles.
Note that all three factors could perhaps explain an even stronger variability
than the one observed. This makes the variability phenomenon overdetermined and
its hypothesized origins difficultly testable when it is observed in such complex
strings, because poor audibility (of the possible consonants) and sluggishness are
usually concomitant with this increase in complexity.
However, a trend to proportional stability observed in one session, where the
eliciting technique allowed to improve prosodic pausing control, indicated that, in
the pronunciation of such complex clusters, prosodic mastery can counteract
effectively the variability induced by representational (syllabic and metric)
complexity, ultimately preventing poorly audible movements - in spite of their
increased sluggishness - to become bumpy. The first two factors (i) & (ii) being
present, and the longest realizations of consonantal strings (iii) belonging precisely
to this session, we will challenge the claim that the coproduction framework
(overlap of "gestures") could explain the divergences in anticipatory behavior with
1

-
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the basic assumption that "the addition of 'neutral' segments ['protruded' is meant]
and an decrease in speaking rate both favor the occurence of multi-stage patterns
and allow individual gestures to emerge as distinct entities" (ibid., p. 186).
Paradigm and results
In French (non Southern), the number of consonants admitted within [-round] to
[+round] transitions, like [i. . .y], can be up to 6 (e.g.: C' etait pourtant un directeur
d'societe miUmupuleux), depending on the possibility of schwa deletion (thus,
the famous French sinistre structure of Benguerel and Cowan, 1974, appeared to
be unpronounceable without schwa, even by Northern speakers). We chose to
manipulate the number of consonants and the position of the juncture, starting from
a «mirror» sequence [ . . .ikstsky. . . ] in Ces deux Sixte sculpterent ("These two Sixte
[popes] sculptured"), thus obtaining [kstsk], [kssk], [ksk], [kk], [k] and none [-],
with [kst;i:sk], [ks;i:sk], [k;i:sk], [ks;i:k], [k;i:k], [;i:k], [k;i:], [k], [;i:], [-], as French
regular sequences.
Our attention being focussed, in this discussion, on the possible falsification of
the hypothesis that any lengthening effect on the obstruence interval - such as
number of consonants, stress and slow rate - would lead to more complex patterns
of protrusion movements (Boyce et al., 1990), we will examine only the most
"heavy" case [ikstsky]. Following Perkell's procedure, kinematic events were
detected manually on instantaneous velocity and acceleration functions of the upper
lip protrusion, derived from cubic spline functions fitted to raw measurements on
each 20 ms video field of our recordings (for more details see Lallouache, 199 1).
An obstruence interval was determined on the synchronized audio signal (sampled
at 16KHz) by detecting [i] offset and [y] onset, corresponding respectively to the
disappearance and appearance of a clear vocalic formant structure. Among
parameters other than upper lip protrusion, image processing enabled us to measure
between-lips area from front views. Additional cepstral formant tracking and
measurements were checked when needed.
We examined in more details patterns of events referred to [y] acoustic onset and
[i] offset in Abry and Lallouache (199 1). During the 2nd session, all three
movement profiles - characterized by Perkell (1990) - were observed: (i) a unique
ramp, i.e. a one-phase gesture; (ii) no (or a weak) movement phase, followed by a
rather steep start of protrusion, i.e. a two-phase protrusion ; (iii) an initial ramp-like
phase, followed by a steeper phase, i.e. two phases again. In contrast to this large
variety of profiles, the 1st session displayed almost exclusively movements of the
type (ii).
So we must agree with Perkell ( 1990, p. 280) in rejecting all three "strong
versions" of LA, TL and H models. The protrusion «beginning» (conventionally:
minimum value) was not locked at the offset of the unrounded first vowel (LA),
nor fixed relative to the onset of the rounded second one (TL; its peak acceleration
neither, thus rejecting H). The only consistent fact through both sessions was that
peak protrusion was locked about the onset of [y]: this means simply that no
plateau-like and/or spatially overshooted anticipations were observed.
So our data exemplify all the three main types of profiles, but they violate all
three models with respect to their predicted dates.
2
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A tentative explanation
3
Such negative results have puzzled students in coarticulation for years. And for our
part, we were about to give up and to come to a conclusion about variability per se,
when we suddenly remembered ( post hoc!) that we had used innocently two
different eliciting techniques to make produce such complex consonant chains as
[ kstsk . ]. In the 2nd session, instruction was to repeat the sentence, prompted
with a long pause: «Ces deux Sixte . . . sculpterent», as a whole; whereas in the 1st
one the subject had to repeat, when prompted, the noun phrase: «Ces deux Sixte»,
linking up with: «Ces deux Sixte sculpterent». This possibility to «prime» the
action could be compared with a trial approach before jumping the hurdle, allowing
to size it up. In our case the effect was a better movement «chunking»
(corresponding to prosodic parsing) in this 1st performance, which is visible
looking at converging cues, such as overall longer obstruence intervals and less
elisions of the closure phase for [t] (see Abry and Lallouache, 199 1, for an
illustration).
Testing the proportionality (for this procedure, cf. Gentner, 1987) for the
different kinematic events, it was found that, within the obstruence interval, peak
. . .

. .
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velocity (see Fig. 1) was relatively stable in the 1st session (53% � protrusion lag
ratio � 67%), whereas it drifted towards [y] onset in the 2nd one, as obstruence
duration increased (from 30% to 96% lag ratio).
An interpretation of the proportional behavior in the 1st session could be that
more pausing lengthens rounding anticipation (see Cathiard et al., for evidence in
silent pauses, for French and for the same speaker), hence increasing both phases:
the first one that corresponds to a rather clear realization of [kstt:] (without a full
silent pause, of course), with no, slow or just starting protrusion; and the second to
the deceleration phase towards peak protrusion.
In the 2nd session, due to the eliciting technique, pausing was not as easily
controlled, which led to unsteadily junctured products. But we have no suggestion
to explain the fact that this instability caused the maximum velocity event to draw
nearer to [y] onset as obstruence interval increased (Fig. 1).
Provisional conclusions
Since it has been recently reemphasized by supporters of the coproduction model and this specifically in order to explain conflicting findings about anticipatory
rounding-, that any lengthening effect on the obstruence interval (such as number
of consonants, stress and slow rate) would lead to more complex patterns of
protrusion movement, allowing «individual gestures [vocalic and consonantal
protrusions] to emerge as distinct entities» (Boyce et al., 1990), one noteworthy
finding was that the greatest stability in movement profiles was obtained in the 1st
session, which brought about the longest and more carefully pronounced tokens.
This shows that rate is not the only factor capable of smoothing articulatory
trajectories, as it increases. In the case of a so complex clustering task - hence
bumpy in nature in its execution, and this not necessarily because it would prevent
an aggregation of idiosyncratic gestures -, an improvement in prosodic pausing
control can counteract effectively the variability induced by representational
complexity, ultimately preventing movements to become bumpy, in spite of their
poor audibility and/or increased sluggishness.
Since we proposed that the whole family of upper lip protrusion profiles, we
observed in both sessions, could be accounted for by the binding - under prosodic
control - of two active vocalic gestures (active retraction for [i] and active
protrusion for [yD, with no influence of an active upper lip protrusion for [s], [t]
consonants, at least in French (contrary to the suggestion of Boyce et aI., 1990, for
English; their arguments rest mainly on the lower lip behavior - in spite of its clear
coupling with the jaw for such coronal consonants -, and seems to us obviously
immaterial as regards the upper lip, see their Fig. 6), E. Saltzman asked us about
the similarity of this assumption with the coproduction one. Our answer is clearly
that the prosodic control in the binding of the two underlying vocalic gestures provided their acoustic constraints are sufficiently satisfied - determines the extent
of the anticipation and not a look-ahead programming process, nor a time-locked
<?,ne. So we basically agree with the very general assumption (made popular by
Ohman) that vocalic gestures are carrier gestures; but disagree on the specific
interpretation of consonantal "perturbations" on anticipatory rounding; and on the
fact that lengthening factors (number of segments, stress, rate) could explain per
4
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se the presence/absence of perturbations, hence one- v s. two-stage data.
The actual problem which is left unsolved by our present view is how gestures
are bound through junctures, i. e. essentially between words? Some answers are
certainly to be taken from an approach like the one adopted by Fujimura et al.

( 199 1), which - among other concepts - explicitly uses boundary pulses in order to
take account of prosodic effects on articulatory gestures and copes with the chunks
of motor programming in utterance phrasing.
Thanks to Bj6m Lindblom and Olle Engstrand, who invited us to this seminar, and to Bob
McAllister, David Ostry, Joe Perkell and Elliot Saltzman for their comments. On some
controversial points regarding anticipation, this text is a stiffened version of Abry and Lallouache
(1991), which benefited from subsequent discussions in order to be improved (except our English,
every new mistake being our own). This work was done at CNRS URA 368.
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SOME CROSS LANGUAGE ASPECTS OF
CO-ARTICULATION
Robert MeA/lister and Olle Engstrand
Institute of Linguistics Stockholm, Sweden

ABSTRACT

The work reported in this paper concerns som temporal aspects of vowel
dynamics in English, French and Swedish. The language specific auditory
effects of dynamic complexity and direction of tongue movement are starting
points for a study of VCV sequences in these three languages using dynamic
electropalatography. Tongue movement is compared between the three lan
guages. Results support the assumtion that differences in auditory impressions
of vowels in Swedish and English are dependent on differences in the timing
of similar articulatory events whereas French seems to employ quite different
articulatory strategies.
1. Introduction

This paper is a brief progress report on research activities in connection with
the ACCOR project (Articulatory-Acoustic Correlations in Coarticulatory
Processes: A Cross-Language Investigation) which is part of ESPRIT's Basic
Research Action program. The work being reported on here is focused on
articulatory dynamics in VCV utterances and, in particular, vowel dynamics in
these sequences. In many dialects of English, high vowels such as Ii! and lui are
heard to glide from a somewhat centralized towards a more cardinal vowel
quality. The corresponding Central Swedish vowels tend to display a more
complex dynamic behavior with a final offglide from cardinal to centralized. In
French, on the other hand, these vowel colors sound essentially constant. These
language specific, auditory effects are quite characteristic. From a cross-lin
guistic point of view, these dynamic patterns tend to typify a phonetic typology
based on two continuous dimensions: 1) dynamic complexity (monophthongal,
diphthongal,triphtongal, ... ), and 2) direction of movement (offgliding, onglid
ing). Among the languages mentioned above, French would approximate the
dynamically less complex type, whereas English and Swedish would approxi
mate the dynamically more complex type; and English would approximate the
ongliding type, whereas Swedish would approximate the offgliding type.

From a motor control point of view, it is of some interest to explore the
articulatory means employed to bring about these effects. It might be assumed,
in particular, that differences in perceived vowel dynamics between some
languages (perhaps English and Swedish) are brought about essentially by
means of different relative timing of onsets and offsets of parallel activity in the
articulatory and phonatory subsystems, whereas the activity pattern in each
particular subsystem varies less between the languages; other languages (per
haps French) might employ a different articulatory scheme altogether. In this
paper, we present some preliminary electropalatographic (EPG) data relevant
to this question.

2. METHODS

We used the EPG system available at Reading to record a set of vowel-con
sonant-vowel (VCV) utterances, forming all possible combinations of V /i,a/
and C /p,b/, spoken by an Australian English, a French, and a Swedish
speaker. The English and Swedish vowels belonged to the set of tense vowels;
the French vowel inventory has no tense vs. lax distinction. Randomly ordered
lists of these combinations were read several times by each speaker.
=

=

3. RESULTS

We will limit this report to some results on the sequence /ipi/ as produced by
the three speakers. Figure 1 shows number of activated electrodes (out of a
total of 62) at various points in time for English and Swedish; from left to right:
a) acoustic onset of Vl, b) maximum number of activated electrodes during
Vl, c) acoustic offset of Vl, d) minimum number of activated electrodes (for
English
acoustic /p/ release, e) (only Swedish) acoustic /p/ release, f)
maximum number of activated electrodes during V2, g) acoustic offset of V2.
For French, where no clear maxima or minima could be discerned, the triangles
correspond to a) acoustic onset of Vl, b) acoustic offset of Vl, c) acoustic /p/
release, d) acoustic offset of V2. Acoustic segments corresponding to /i/l, /p/
and /i/2 are indicated at the bottom of the figure for each subject. The data
represent averages of 5 repetitions of the test utterance. The Swedish data are
shown by filled squares, the English data by filled circles, and the French data
by triangles. These symbols are connected by straight lines. The data are aligned
to the point in time where there is a minimum number of active electrodes for
all three subjects. This point also corresponds to the /p/ release for the
Australian English and the French subject. When the data are synchronized in
this way, the similarity between the overall English and Swedish contours, and
=

the difference between these and the French contour, are evident. In particular,
the English and Swedish data both display a deep "trough" in the electrode
activation pattern, corresponding to a relaxation of the tongue position roughly
coinciding with the consonant; the tendency to such a trough in the French
pattern is to weak to be statistically significant.
There is, however, a clear difference between the English and the Swedish
contours. In the Swedish contour, most of the vowel offglides fall within the
vocalic segments, whereas they mostly fall outside the vocalic segments in the
English contour. In other words, the troughs in the respective EPG pattern are
differently timed relative to the acoustic segment boundaries; the minimum
number of activated electrodes occurs at the middle of the consonant segment
in the Swedish subject, and at the CN2 boundary in the Australian-English
subject. These differences are thus due to a different relative timing between
the tongue articulation underlying the EPG activation patterns and the parallel
labial and glottal activities.

-

.....

.-

�------4---4---'r-----�ISwedish
Eng�ish
French

Figure 1. Number of activated EPG electrodes at different points in time during the production
of the utterence lipV by an Australian English (circles). a Swedish (squares) and a French
speaker (triangles). Below: segment boundaries between the vocalic portion of 1V1. and /V2.

4. DISCUSSION

In summary, this limited data set supports the assumption that the difference
in perceived vowel dynamics between English and Swedish can be primarily
brought about by means of different relative timing of onsets and offsets of
activity in the articulatory and phonatory subsystems, whereas French seems
to employ a quite different articulatory scheme. In French, the auditory im
pression of a constant, non-dynamic vowel quality seems to correspond to a
constant articulatory position throughout the /ipi/ sequence. This also shows
that the presence of a trough in a VCV sequence is language specific rather
than universal (Perkell, 1986), and that its timing relative to acoustic boundar
ies is related to characteristic dynamic properties of vowels in the respective
languages. A further factor possibly contributing to the presence of troughs in
vowel-symmetrical utterances in English and Swedish is related to conditions
on aspiration as discussed in McAllister (1978) and Engstrand (1988, 1989). In
particular, the aerodynamic requirements on the production of the stressed,
aspirated /p/ release would include a relatively wide vocal tract (cf. Stevens,
1971), a condition met when the high vowel position is temporarily relaxed. In
French, where voiceless stops are not aspirated, or considerably less aspirated,
this adjustment would not be necessary.
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COARTICULATION
AND REDUCTION
IN CORONAL
COMPARING ISOLATED WORDS AND CONTINUOUS SPEECH

CONSONANTS:

Edda Fametani, Centro di Fonetica del CNR, Padova, Italy
Abstract

The problems of invariance and of speakers' control strategies are dealt with in the present study by examining
the patterns of variability in the articulation of intervocalic coronal consonants produced in different vowel
contexts and in different utterance types (isolated words vs words in continuous speeCh).
The patterns of coarticulatory variation in coronal consonants, when compared with the tongue behaviour during
the production of a bilabial consonant, indicate that the tongue body is always simultaneously active for both
coronal consonant (though to different degrees according to consonant type) and adjacent vowel, confirming
that lingual coarticulation is the result of a different degree of interaction between underlying invariant vocalic
and consonantal gestures rather than a planned behaviour.
For two of the subjects, the shorter durations of consonants produced in continuous speech, the concomitant
increase in tongue body coarticulation and the extension of vowel effects to more anterior tongue regions can
be accounted for by assuming invariance in the underlying commands and an increase in temporal overlap
between commands (Lindblom's 1963). Some of the consonant variations, however, (such as undershoot of
targets for alveolar stops occurring independently of context), suggest that a reduction in the amplitude of the
consonantal gesture itself undelies the reduced contact at place of articulation (Browman and Goldstein, 1987).
For the third subject, the consonants produced in connected speech, especially stop consonants, were no more
reduced than those in isolated words in spite of their shorter durations, and their configurations indicate that the
subject overarticulated such consonants. Thus, variations in the temporal overlap of invariant underlying
gestures can account for a great part, but not for all the spatial variations occurring in the production of
consonants in continuous speech. A second factor, an increase or a decrease of input force (or in the magnitude)
of the consonant gesture, plays a role which interacts in various ways with timing, inducing reductions in some
cases and overarticulations in others. This factor seems to be more dependent than timing on the individual
style of speaking, and this in turn gives us a hint of the speakers' intents: one subject, by carefully avoiding
undershoot in faster speech, seems to aim at articulatory/acoustic target invariance, while the others seem to
aim at maintaining sufficient acoustic/perceptual contrast among the various consonants.
1. Introduction

Vowel-to-consonant coarticulation in coronal consonants has been studied extensively in
fixed prosodic frames (see Fametani, 1990 for a review). The data indicate that during the
production of the consonant, the tongue tip/blade (the consonant main articulator) is only
partially independent of the tongue body (the vowel main articulator), although the degree of
coupling between the two portions of the tongue varies across consonants. However we still
lack an overall picture of the behaviour of different classes of coronal consonants (stops,
fricatives, laterals) and a precise account of the spatiotemporal regions of maximum and
minimum interaction between V and C gestures for the different consonant types.
Much less is known about variations in the consonant configurations and in the amount of
coarticulation occurring as a function of factors affecting consonant duration, such as
prosodic and stylistic variables or speech rate, and on the control strategies underlying such
changes.
Lindblom's "duration dependent undershoot model" is the first model relating temporal and
spatial variations in vowels. Timing, i.e. the
temporal interval between successive
commands, is viewed as the primary factor responsible for variation in duration and formant
structure. When subsequent commands are issued at very short temporal intervals, as
commonly occurs in running speech, the articulators do not have enough time to complete a
given response and the system may have to respond to more than one signal simultaneously:
this automatically brings about vowel REDUCTION, which is thus viewed as target
undershoot due to interaction with the adjacent context, rather than a tendency to
centralization. (Lindblom, 1963). In the modified model of 1983, Lindblom proposes that
reduction can be avoided by increasing the amplitude of input force, so that shorter durations
can be achieved with no target undershoot and no increase in coarticulation. Lindblom
generalizes these diverse speech possibilities in the well known Hyper-Hypospeech model.
The two control mechanisms proposed by Lindblom are compatible with those proposed
within articulatory phonology, where differences due to speech rate or differences between
canonical forms and fluent speech are accounted for by variations in temporal overlap
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between underlying invariant gestures: an increase in temporal overlap results in a decrease in
duration of a movement, in an increase in contextual effects, and in a decrease in movement
displacement (Saltzman and Munhall, 1989). Browman and Goldstein (1987) propose that
besides variations in temporal overlap, changes in the magnitude of the gestures may be at
the basis of the process of consonant "weakening" in fast or casual speech, manifested, for
instance, as incomplete closures in stop consonants.
This experiment addresses the issues of invariance and of the speaker's control strategies by
comparing the articulation of intervocalic /t,d, z,S,l/ in different vowel contexts (la/ vs. Ii! in
symmetric VCV sequences) and different utterance types, isolated bisyllabic words vs. the
same words produced in continuous speech. This consists of fluent reading of complex,
meaningful sentences where the key words occupy pre-final phrase position. In this position,
as shown in previous acoustic studies, syllables undergo relevant durational compressions
with respect to isolated or phrase/sentence-final words (Farnetani 1989).
According to the models outlined above, we can expect that the durational compressions
occurring within sentences can be achieved by more than one articulatory manoeuvre: by an
increase in intergestural timing only, or by changes in timing and in the underlying gestures
themselves. An increase in temporal overlap only should result in an increase in tongue body
COARTICULATION and in a different range of variations at place of articulation, depending
on the constraints between tip/blade and body; changes in timing compensated for by an
increase in input force should result in no spatial variations; a decrease in amplitude (or
strength) of the consonant gesture should result in a decrease in the amount of contact at place
of articulation, independently of the context, i.e. to consonant REDUCfION proper. The
hypothesis of consonant reduction was tested by comparing tongue front with tongue back
activity in order to see if changes in the former could or could not be ascribed to the latter.
2. Method
The speech material is part of the ESPRIT/ACCOR data base and has been recorded by means of the Reading
multichannel system; the analysis was carried out on the acoustic and the EPG signals. The intervocalic bilabial
/p/ was included in the corpus for comparison. Three Italian subjects (EF, GB,CA) repeated the speech material
at least five times. The VCV sequences were analysed at various
points in time. Of interest here are the
following: VI and V2, taken from the acoustic waveform at the midpoint of the first and of the second vowel
respectively; Tl and T2, set at the EPG frames in correspondence with the last pulse of the first vowel and the
first pulse of the second vowel showing a presence of spectral structure; point M (maximum constriction), set
within the consonant at the EPG frame showing maximum EPG activity in the front region of the artificial
palate (Le. in the area covered by the front 4 rows). For /p/ point M was set at the midpoint of the Tl-T2 interval.
The Tl-T2 temporal interval was taken as a measure of consonant duration. The articulation of each consonant
over time was characterized as the EPG contact path from VI to V2 in different zones of the palate along the
longitudinal axis. (see example in Fig.2).
The V-to-C coarticulatory effects were measured paradigmatically at point M by comparing for each
consonant the percent contact in the two vowel contexts in the back and in the front region (Le. in the back and
in the front 4 rows of the artificial palate); the difference is referred to as COARTICULATION INDEX (CI) (see
Fametani et ai., 1989 for a similar procedure). In comparing isolated words and continuous speech, the CI taken
at point M quantifies whithout ambiguity the changes in V-to-C effects. However, ithis measure might be
insufficient for testing the hypothesis of a change in gestural overlap in the two utterance types, since such
change is expected to affect both the consonant and the vowel. The hypotesis of a change in vowel-consonant
interaction was tested by means of regression analysis with VI (V2) as predictors, and points M, Tl (T2) as
dependent variables, for both the front and the back regions. The degree of coarticulation was expressed by the
COARTICULATION FUNCTION (CF) (the value of the slope of the regression line). This procedure is
analogous to the locus equation (Krull, 1987, 1989), but while in the acoustic analysis the characterization of the
consonant has to be inferred from the "locus", a transitional point (corresponding in the present data to point T)
the articulatory analysis allows a more complete account of vowel to consonant effects since the articulation of
the consonant is all observable from VI to V2, and the distinction between areas of contact allows much more
direct inferences on the invariant and the variable properties of the consonant.
Sets of ANOVAs were carried out for Front and Back activation on the points M, VI,V2,and on the temporal
interval TI-T2, with Vowel, Consonant and Utterance type as independent variables; t-tests were used for
comparing the slope values across consonants and utterance types (Significance level: 95%).

3. Results and Comments
In this short version of the paper

we shall focus on the global results and on their relevance to

the theme of the conference.
3.1 V -to-C Coarticulation and consonant type (isolated words)

Figure 1 shows the CI values for Back activation at point M of the consonants.

Coarticulation index in isolated words
1(,EPG
60 ,------.
55
",
,
50
45
40
35
30
25
20
15
10
5
O+-.-,--.-,-,-.--,-���
d

p

z

13

�
EF

....... GB

--10--

CA

s

consonant

Figure 1. Coarticulation index for tongue body contact
spite of individual differences, the general trend is very clear: coarticulatory variability in
coronal consonants decreases from laterals to stops to fricatives. The palatoalveolar lSI is the
most resistant to coarticulation whilst /l/ undergoes the strongest effects. However, not even
in /l/ or Idl is the tongue body completely free to coarticulate : this is inferred from the
comparison between each consonant and fp/. The CI is always higher for Ipl than for any
other consonant. The analysis of front EPG activation indicates that for GB and EF the
amount of tongue tip/blade contact does not change significantly as a function of vowel, while
it tends to be higher in the context of Iii than in the context of lal for /l/ and lSI produced by
the third subject.
A detailed analysis along the front/back dimension indicates that rows 6 and 7 correspond to
the tongue region where the vowel control is the highest. An example of the evolution of
contact in time from point Vi to V2 in rows 6-7 appears in Figure 2. The figure shows that,
whilst the deviations from the path Iii to Iii (Le. the troughs) are minimal, those from the path
lal to lal (i.e. the peaks) are crucial for differentiating the consonant specific articulatory and
coarticulatory behaviour, tongue body elevationlfronting increasing from Ipl and /l/ to Idl and
Izl to ItI to lSI. These patterns indicate how much the tongue body resists to vowel effects, i.e.

In

has to move for allowing the tongue tip/blade to achieve the required constriction: a minimum

displacement is required from the quite compatible Iii configuration, while a displacement of
different magnitude for different consonants is required in the context of la/. Outside this area,
the consonant control on tongue body increases and coarticulation decreases in proportion
from back to front, and for GB and EF the vowel effects are practically negligible on rows 1,
2 and 3. Globally the data suggest that in the production of a coronal consonant the coupling
between tongue tip and body usually prevents or limits tongue body co articulation, but
sometimes the coupling can make the tongue tip/blade adapt to the vowel-like tongue body
position. Thus, an analysis of factors that may change vowel-consonant coarticulation is also
an analysis of how tongue tip-body contraints may change.
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Figure 2. Evolution of EPG activation from midpoint of Vi to midpoint of V2 in rows 6-7 of
the artificial palate.
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3.2 Consonant duration and utterance type

Analysis of variance on the T1-T2 interval indicates that the test consonants are significantly
shorter in connected speech than in isolated words for all subjects. The mean durations are,
for EF 178.25 vs 93.58 ms, for GB 154.05 vs 106.25 ms, for CA 134.48 vs 90.30 ms. The
durations of the VCV sequences in the two utterance contexts are shown in Figure 3.
VCV
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Figure 3. Average durations of the VCV sequences produced in isolated words (Is) and in
continuous speech (Cn).

3.3 Coarticulation and utterance type
As said above, while the coarticulation

indices assess the degree of V-to-C effects, the
coarticulation functions provide a more complete picture of the interaction between vowel and
consonant, since they reflect how changes in the one are related to changes in the other. In
this paper the results will be restricted to the V1/M relationship (midpoint of the first vowel
vs. point of maximum constriction for the consonant). Figure 4 shows the regression lines of
EPG activation at the point M (y-axis) plotted against the EPG activation in the back area at
point V1 (x-axis). The slopes represent the coarticulation functions (CF) in isolated words
(thick and dashed lines for back and front activation respectively) and in continuous speech
(thin and dotted lines for back and front activation respectively). Significantly higher slopes
in continuous speech than in isolated words indicate an increased gestural overlap;
significantly different intercepts and no changes in the slopes indicate a change in the
amount of lingual contact independent of context.
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Figure 4. Coarticulation functions for front and back tongue-to-palate contact in isolated
words and in continuous speech, with EPG activation during the consonant (y-axis) plotted
against EPG activation at midpoint of V1 (x-axis). Continuous thick lines = Back contact,
isolation; continuous thin lines = Back contact, connected; dashed lines = Front contact,
isolation; dotted lines= Front contact, connected.
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For two of the subjects, EF and GB, the hypothesis that the durational shortenings occurring
in continuous speech are due to an increase in overlap of tongue body gestures is largely
confirmed. The slopes for tongue body contact have in fact significantly higher values in
continuous speech than in isolated words for both subjects. The slopes for tip/blade contact
suggest, quite interestingly, that changes in tongue body coarticulation do not (and probably
cannot) occur without changes in tongueltip contact. For GB the front slopes are not
significantly different from 0 in both utterance types, but the intercepts are significantly
higher in isolated words than in continuous speech, and this suggests, on one hand, that the
vocalic context does not affect the tip/blade contact, on the other, that in continuous speech
the tip/blade gesture has a smaller amplitude (or force) than in isolated words. For EF the
front slopes differ significantly in the two utterance types, in isolated words the slope is not
significantly different from 0, while it is in continuous speech, suggesting that in shorter
consonants the vowel effects have extended to place of articulation. The picture is quite
different for CA: the CFs indicate that the vowel-consonant interaction does not change in
the two utterance types.
Separate analyses of coarticulation indices and coarticulation functions for each consonant
confirm the interpretation oulined above for GB and EF, while they indicate that subject CA
has adopted quite different articulation strategies in the two utterance type for different
consonants.
For GB and EF tongue body coarticulation tends to increase in connected speech for all
consonant. Undershoot of front closure occurring independently of context is confirmed, for
GB, for /II ItI and Id/. Such undershoot cannot be an automatic consequence of coarticulation
and has to be interpreted as a weakening of the consonantal tongue tip/blade gesture. The
extension of V-to-C effects to place of articulation for EF is confirmed for all consonants,
moreover the front configuration for Idl, with a greatly reduced contact in both contexts
suggests a decreased ammplitude of the tongue tip gesture also in this subject. For CA we
can still claim that the main strategy for shortening vowels and consonants is an increase in
gestural overlap: the /II and Izl functions are very similar to those of the other subjects.
However, for lSI coarticulation does not increase and in stop consonants it tends to decrease.
The EPG configuration of these consonants shows that in embedded words the global tongue
contact tends to increase and that the front contact increases more in the context of lal than in
the context of Iii. We can deduce from these data that the strategy was to avoid the effects of
back coarticulation and consequent reduction by producing these consonants with more
articulatory force, especially in the context of low vowels. The EPG configurations of these
consonants never show instances of undershoot and especially in embedded words they
show an extreme extension of front contact, in other words, instances of target overshoot.
The overall data suggest that the three subjects have coped with the phrasal rhythmic
structure requiring a faster tempo by decreasing intergestural temporal intervals, but by
modulating the input articulatory force in different ways, according to whether andlor to what
extent they have allowed articulatory and possibly phonetic changes to take place.
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ABSTRACT
Articulatory and acoustic data are being
used
to
explore
the
following
hypothesis: the goals of articulatory
movements
are
relatively
invariant
acoustic targets, which may be achieved
varying
and
reciprocal
with
contributions of different articulators.
Lip rounding and tongue-body raising
should have similar acoustic effects for
lui, mainly on F2, and could show
reciprocal contributions to its pro
duction; thus, we are looking for nega
tive correlations in measures of these
two articulatory parameters.
We are
using an Electro-Magnetic Midsagittal
Articulometer (EMMA) to track move
ments of midsagittal points on the
tongue body, upper and lower lips and
mandible
for
large
numbers
of
repetitions of utterances containing lui in
controlled
phonetic
environments.
Initial analyses from three subjects of
articulatory displacements at times of
minima in absolute velocity for the
tongue body during the lui (i. e.,
"articulatory targets") reveal evidence
weakly in favor of the hypothesis for
two subjects and against the hypothesis
for a third.

1. INTRODUCTION
The purpose of this study is to look for
evidence of "motor equivalence" in
speech production in the form of recip-

a - Full-length version to be printed in the
Working Papers of the Speech Communica
tion Group, Research Laboratory of Elec
tronics, M.I.T.
b - Department of Brain and Cognitive Sci
ences, M.I.T.

rocally-varying articulatory contributions
to a relatively invariant acoustic goal.
Previous studies had suggested that mul
tiple articulators make varying and re
ciprocal contributions to relatively in
variant articulatory goals, thus provid
ing evidence of motor equivalence in the
form of complementary covariation.
However, Sussman (1980) and Folkins
and Brown (1987) have called these
findings of motor equivalence into ques
tion on methodological bases.
They
have shown that when the displacement
of one contributing articulator is derived
from the position of another, as is the
case with the lower lip and jaw or
tongue and jaw, statistical analyses of
the resulting parameters are biased to
ward findings of complementary covari
ation.
Attempts to derive vocal-tract area func
tions from the acoustic signal have sug
gested that a given acoustic transfer
function can result from more than one
area function (cf. Sondhi, 1979).
If
speakers actually use different area
functions to produce the same acoustic
transfer function, such behavior could be
interpreted as an example of motor
equivalence: variable articulatory contri
butions to producing relatively invariant
acoustic goals.
Based on such reasoning and the cau
tionary observations of Sussman and
Folkins and Brown, we have picked an
example in which we may examine con
tributions of two independent articula
tory parameters to an acoustic goal:
tongue-body raising and lip rounding in
production of the vowel lui.
The two
articulatory parameters are independent
in the sense that the measurement of one
parameter is not derived from that of the
other.
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Figure 1: A midsagittal vocal-tract outline

for the vowel lui, illustrating transducer lo
cations and the experimental hypothesis.

2. METHODS
Tongue body raising (formation of a
velo-palatal constriction) and lip round
ing both contribute to lowering of F2 for
lui. Thus, as illustrated by the double
headed arrows in Fig. 1, in multiple
repetitions of the vowel lui, we might
see a trading relation or negative
covariation of tongue body raising and
lip rounding.
To explore this hypothesis, we should
correlate a measure of the area-function
in the labial region with one at the place
of maximum vocal-tract constriction for
Our method is to use
the vowel lui.
measures of displacements of single
points on the upper and lower lips and
the tongue dorsum, clearly a compro
mise with respect to measuring area
functions.
Articulatory displacements were trans
duced with a recently-completed system
for Electro-Magnetic Midsagittal Artic
ulometry,
EMMA (Perkell,
Cohen,
Garabieta, Svirksy, Matthies and Jack
son, in preparation).
Small, � nsulated
transducer coils are mounted wIth adhe
sive on articulatory structures as close as
possible to the midline ?f . the EMM. A
transmitter assembly, wIthIn 3-4 mIl
limeters.
The filled circles in Fig. I
schematize the approximate locations of
the transducers used in this experiment.
The ones labeled BN and UI, on the
bridcre of the nose and upper incisors,
are � sed as a maxillary frame of refer
ence that defines the coordinate system
in which the movements of other trans-

ducers are calculated. Use of this max
illary frame of referenc� corrects for
vertical and antero-postenor movements
of the head with respect to the transmit
ter assembly. Movable transducers were
mounted on the upper lip (UL) lower lip
(LL) lower incisor (U) and .tongue b�dy
dorsum (TB) in the apprOXImate regIOn
of maximum vocal-tract constriction for
the vowel lui.
The transducers are
mounted with their axes nearly perpen
dicular to the midsagittal plane.
They
are connected to receiver electronics via
fine twisted wires, and the electronics
convert induced high-frequency signals
to slowly varying voltages that corre
.
spond to distances from the transmItters.
The output voltages are digitized, and
signal processing software conver�s the
digitized voltages to x and y coordIn�t�s
in the midsagittal plane, WIth the ongIn
defined by the VI location and the y axis
defined by the BN location. �he signal
processing includes an algonthm that
corrects for transducer tilt, which in
evitably takes place as the articulators
move about. Tilt correction works well
as lonp as the transducers are mounted
close to the midline and tilt is not too
severe. The sign� processing also cal
culated measures of the amount of tilt
correction that was being applied to each
transducer and the absolute velocity of
each transducer as a function of time.
For the first two subjects, we used utter
ances of the form, "Ma, who hid it".
The vowel lui was preceded and fol
lowed by Ihl to minimiz� �onsonantal
.
context effects. Some vanatlOn was In
duced by using two different following
words, "hid" and "had", and by placing
emphasis either on the lui or on the fol
lowing III or lael. There were at least
75 tokens of each of the four utterance
types making a total of over 300 ran
doml -ordered stimuli.
The subjects
were male speakers of American English
without any pronounced regional dialect.

y

For the data analysis, we used manually
assisted algorithms to extract articulatory
positions and forma�t freque!lcy values
.
at the time of the mInImUm In absolute
velocity of the tongue body point during
the vowel lui, that is, when the
" articulatory target" was reached.
Be
fore data extraction for each token, we
listened to the acoustic signal and ex-
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Figure 2: Midsagittal plane plots of articu
latory targets for points on the tongue body,
lips and mandible for Subjects 1 and 2.

amined transducer tilt values, in order to
label the utterance type, or if necessary
to bypass mispronounced tokens or thos�
few with excessive tilt.

RESULTS
Figure 2 shows midsagittal-plane plots
3.

of all of the articulatory targets for the
tongue bod�, lower incisors, lower lips
.
and upper hps, along wIth an outline of
the hard palate, approximately from the
velopalatal junction on the right, to the
edge of the edge of the upper incisors,
. the use of dental casts
on the left. WIth
we estimated the orientation of the oc�
clusal pl�e, which is indicated by the
nearly-honzontal dashed line. Anterior
i� to the left; distances are given in cen
tImeters.

The orientation of the tongue-body dis
tribution for Subject 2 is approximately
parallel to the dorsal wall of the vocal
tract, whereas for Subject I , more ante
rior tongue-body articulations are closer
to the dorsal wall than more posterior
articulations. For Subject 1, the tongue
points are just posterior to the velo
palatal junction and for Subject 2, they
are just anterior to it. The distributions
of points for Subject 1 are tighter than
for Subject 2. For both subjects, the
orientation of the point distributions for
the UL transducer indicate that the
transduced point was higher for more
protruded articulations. These distribu
tions seemed to show that lip protrusion
was accompanied by an apparently
counterproductive increase in vertical
aperture; however, careful observation
of subsequent subjects revealed that lip
protrusion resulted in the expected de
crease in vertical lip aperture, but be
cause of an outward rolling motion of
the lip surfaces as they protruded, the
vertical distance between the transduc
ers, mounted on the vermillion borders,
actually increased.
Detailed examination of the distributions
revealed that for Subject 1, stressed to
kens had more protruded lip and higher
and more fronted tongue-body positions.
For Subject 2, the distributions did not
show any obvious stress or context
vowel-dependent effect.
The results of Pearson product moment
correlations allowed us to infer that there
were a number of: a) direct mechanical
or muscular linkages, such as between
lower-lip and lower-incisor protrusion,
and b) coordinated actions or indirect
mechanical linkages, such as between
upper-lip raising and lower-lip protru
sion.
Because of indicated linkages
among the tongue body, lower incisors
and lower lips, we are concentrating our
examination of the hypothesis on corre
lations of tongue-body and upper lip pa
rameters, with results shown in Table I.
There were no significant correlations
with tongue-body fronting, and the two
subjects differ from one another in the
signs of weak correlations involving
tongue-body raising. Subject 1 has only
a very weak positive correlation between
�pper lip raising and tongue body rais
mg . On the other hand, Subject 2 has
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Tongue body raising
Upper lip protrusion
r
p
Subject 1
n . s. 1. 000

Subject 2

Upper lip raising
Subject 1

Subject 2

-. 25

. 17
-. 39

.000

. 009
. 000

Table I: Relations of upper lip and tongue
body measures

weak negative correlations between
tongue-body raising and both upper lip
parameters that reflect "lip rounding",
i.e. , protrusion and raising.
We infer from the results that much of
the relatively small amount of variation
in the data for Subject 1 is due to stress,
and that the actions of his lips and
tongue are positively correlated in pro
ducing this variation.
On the other
hand, the results from Subject 2 appear
to support the hypothesis.
Figure 3
shows a plot of tongue-body raising vs
upper lip x coordinates, the opposite of
protrusion, for Subject 2. As shown in
Table I, the correlation for this data set
had an r value of .25. Even if we re
strict the range of F2 from 956 to 984
Hz, a correlation for the resulting
smaller data set, shown with filled cir
cles, has an r value of .27. Results from
a third subject were very similar to those
from Subject 2. The r value for the re
lation between tongue body raising and
upper-lip x values for Subject 3 was .37.
Thus, tongue-body raising and lip pro
trusion showed some evidence of com
plementary covariation for two of three
subjects.
4. CONCLUSIONS

So far, two subjects show evidence of
complementary covariation and one does
not, although the observed complemen
tary covariation is not robust. Consid
ering the fact that we are measuring the
midsagittal displacements of three points
along the entire vocal tract (as opposed
to area functions), we don I t expect to
tind supporting evidence that is strong in
any case.
We are running additional
subjects, and we propose that if the cur
rent pattern persists for a number of
speakers, we will have made the fol
lowing points.
There can be motor
equiValence in speech in the form com
plementary articulatory contributions to
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x for

an acoustic goal; however, as in almost
every speech production experiment, not
every subject behaves in the same way.
Currently we are examining measures of
covariation over time. We are also at
tempting to estimate actual cross-sec
tional vocal-tract areas, to determine
quantitatively whether any observed
trading relations make sense in terms of
their effects on the vocal-tract transfer
function. As additional results accumu
late, we will consider possible alterna
tive explanations for them, and also ex
plore causes of inter-subject differences.
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TONGUE-JAW INTERACTIONS IN LINGUAL CONSONANTS

B.

KUhnert, C. Led!, P. Hoole, H.G. Tillmann
Institut of Phonetics, Munich University

1. INTRODUCTION
In several speech production studies the concept of motor equivalence has been discussed as a
potential central principle of articulatory coordination. The concept suggests that a goal may be
relatively invariant while the contributions of the individual articulators achieving that goal may
vary

in

a reciprocal relationship. In addition to a number of perturbation experiments, the most

influential study supporting the notion of motor equivalence is

probably the one

by Hughes and

(1976). Investigating the relative contributions of upper-lip, lower-lip and jaw during
mUltiple vowel productions they reported mutual covariations between the three articulators. Thus,
in tokens in which the upper lip moved a little less downwards the jaw or both lower lip and
jaw moved a little further upwards to produce relatively invariant spatial positions for each vowel.
Edwards (1985) introduced a new aspect to the study of inter-articulatory coordination by
Abbs

associating it with the phenomenon of coarticulation. Her reasoning was that the coarticulatory

context is one of the major influences
therefore, effects on the displacement

on positions of articulators

for particular sounds and,

of one articulator might be compensated for by the

appropriate adjustment of another articulator in order to keep contextual influences within the
allowed limits.
The major purpose of the present experiment was to further explore the assumption put
forward by Edwards (1985) with respect to tongue-jaw interactions and to examine to what extent
her findings can be generalized or, alternatively, to what extent inter-articulatory coordination
capabilities might be speaker- andlor sound-specific. Accordingly, a broad inventory of German
lingual consonants was studied.

2. EXPERIMENT

in VCV-sequences was
investigated. The consonants were either It,d,n,s,U or 1$1, the vowels Ii!, lui or Ia!. Each
consonant was repeated 30 to 40 times and the sequences were embedded in the carrier phrase

Tongue-jaw coordination of one female and two male German speakers

"sage b_ bitte".

Kinematic signals were recorded with the help of an electromagnetic transduction system
(Articulograph AG 100, Carstens Medizinelektronik). The receiver coils were placed on the lower
teeth to register jaw movements; 1 cm posterior to the tongue-tip to track tongue movement
most crucial for alveolar production; and at the upper teeth to serve as reference coil. Audio
signals were recorded simultaneously. After normalization procedures of the kinematic data (tilt
correction of the receiver coils, subtraction of head movements, rotation to the axis of the
principal component of jaw movement) the articulatory configurations at the acoustic mid-point
of the consonant were used for the analyses discussed below.
Since the tongue is anatomically coupled to the jaw, observed total tongue (IT) positions
always contain a jaw-related (J) component. However, intrinsic tongue (IT) values were needed
to study the fine coordination of the lingual-mandibular system. The horizontal intrinsic tongue
values were obtained by simply subtracting the x-values of the jaw from the measured x-values
of the tongue for the horizontal dimension. For the vertical intrinsic tongue values, however,
subject-specific weighting factors of relative jaw influence have been applied before subtraction
analogously to the procedure proposed by Edwards

(1985).
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Statistical analyses were performed in two steps. Firstly, total tongue variability was
calculated in order to determine the magnitude of vowel coarticulation of the different
consonants. Secondly, Pearson correlation coefficients were computed to detect possible
compensatory adjustments between intrinsic tongue and jaw. Theoretically, it is assumed that high
negative correlations - i.e. little articulatory contribution of one articulator and high contribution
of the other, or vice versa - are indicators of inter-articulatory adjustment. However, we are
well aware of the fact that we are dealing with part-whole correlations since the jaw values are
inherently reflected in the intrinsic tongue values as a consequence of the applied subtraction
procedure. As has been pointed out by Benoit (1986), such part-whole correlations might give
a bias towards negative correlations. For these reasons, only correlations significant at the 1%
level were interpreted as demonstrating articulatory reciprocity. Moreover, as an additional
judgement method, a comparison between constituent and overall variabilities (Hughes & Abbs
1976) was carried out which generally confirmed the results obtained by the correlation analyses.

3. RESULTS

In the following presentation, vertical and horizontal results will be discussed separately.
3.1. Vertical analysis

Table 1 shows the overall vertical variability of total tongue positions for each consonant and
speaker. Here and henceforth the data of the consonants have been calculated across all vocalic
contexts. It will be observed that the three speakers differ in their absolute values of IT
variability. However, the relative influence of the vocalic environment is consistent across the
three subjects. For all speakers, the vertical'IT variability of /s/- or It/-productions is far less
affected by the phonetic context than the IT variability of N-productions. More specifically, the
variation within the alveolar group gradually increases in the order of fricative, voiceless plosive,
voiced plosive and nasal andlor lateral. The productions of the fricative /$1 take an intermediate
position, their variabilities being fairly constrained but not as constrained as those of the alveolar
counterparts.
The results of the vertical
vertical
n
$
d
s
correlation calculations, i.e. the
correlation coefficients between
0.96
1.48
2.08
0.90
2.33
1.29
(A)
intrinsic tongue and jaw height,
1.39
1.41
1.58
2.12
1.57
0.81
(8)
are summarized in table 2. It
2.10
1.89
2.37
3.76
1.78
2.15
(C)
becomes apparent that for
subject
significant
(A)
Table 1: Standard deviations (mm) of total tongue (IT)
correlations occur for those
measurements in the vertical dimension across vocalic
sounds
for
which
the
contexts for all subjects.
co a r t i c u l a t o r y
i n flue n c e s
described above were relatively
low.
The
strongest
IT-J
interactions can be found for the fricative lsi, followed by the productions of It/ and the alveo
palatal 1$1. The correlation of the front coil for Id/-productions almost reached the defmed
significance level whereas no significant values can be observed for In! and N.
On the contrary, subject (B)'s results for the vertical correlation analysis show significant
negative values for the two highly variable sounds Inl and N. Thus surprisingly, there seems to
be no relation between small variability and observable inter-articulatory adjustment and no
compensatory mechanisms seem to operate for the articulation of the positionally highly
constrained alveolar fricative lsi. However, the latter might be explained by this speaker's rather
small range of jaw movement (sd 0.92 mm) together with a very accurate positioning of the
tongue tip for this consonant leaving little scope or necessity for tongue-jaw trade-offs. A similar
=
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speaker-specific

vertical

t

d

speaker (A) -.64

-.36
.000** .015

P

speaker (B) -.19

.147

P

.04
.415

articulatory

n

s

$

strategy

.15
.193

-.06
-.85
.000** .354

-.50
.001**

r e p o r t e d
b y
Sussman et al. (1973) .
For
speaker
( C ),
significant vertical correlations

-.72
-. 06
.000** .369

.14
-.55
.001** .224

within the labial
mandibular system has been

between IT and J are found
for productions of Is,d,1/, not

speaker (C) -.27

.047

P

-.56
-.31
.000** .027

-.58
-.59
-.27
.000** .000** .044

for It,n,/.

Table 2: Pearson correlation coefficients between intrinsic
tongue and jaw in the vertical dimension for all speakers.

3.2. Horizontal analysis
The horizontal data of TT variation are illustrated in table 3. In general, horizontal variabilities
are higher than the vertically measured ones; however, the relative contextual influence on the
different alveolars increases once more from Is,t,d,n/ to /l! for speaker (A) and (B). Subject (C)'s
data, by contrast, deviates slightly from this order. The lsi-productions again show the most
restricted

range

of

positional

variation, but 11/ is less variable
than Idl, Inl and It/, respectively.

horizontal
(A)
(B)
(C)

TT
TT
TT

d

1.32
1.32
2.86

1.81
1.74
2.50

n

1.91
1.65
2.66

$

s

1.22
1.27
1.21

2.23
1.90
2.03

1.52
2.50
1.88

The
horizontal

results

of

correlation

the

analyses

are summarized in table 4. Here,
for speaker (A) highly significant
negative correlations could only
be found for lsi, the data of /l!-

Table 3: Standard deviations (mm) of total tongue (TT)

productions narrowly failed to

measurements in the horizontal dimension across vocalic

meet

contexts for all SUbjects.

level. Hence, in the case of lsi

the

defmed

significance

the restricted range of horizontal
variability

might

again

be

reflected in the active compensatory cooperation of the two articulators whereas this relation
does not hold true for any other of the consonants.
Significant negative correlations between IT and J in subject's (B) data can be observed
for almost all sounds (ld! just failed to reach the one percent significance level) except for the
the alveo-palatal fricative 1$1. Unlike the first speaker, therefore, subject (B) shows more
instances of horizontal than of vertical articulatory adjustments.
The same seems to be valid for speaker (C) who shows highly significant horizontal
correlation coefficients for all consonants woth the exception of lsi.

4.

DISCUSSION

The main purpose of the study was to explore the relationship between coarticulatory influences
on, and articulatory coordination of, the lingual-mandibular system for German alveolars.
The results of the variability analyses were consistent for all three speakers and suggest that
there is a specific pattern of coarticulatory variation in German alveolar sounds. Vertically as
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well as horizontally - with
slight deviations for speaker
(C)
m
the
horizontal
.15
-.77
.02
-.35
-.05
.17
dimension
total
(A)
.194
.000** .018
.465
p
.376
.158
tongue variability increases in
the order
of fricatives,
.01
-.47
-.49
-.63
-.39
-.46
(B)
voiceless
plosives,
voiced
.000** .003* .004* .479
p
.003* .014
plosives,
nasals
and/or
laterals. As such the results
-.64
-.60
-.69
-.65
-.80
-.27
fit nicely with fmdings that
(C)
.000*
*
.000*
*
.000*
*
.000*
*
.000*
*
.048
have been reported for other
P
languages such as English
Table 4: Pearson correlation coefficients between intrinsic
(Bladon & Nolan 1977),
tongue and jaw in the horizontal dimension for all speakers.
Swedish (Engstrand 1989) or
Italian
(Farnetani
1990)
suggesting, therefore, some
cross-language validity of
a
compelling
phonetic
explanation
still remains to be
articulatory precision for which, however,
elaborated.
The speakers' fme coordination between intrinsic tongue and jaw accompanying this pattern
of overall tongue variability, on the other hand, gave a rather complex picture. Direct support
for the theoretical position taken by Edwards (1985), namely that coarticulation seems to be
limited by compensatory responses of individual articulators, could only be found in the data of
one speaker. This subject displayed reciprocal interactions between the two articulators precisely
for those sounds for which the contextually induced variability was found to be small. Thus,
some speakers do indeed seem to apply tongue-jaw trade-offs flexibly and selectively in cases in
which articulatory precision is required.
Yet, in addition to being sound-specific this kind of motor strategy also appears to be
speaker-specific since the results of the two other subjects did not necessarily support a
relationship between inter-articulatory adjustments and small variability of total tongue
displacement. Rather, there is evidence in the data of the second speaker that a different
articulatory strategy is used to achieve the necessary limitation of variability simply by such exact
placements of the component articulators that there remains no further need for complementary
adjustments.
A further factor which should be considered relates to the articulatory coordination in the
horizontal dimension. Although not yet extensively investigated the importance of this component
should not be discounted since we are studying, after all, complex gestures in three-dimensional
space. Indeed, for two of the speakers, 83 percent of the correlation coefficients calculated for
the alveolars showed evidence of horizontal inter-articulatory coordination between tongue tip and
jaw. Considering the ubiquitous presence of variation in most speech production studies such a
large percentage indicates a fairly strong tendency. One reason for the different importance
attached by speakers to the horizontal and vertical domain might simply lie in the individual
anatomical structures as the palate of every speaker differs in length and steepness of the area
between alveolar ridge and palatal vault. Thus, ultimately, the speaker-specific anatomical forms
of the palate should be integrated into articulatory investigations.
In conclusion, our results suggest that, although we found some evidence of compensatory
articulations, we still should be cautious in extending the concept of motor equivalence to a
general principle of speech motor control.
horizontal
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Discrete and continuous modes in speech motor control

Anders LOfqvist & Vmcent L. Gracco
Haskins Laboratories, New Haven, CT, USA

Serial ordering of speech gestures

At one level, speech can be described as a sequence of discrete segments. At another level,
speech is more properly described as a continuous sequence of articulatory movements and/or a
continuously time-varying acoustic signal. While segments are useful for description of speech
and most likely have a psychological reality, they do not occur as such in records of articulation.
The reason is that coarticulation, coproduction, blending, or aggregation make the gestures
associated with different segments overlap.
One method of investigating the properties of hypothetical discrete speech motor units is to
disrupt ongoing articulation and examine the compensatory effects (cf., Abbs, Gracco, & Cole,
1984; LOfqvist, 1990, for reviews). From detailed examination of the compensatory
characteristics it is possible to infer the underlying organization. While much information has
been inferred from previous perturbation experiments, a number of limitations can be identified.
First, most detailed examinations of compensatory articulatory interactions have focused on
temporal and spatial changes in lip and jaw movements (Abbs & Gracco, 1984; Folkins &
Abbs, 1975; Folkins & Zimmermann, 1982; Gracco & Abbs, 1985, 1988, 1989) with much
less information available on compensations in other articulators (Kelso, Tuller, Vatikiotis
Bateson, & Fowler, 1984; Shaiman, 1989). Although a few studies have demonstrated
magnitude changes in articulators outside the lips and/or jaw, such investigations have generally
been qualitative in nature focusing on the presence or absence of a significant compensatory
response rather than detailing the specific interactions (see Shaiman, 1989 for a notable
exception). Recently, Munhall, LOfqvist, & Kelso (submitted) have demonstrated that lip
perturbations result in laryngeal changes thereby suggesting articulatory (sensorimotor)
coupling across these two systems.
A second limitation in previous perturbation studies is the almost exclusive focus on a single
component in a speech movement sequence. As stated above, speech is a sequence of
articulatory events. In order to understand the speech production process, it is critical to obtain
information on aspects of the underlying sequencing or serial ordering of continuous vocal tract
actions. To date, only two studies have focused on compensatory effects that span more than a
single speech gesture (Gracco & Abbs, 1989; Saltzman , Kay, Rubin, & Kinsella-Shaw, 1991).
In order to understand the underlying speech motor organization and the implementation
mechanisms, more detailed investigations are required focusing on larger units of production.
The following is a preliminary report of an initial investigation evaluating the distributed nature
of the compensatory response to lower lip perturbation focusing on lip/jaw/laryngeal
interactions. In addition to the focus on multiple components of the vocal tract, we are
attempting to evaluate the local (i.e., the fIrst perturbed gesture) and remote (the following
gestures) timing/sequencing effects of speech movement disruption.
Method

The experimental procedure is illustratred in Figure 1. A subject produced the utterance 'It's a
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papaya again' while movements of the jaw, the lower lip, and the larynx were recorded using
optoelectrical techniques. In addition, oral pressure was sensed using a catheter-tip transducer
placed in the pharynx and a conventional acoustic recording was obtained. On randomized
trials, a 50 gm load was applied to the lower lip via a paddle coupled to a torque motor. The rise
time of the load was 12 ms and the load stayed on for 500 ms. Control trials consisted of the
productions immediately preceding the perturbed trial.
Measurements were made of several kinematic, aerodynamic, and acoustic p arameters.
Movement onsets and offsets were defined from the first derivative of position, i.e., velocity, as
points of zero velocity.
Results

Since load timing has been shown to affect the compensatory characteristics (Gracco & Abbs,
1985), the perturbed trials were grouped into two groups depending on whether the load
occurred before or after the onset of lower lip raising for the closure of the first /pI. Thus,
'before' and 'after' refer to load onsets relative to the onset of lower lip raising for the first Ip/.
The 'before' group contained 8 tokens, while 13 tokens occurred in the 'after' group.
Predictably, the load was effectively compensated for in that peak oral pressure during the two
stops did not differ between perturbed and control trials (F(l,38) 0.0 and 0.52 for the first
and second Ip/, respectively, with p>O.05 in both cases). The kinematics of lip movements were
affected by the load. As shown in Figure 2, lower lip raising displacement was greater in loaded
than in unloaded trials. For the first /pI, this measure was obviously affected by load onset time,
in that only loads applied before movement onset could have any effect. Thus, for the first Ip/,
both the effect of load, load onset time, and the interaction were significant (F(1,38) 7.99,
19,89, and 14,05, respectively, with p<o.05 in all cases). For the second Ip/, the effect of load
and load onset time were significant (F(l,38) 28.84, and 4.55, p<o.05).
=

=

=

Peak lower lip raising velocity for the two Ipl closures showed a similar pattern. Peak velocity
was thus generally higher in perturbed than in control trials, cf., Figure 2. For the first /pI, the
effect of load was not signficant (F(1,38) 1.86, p>O.05), while load onset time and the
interaction showed significant effects (F(1,38) 10.67, and 5.63, p<o.05). For the second Ipl
both load and load onset time were significant (F(1,38) 34.3, and 5.28, p<O.05).
=

=

=

Interestingly, the duration of the lower lip raising gesture was not significantly affected by the
load, or by load onset time, see Figure 2 (the F values for the first Ipl were 0.56, and 3.78, and
those for the second Ipl 0.04, and 2.64, p>o.05). Most likely, the increased velocity
of the
.
raising gesture was responsible for this.
At the same time, it is also possible that average measures are unable to reveal significant
variations due to load onset times, coarsley categorized here as 'before' and 'after' onset of
lower lip movement for the first Ip/. A fmer grain of analysis may be required. This is suggested
by Figure 3 showing plots of the duration of the lower lip raising gesture for the two stops as a
function of load onset time. For the first /PI, it is evident that the duration of the gesture is
longer in the load condition when the load is applied very early in relation to the onset of the lip
movement As the load onset moves closer to movement onset, the duration of the gesture
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decreases. For the second Ipl, the same pattern is seen in the rightmost data points. In these
productions, the load was applied close to the onset of the lower lip movement for the second
Ipl closure.
Let us next turn to interarticulator timing. The relationship between offset of the vowel and peak
glottal opening during the stop only showed a significant effect of load onset time for the second
stop. Here, the interval between vowel offset and peak glottal opening was longer in the
'before' than in the 'after' condition (F(I,38) 31.72, p<O.05).
=

Another way of looking at interarticulator timing is illustrated in Figure 4. This figure plots the
relationship between different articulatory intervals associated with the production of the first
Ip/. The beginning of these intervals was always the peak glottal abduction velocity of the glottal
gesture during the Its! in 'It's'. The endpoints of the intervals shown in Figure 4 were peak
lower lip raising velocity for the first /pI (x axis), peak abduction velocity for the fIrst Ipl (y
axis), and peak glottal opening during the first Ipl (y axis).
These plots show how different articulatory gestures change together and are coupled during
speech. It is evident that the correlation between the articulatory intervals are uniformly high,
above 0.8, for all conditions except when the load is applied before the onset of lower lip
movement Here, the tight temporal relationship between the movements of the lip and the
larynx is disrupted. The same articulatory relationships associated with the production of the
second Ipl did not show any evidence of a similar disruption due to the load
Discussi on

The present results suggest that the effects of mechanical perturbations to speech articulators are
localized and related to when the perturbation occurs. That is, there does not appear to be any
longlasting changes of the articulatory program as a result of the perturbation. For example, the
duration of the lower lip raising movement towards /pI closure was only affected when the load
was applied just prior to movement onset When the load was applied well in advance of
movement onset, movement duration did not change because the larger displacement was
associated with an increase in movement velocity. Similar fmdings of very small changes in
movement duration in loaded trials have been reported previously by Gracco & Abbs (1988).
One possible reason is that a rapid closure of the vocal tract is necessary for maintaing the
acoustic characteristics of a stop consonant, in particular the rapid spectral changes that occcur at
onset and release of closure. If the lip movement thus has to be made within tight temporal
constraints, an increase in displacement should be accompanied by an increase in velocity. This
could rationalize the positive relationship between displacement and (peak) velocity of
movements that is commonly observed.
The presence of a load does not necessarily affect patterns of interarticulator timing. Thus, in the
present study, the temporal relationships between lower lip and glottal movements were highly
correlated even in the perturbed trials. The only exception was lip-laryngeal phasing for the first
/pI in the 'before' condition. Also this fmding is consistent with the results presented by Gracco
& Abbs (1988) for lip-lip, and lip-jaw timing in the presence of a load.
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"It's a papaya again "
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Figure 1. A perturbed production of 'It's a papaya again'. For
glottal opening, jaw, and lower lip, both displacement and
velocity are shown.
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Figure 3. Duration of lower lip raising movement for fIrst (left) and second (right) /p/ in 'papaya'
in load and control trials. The x-axis plots the onset of the load relative to onset of lower lip
raising movement for the fIrst /p/.
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Paths and Trajectories in Orofacial Motion
D.J. Ostry, K.G. Munhall, J.R. Flanagan and A. S. Bregman
McGill University and Queen's University
Canada

In this paper, we focus on a number of problems we believe to be fundamental to
speech motor function: What are the alternative coordinate systems for representing speech
movements and how are they related to speech movement planning and control? What is the
relationship between neural control signals and the observed movement patterns? How are
the many muscles that control tongue and jaw movement coordinated?
We are aided in this task by empirical X-ray microbeam data on tongue and jaw
motion in mastication and speech and by a computer-based biomechanical model of the jaw.
The simulation includes direct modelling of neural control signals, reflex mechanisms,
muscle mechanical properties and has true motion dynamics. It is able to generate explicit
predictions of both muscle activity (EM G) and motion kinematics in mastication and speech.
With this model we have been able to go beyond merely describing jaw motion to make
inferences about the organization of central commands which control the jaw position and
force.
We specifically consider jaw motion representations in (i) a joint based coordinate
system in which movements are represented in terms of rotations and translations of the jaw
and (ii) in coordinates which relate to the shape of the oral cavity and, hence, the acoustical
output. Using the model, we show that relatively simple neural control signals can account
for complex patterns of motion. Specifically, linear control signals account for smooth
gradually changing motions. The smoothness of movement is imparted by the motion
dynamics of the system and is not planned directly. Simulations with the model also
demonstrate that the motor system must control all muscles in concert in order to produce
any motion. We believe this to be a general property of orofacial function.
Coordinate Frame for Speech Planning

A major challenge in research on speech motor control lies in describing the motions
of the many articulators which must be coordinated in order to produce speech. In this
paper, alternative coordinate frames for representing speech movements are presented and
discussed.
It would seem essential that speech movements be specified in terms of vocal tract
shapes since these are related directly to the acoustical output. However, in order to support
specific vocal tract configurations, the motion of the individual articulators must also be
specified.
We assume that the planning of speech motions involves a series of sensori-motor
transformations between coordinate frames. One of these is the transformation from
coordinates which specify vocal tract shape to coordinates which describe the motion of
individual speech articulators. In order to achieve vocal tract shapes complex articulator
motions may be required. We suggest that the system may approximate the required shapes
using simple motions in which the relationship among the degrees of freedom of articulator
motion is linear.
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Evidence for the use simple linear approximations to achieve transformations between
coordinate frames has been reported for work on human arm movements. Soechting and
Flanders (J. Neurophysiol. , 1989) have suggested that movement errors may be due to errors
in transforming hand or endpoint coordinates into joint coordinates. These errors result from
linear approximations of the mapping between these coordinate frames.
In work on speech production, investigations of the relationship among degrees of
freedom of articulators may shed light on the transformations used in speech motor planning.
Evidence for the existence of simple linear relationships among degrees of freedom of motion
has been obtained in our work on human jaw movements in speech.
Jaw movements were reocrded using the University of Wisconsin X-ray microbeam
system (Abbs, Nadler, & Fujimura, SOMA, 1988; Westbury, J. Acoust. Soc. Am. , 199 1 ). The
system uses a low dosage narrow beam X-ray to track the motions of radio-dense markers
(typically, 2-3 mm spherical gold pellets) in 2-dimensions. Jaw rotation and translation are
calculated from the motion of X-ray tracking pellets.
Figure 1 shows jaw movements represented in a joint coordinate frame in which
movements are described in terms of rotation of the jaw and translation of the condyle along
the articular eminence. It should be noted that these axes correspond to the degrees of
freedom of jaw motion in the sagittal plane. It can be seen that when rotation is plotted
against jaw translation straight line paths are observed. This shows that jaw rotation and jaw
translation start and stop simultaneously and that the ratio of their displacements is constant
throughout the movement. Note that different slopes and intercepts are observed for
different experimental conditions. Steeper slopes are observed for utterances involving ta
and teo The slopes for ka and ke are less steep.

JAW MOTION PATHS IN
JOINT COORDINATES
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Figure 1 Sagittal plane motion paths
in joint coordinates during jaw
opening in speech. Syllables ta and
te (solid); syllables ka and ke (dots).
Jaw rotation is plotted as a function
of horizontal jaw translation.
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Thus, motion paths are generally straight in joint coordinates whereas in cartesian
coordinates both straight and curves pellet paths are observed. What is striking is that the
relationship between jaw rotation and translation is linear even though the slope and intercept
change markedly across conditions. This simple pattern suggests that in producing speech
movements, coordinates which specify vocal tract shape are transformed into joint
coordinates rather than cartesian coordinates. Moreover, the pattern suggests that the motor
system uses a simple linear approximation in achieving this transformation.
Relationship between Neural Control Signals and Orofacial Movements

The representation of speech and the chain of command in its production are
fundamental to work in speech motor control. In addition to a linguistic representation, the
movements themselves must be represented. Many researchers assume speech movements
are represented in kinematic terms, that is, in terms of articulator positions, movement
amplitudes and trajectories.
Most models of motor control assume that once the movement kinematics are
specified the forces and torques required to achieve these kinematics are computed using
inverse dynamics. We have taken a somewhat different approach. We assume forces and
torques need not be computed but rather arise as a consequence of shifts in the equilibrium
state of the motor system (see below).
We have used a computer-based biomechanical model of the jaw to study the form of
the neural control signals that underlie jaw movements (Flanagan, Ostry & Feldman, Control
of human jaw and multi-joint arm movements. In G.E. Hammond (Ed.), Cerebral control of
speech and limb movements. Springer-Verlag, 1990). Our model includes neural control
signals to jaw muscles, jaw reflex mechanisms, muscle mechanical properties and we have
also modelled dynamics of jaw motion. With the model we can produce predictions of jaw
movement kinematics in speech and mastication as well as prediction of muscle activity.
The model, which is based on the equilibrium point (EP) hypothesis (A model) of
motor control (Feldman, I. Motor Behav. , 1986) suggests that movements are planned in
terms of equilibrium positions. The equilibrium position is defined by the interaction of
central commands, reflex mechanisms, muscle properties and external loads and is under the
control of central commands. Differences between equilibrium and actual positions result in
the generation of forces and torques which produce movement. The relationship between
kinematics and the underlying control is complex and indirect. Thus, inferences regarding
control which are based on kinematics must be made with caution.
Our initial results with the model have shown that simple linear control signals can
account for the smooth gradual motions which are actually observed. The smoothness is due
to the motion dynamics and is not planned directly as part of the movement. Specifically,
simple constant velocity shifts in the central neural control signal A (which corresponds to the
muscle length at which motoneuron recruitment begins) produce smooth rotations and
translations of the jaw which are comparable to those observed in experiments.
The main point is that actual orofacial movements do not necessarily reflect the form
of the central neural control signals which produce the motions. Smooth movements arise
from the dynamics of the orofacial system. This is particularly important for researchers
interested in coarticulation. The sequencing of simple linear command signals in equilibrium
coordinates may lead to the superposition of actual kinematic patterns observed in
coarticulation.

38

Coordination of Neural Commands to Orofacial Muscles

Work on coordination in speech production has been essentially descriptive, focusing
on kinematic coordination and in particular on the measurement of coordinated behaviour in
terms of the relative timing and amplitude of articulator motions. There is, however, an
equally important problem of coordination that speech researchers should be aware of, that
is, the organization of commands to the multiple muscles that produce specific motions in
individual articulators. This fundamental aspect of coordination has received virtually no
attention in speech research.
We have approached using this problem using the A model for jaw movement. Using
the model we found it was possible to define central commands which control all jaw
muscles as a group to produce specific functional tasks such as jaw rotation, jaw translation
and co-contraction of muscles to produce stiffening of the joint without motion. The
supposition that the system defines central commands in terms of its degrees of freedom of
motion seemed justified as we have seen in Figure 1 that rotation and translation are
separately controlled.
As noted above, to produce pure rotation, pure translation and pure co-contraction
without any motion all three modelled muscles, an opener, a closer and a protruder, must be
controlled together. Because of the anatomical arrangement of muscles of the jaw, we found
that it was possible to define functionally orthogonal central commands. A co-contraction
command could be defined which was orthogonal to both rotation and translation commands.
However, rotation and translation commands were not themselves orthogonal.
These commands which control motion in the degrees of freedom of the jaw can be
superimposed in various proportions to produce actual patterns of jaw rotation and translation
observed in speech and in mastication.
Like the jaw, the elbow has two degrees of freedom at a single joint, namely,
supination I pronation and flexion I extension and has muscles which produce motion in both
degrees of freedom. For example, supination about the elbow is primarily produced by the
action of the biceps brachii. However, this muscle also produces elbow flexion. In order to
achieve pure supination, the elbow extensor triceps must also be activated to compensate
(Buchanan, Rovai, & Rymer, 1. Neurophysiol. , 1990). Thus a general property of multi
muscle systems would appear to be the use functional muscle synergies in order to control
individual degrees of freedom of motion.
Summary

By considering alternative coordinate systems in which speech motions can be
represented, we may be able to identify those coordinates which are used by the nervous
system in the planning and control of motion. Moreover, the nature of the transformations
between coordinate frames can be assessed.
The construction and testing of biomechanical models of the orofacial system requires
that we come to terms with the role of central neural control signals, reflex mechanisms, and
mechanical properties of the system. As we have seen, the attempt to infer control on the
basis of kinematics alone is problematic. Certain properties of movements arise from motion
dynamics and most generally do not actually reflect direct central control.
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Introduction

The investigation of the production mechanisms used by speakers in the
articulation of heterorganic clusters has been given some attention in the
phonetics literature. It has been shown that the gestures for the two
consonants overlap (Hardcastle and Roach, 1979: Marchal, 1988) and that the
duration of the overlap interval increases with speech rate
(Hardcastle,
1985) .
The main purpose of this paper is to gain some insight into the
organization

of

stop

cluster

production

within

the

V-to-V

cycle

in

VCCV

sequences. We would like to know the extent to which the closure period for
the cluster is sensitive to coarticulatory effects f rom the adjacent vowels.
Our initial hypothesis is that the amount of vowel-dependent coarticulation at
the midpoint of the cluster (i.e., the temporal point showing the greatest
degree of gestural coproduction) ought to be related to the level of
intergestural

cohesiveness

between

the

two

adjacent

consonants.

Thus,

coarticulatory sensitivity at that temporal point is expected to increase with
the level of articulatory cohesiveness and to decrease with the level of
intergestural dissociation. This outcome has interesting implications for a
theory of speech motor control since it suggests that speakers may organize
the production of specific linguistic sequences in gestural constellations
independently of whether gestures belong to the same or different phonemic
units (Saltzman and Munhall, 1989: Browman and Goldstein, 1990 ). Moreover the
study of clusters composed of stops of different places of articulation will
allow testing whether,
similarly to single consonants
(Recasens,
1983;
Farnetani, 1990), the amount of vowel-dependent coarticulation in the cluster
is dependent on the involvement of the tongue in the closure formation
gesture.
2.

Method

Electropalatographic and acoustic data were collected for all possible
symmetrical and asymmetrical [sVl C1 C2V2s] sequences with V= [i],
[a] and with
consonant clusters
TK

sitkis

[tk],
KT

sitkas
satkis
satkas
KP

[kt],

[pt],

siktis
siktas
saktis
saktas
sikpis
sikpas
sakpis
sakpas
Table I.

[tp],
PT

PK

[kp],

[pk]

siptis
siptas
saptis
saptas
sipkis
sipkas
sapkis
sapkas

(see Table I).
TP

sitpis

sitpas
satpis

satpas

List of sequences.

The sequences were read six times by one Catalan speaker

(Re) and two
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American English speakers (Ha and Ra), with the artificial palate in place.
The RI ON E lect ropalat og raph Model DP-Ol used i n the experi m ent is equipped
with 63 electrodes arranged in five semicircular rows and allows displaying a
cont act
pattern
every 15.6
ms.
Three t em poral point s were selected for
measurement at closure onset (Ml) , closure offset (M3) and closure midpoint
(M2). Th e acoustic record was used to determine closure onset and offset for
some consonants when the EPG signal alone did not provide enough information
i n this respect.

configurations were measured at Mi, M2 and M3
namely, two indexes along the anterior-posterior
dimension [posteriority (CP) and anteriority (CA) 1 and one index along the
lateral cent ral dimension [centrality (CC)]. A detailed report of this method
of EPG data reduction can be found in Recasens, Fontdevila, Pallares and
Solanas (1991). CA and CP index values were calculated on a row by row basis
for the seven horizontal rows represented on Figure 1 (top); their value
increases as li nguopalat al contact becomes either more anterior (CA) or more
posterior (CP). The centrality index was calculated for the three regions of
electrodes
represented
on
Figure
1
( bott om) ;
its
value
increases
as
linguopalatal contact becomes more central. The following mathematical formula
were dev el oped for the calculation of the index va lues:
using

Linguopalatal

contact

three

indexes,

contact

-

cp=

x 1 + (v2/7) x 8

[(vl/5)

10022 + (v6/11)
CA=

x 1 + (v6/11)

[(v7/11)

CC=

[(vI/18)

x

x 1 + (vII/24)

In the formula,

120264 + (v7/11)

x

14140 + (v2/7)

x

+ (v3/9) x 82 + (v4/9)

12 + (v5/11)
x

109978 +

x

1443168] / 1574365

x

(vl/5)

+ (v5/11) x

820

144 + (v4/9)

x 25 + (vIII/21)

the numerator is the

x

x

1414 + (v3/9)

628446] / 754135

x

x 547] /573.

number of

activated electrodes on

each row or region and the denominator is the total number of electrodes on
each

row

or

region.

Each

ratio

is

mUltiplied

by

a

row-/region-specific

coefficient number according to the following principle: the contribution of a
given

electrode

to

an

index

value

exceeds

the

contribution

of

all

the

electrodes located on the previous back rows (CA index), on the previous front
rows (CP index) or on more lateral regions (CC index) .
Several
ANOVAS
were
performed
in
order
to
detect
all
possible
significant

coarticulatory

independently,

effects.

with indexes CAl

Data

were

processed

for

each

CP and CC as dependent variables,

speaker

and vowel

context and adjacent consonant in the cluster as independent variables.

the theoretical scope of this paper,
linguopalatal

configuration

effects in CA,
al.

(1991)

reporting

is

calculated

adding

the

number

CP and CC index values taken simultaneously

concerning

effects

coarticulatory

for

effects

Given

the amount of coarticulation for a given

each

in

contact

index].

linguopalatal

contact

of

significant

[see Recasens et
Therefore

over

we

the

are

entire

surface of the artificial palate independently of whether they occur along the

anterior-posterior dimension or the lateral-central dimension.
3.

Results .

3.1 C-to-C coarticulation

Figure 2 shows the number of significant coarticulatory effects for each
fixed

consonant

as

a

(within parentheses),
function of

[t] vs

function

i_e.,

[p],

of

for

and for

the

two

adjacent

consonants

[t] as a function of
[p] as a function of

[k] vs
[t] vs

in

the

cluster

[p],

for

[k].

Effects have

been displayed separately for each speaker at each moment in time,

[k] as a
i.e.,

Ml
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(C2- to-C1 anticipatory effects),

(simultaneous effects from C 1

M2

of the cluster) and M3

the midpoint

(C1-to-C2

number of significant effects is 12

carryover effects).

and C2

at

The maximum

at Ml and at M3 (4 VCCV conditions x 3

contact index values), and 24 at M2
[i.e. , 4 VCCV conditions x 3 contact
index values x 2 cluster pairs (i.e., [tk]- [kt], [tp] -pt], [kp] - [pk])].
According to the figure the percentage of significant effects across
fixed consonants and speakers is larger at the midpoint of the cluster (79%)
than at the onset (29%) and at the offset (64%) of the cluster. This trend is
also true for each speaker taken independently. This finding is consistent
with the fact that, while linguopalatal contact configurations at Ml and M3
are mostly dependent on either C1 (at Ml) or C2 (at M3), those at M2 are
simultaneously conditioned by both C1 and C2.
Inspection of linguopalatal configurations shows that coarticulatory
effects occur mostly at those lingual regions which are not involved in the
formation of the primary place of articulation for the stop consonant: at the
tongue dorsum for ttl
(i. e.,
ttl involves more dorsopalatal contact as a
function of [k] vs [p]); at the tongue front for [k]
(i. e., [k] is produced
with more front contact as a function of ttl vs [p]); both at the tongue
dorsum and tongue front for [p] (i.e.,
[p] shows more front contact when
adjacent to [t] and more back contact when adjacent to [k]).
However, as shown for cluster [tk] in Figure 3, contact patterns at M2
are
quite different
from
those at
Ml
and M3.
Linguopalatal
contact
configurations at M2 show the essential articulatory properties of the two
adjacent consonants in the cluster (i.e.,
ttl and [k] in the figure), thus
indicating the presence of complete overlap between the gestures for both
consonants at this moment in time. On the other hand, linguopalatal contact
configurations at Ml and M3 are cases of partial overlap between gestures;
these linguopalatal patterns show the essential articulatory properties of the
target consonant only (i.e., [t] at Ml and [k] at M3 in the figure) and some
partial contribution from the adjacent consonant in the cluster.
V-to-C coarticulation
Table II presents the percentages of significant V-to-C effects from [i]
vs
[a] upon [t], [k] and [p] in symmetrical and asymmetrical VCCV sequences as
a function of each adjacent consonant in the cluster
(in subscript).
Percentages have been plotted separately for each speaker at each moment in
time; means of percentages across speakers and across moments in time are also
given. Ml and M3 show data for reversed cluster orderings (e.g., [tk] at Ml
and [kt] at M3 in the case of the combination [tk]); M2 shows data for the two

3. 2

cluster orderings

Re

Ml
M2

:h.k
Ra Ha

(e.g.,

[kt] at M2 C) .
-

k�
X
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46
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40

13
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40

26

60
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13
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.12

X

il
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47
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Re Ra

Ha

X

Re Ra
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48

60

46

46

80

48

46

60
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55

44

37

60

60

42

40

26

60
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46
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40

13

13

40

46

.12
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33
20

6
0
0

Q.

Q.�
Ha
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Re
M1
M2 C-C
M3

46
46
46
66

X

52

Table II.

.:tl2.
Ra
20
20
33
33

Kl2.
X

Ha
53

li

80

48

60
46

48

46

li �

Re Ra
46
73
46
33

33
60
73
46

46

48

Ha

X

Re Ra

60 46
46 �
73 6 4
73 50

53
46
73
66

64

�

D-k
Ha

60
73
60
46
57

60
73
46
66

X
57

il
�
�

II

Percentages of significant V-to-C effects (see text for details) .

Data in the table show the following general trends:
(a) V-to-C effects at M1, M2 and M3 are larger for non lingual (i.e. ,
[p]) than for lingual (i. e., [t], [k]) consonants. Percentages of significant
effects for each consonant across adjacent consonants and moments in time are
indeed higher for labial [p] (54%) than for lingual [t] (34%) and [k] (42%).
Larger effects for [p] than for [t] and [k] can be related to the absence of
lingual activity for the former vs the latter.
(b) To a large extent, vowel-dependent effects at M1, M2 and M3 appear
to be inversely related to the degree of linguopalatal contact for the
cluster. Thus, clusters involving complete overlap between the two lingual
consonants [t]
and [k]
(i.e.,
[tk],
[kt]) are the most resistant,
the
percentage of significant effects across speakers ranging between 13% and 42%
in this case. On the other hand, clusters not involving [t] (i. e., [pk], [kp])
are the least resistant (range of percentages = 46%-64%). This trend operates
for each consonant taken independently: effects are larger for [p] with [k] vs
[t], for [k] with [p] vs [t], and for [t] with [p] vs [k].
(c) Overall vowel-dependent effects at M2 are not smaller than those at
M1 and M3. Therefore a similar degree of vowel-dependent coarticulation was
found whether the closure point selected for measurement is close to or
distant from the vowels. It appears that the entire cluster is produced with a
good deal of articulatory coherence, thus allowing a similar degree of vowel
dependent coarticulation to occur at all temporal points.
4.

Discussion

and

conclusions.

In agreement with data from the literature this paper provides evidence
for overlap between lingual regions which are not involved in the formation of
the place of articulation, more so about the cluster closure midpoint than at
the onset and offset of the closure period. The fact that linguopalatal
contact configurations at closure onset and offset of the cluster are
characteristic of C1 and C2,
respectively,
reveals that stop consonant
clusters are actualized by means of two independent lingual gestures.
Therefore, the degree of fusion of the two stop elements is less than that
found for doubly articulated stops such as labial-velar [kp ], [g'1] in African
languages (Maddieson and Ladefoged, 1989). Indeed,
in comparison to double
articulations, clusters are produced with longer closure durations and a more
pronounced temporal dissociation of gestures.
The finding that V-to-C effects are not smaller at M2 than at M1 and M3
for the clusters analyzed in this study is not consistent, however, with some
notion of complete dissociation between the two successive consonantal
gestures. Effects at M2 are comparable to those observed at the other two
moments in time, which suggests the existence of some degree of cohesiveness
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between articulatory events at different temporal periods and confirms the
hypothesis that, in some respect, they are planned as a single production
unit.
Moreover the degree of V - to-C coarticulation all along the cluster
varies inversely to the involvement of the tongue in the closure formation
process (in a similar way to single consonants) . Thus, clusters composed of
two lingual consonants (i.e., [tk], [kt]) block coarticulation at Ml, M2 and
M3 to a larger extent than clusters with labial [p]. Gestural overlap in the
case of the former clusters is complete and results into the formation of a
large single closure. One may hypothesize that complete overlap denotes the
existence of a high degree of articulatory constraint, which may explain the
blocking of vowel-dependent coarticulatory effects during a long stretch of
time along the closure period (i.e., from onset to offset of cluster closure).
On the other hand,
vowel-dependent effects at all moments in time are
facilitated by the presence of labial [p] since this consonant does not
require lingual activity during its production.
5.
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(bottom) for the calculation of contact index values (see text for details) .
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DYNAMICS OF INTERGESTURAL TIMING
Saltzman, E. (1,2), Kay, B. (3), Rubin, P. (1), & Kinsella-Shaw, J. (1,2).
1) Haskins Laboratories, New Haven CT; 2) Center for the Ecological Study of Perception and
Action, University of Connecticut, Storrs CT; 3) Department of Psychology, Brown University,
Providence RI, U.S.A.

Introduction
This preliminary report addresses the general issue of how to characterize the dynamics
that underlie the temporal patterning of speech gestures. The experimental approach adopted
was to apply unpredictable mechanical perturbations to the articulatory periphery during
speech sequences, and to examine the resultant changes in the temporal or phasing structure of
the sequences. Two types of sequences were used: repetitive (/preprepre. ../) and discrete
(/pgsreprepll). The former sequence types were analyzed using both phase-resetting (Saltzman,
in press) and transient techniques, while the latter were analyzed using transient techniques
only. The focus of the study was on discerning the relationships between the patterns observed
in the repetitive and discrete data, and on identifying common dynamical principles
(Saltzman, Kay, Kinsella-Shaw, and Rubin, in preparation).
Repetitive Data: Phase-resetting analyses
Recent data on unimanual oscillatory movements (Kay, 1986; Kay, Saltzman, & Kelso,
199 1) have demonstrated that transient mechanical perturbations delivered to the motor
periphery induce permanent and systematic shifts in the phasing of such rhythmic
movements. Gracco & Abbs ( 1989) have shown that similar perturbations during single,
noncyclic productions of /sa:prepl/ have the effect of inducing systematic shifts in the timing or
phasing of subsequent movement elements. However, since these speech data are from short
sequences, it is not possible to determine if the perturbation actually resets an underlying
sequence "clock", or if the temporal shifts were due to systematic effects in the articulators'
transient, post-perturbation behavior. In order to distinguish between these two possibilities, we
conducted a phase-resetting experiment on the production of extended, repetitive speech
sequences .
The goal of phase resetting analyses (e.g., Glass & Mackey, 1988; Kawato, 1981; Winfree,
1980) is to determine whether perturbations delivered during an ongoing rhythm have a
permanent effect (i.e., phase shift) on the underlying temporal organization of the rhythm.
What is measured in such studies is the amount of temporal shift introduced by the
perturbation, relative to the sequence's timing prior to the perturbation. This phase shift is
measured after the perturbation-induced transients have subsided and the system has returned
to its pre-perturbation, steady-state rhythm. If the perturbation induces such a shift in an
extended, repetitive speech sequence, this result would place a major constraint on theories of
speech production that posit a central timing network or "clock" underlying the production of
such sequences (e.g., Saltzman & Munhall, 1989). Such a result would imply that the
hypothesized central timekeeper could not simply drive the articulatory periphery in a strictly
feedforward, unidirectionally coupled manner. Rather, the hypothesized central timer and the
peripheral musculoskeletal apparatus must be coupled bidirectionally, so that feedback
information concerning the biomechanical state of the periphery can influence the
functioning of the timer.

Methods
Subjects and Equipment. In this experiment (also reported in Saltzman [in press]), a single
speaker of American English was seated in an adjustable dental chair, with his head
restrained in an external frame. A small paddle connected to a torque motor was placed on the
lower lip with a tracking force of 3 gm., in order to deliver step pulses of downward force (50
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gm.) at random times during the experimental trials. Timing of perturbation onset was
controlled by a VAXstation II1GPX. Infrared light-emitting diodes were mounted on the upper
lip, lower lip, lip paddle, jaw, nose (the nose LED acted as a spatial reference), and movements
were measured optoelectronically. Additionally, the acoustic speech signal and control
voltage applied to the torque motor were recorded. All data was fed into a 16 track FM tape
recorder for later digitization.
Protocol. Two experimental sessions were conducted, each lasting approximately 3 hours,
and 12 blocks of 25 trials were performed per session. Blocks alternated between repetitive and
discrete experimental conditions. In the discrete condition, each trial consisted of the single
"word" /p�sreprepl/; in the repetitive condition, each trial consisted of a sequence of
approximately 15-20 repetitions of the syllable /prel, spoken at a syllable rate comparable to that
used in the discrete trials. Details of the experimental protocol for the repetitive blocks will be
described further in the present section; the protocol for the discrete blocks will be described
below in the section Discrete Data: Transient Analyses.
For the repetitive blocks, perturbations were delivered during a random sampling of 80% of
the trials; perturbation duration was preset in an external timing circuit to equal the subject's
average syllable duration measured during pretest repetitive trials. On each perturbation
trial, the perturbation was delivered during the nth syllable (n varied randomly from 8-11),
and after m% of the predetermined syllable duration (m varied randomly from 1-100). Task
instructions were to not actively resist the perturbation, and to return to a steady rhythm
similar to that produced before the perturbation as quickly and easily as possible.

Results
For each perturbation trial, a lip-aperture (LA) trajectory was defined by subtracting the
upper lip signal (UL) from the lower lip signal (LL), i.e., LA = LL - UL (Figure 1 illustrates
LA trajectories from two perturbation trials). Individual cycles were then defined between
successive peak bilabial openings, and four cycle types were identified: a) pre-perturbation
cycles included the trial's first cycle through the last cycle prior to the one containing the
perturbation onset; b) perturbation cycles included all cycles that overlapped the perturbation
interval; c) transient cycles were defined as those cycles following the perturbation during
which cycle periods deviated from the average pre-perturbation cycle period by more than an
absolute-valued percentage criterion (this criterion was set on a trial-by-trial basis to equal the
absolute value of the largest percentage deviation of the pre-perturbation cycles from their own
average period.); and d) post-return cycles were defined from the last transient cycle to the end
of the trial.
Cycle phase, ", was defined to be zero at all peak bilabial openings. For all other points
between peak openings, phase was defined as (t / Ti), where t is the time (in secs) from the most
recent peak preceeding a given event of interest, and Ti is the period (in secs) of the cycle
containing the event. The phase of perturbation delivery was defined with respect to the time of
perturbation offset. This offset time served as a temporal anchoring point for "strobing" both
backward and forward in time into the pre-perturbation and post-return cycle sequences,
respectively, using the average pre-perturbation cycle period to define the strobe period. The
within-cycle strobe phases from the pre-perturbation and post-return cycles were then averaged

to define an average old phase, "
o

Id'

and average new phase, "

new

, respectively. Phase shift,

�'" was then defined as CIiJ
- "
) (modulo 1). Thus, �" is the amount that a given trial's
new
0 Id
post-return rhythm has been shifted relative to its pre-perturbation rhythm (�" > 0 denotes
phase advance; �,,< 0 denotes phase delay). The same measures were obtained for the control
(no perturbation) trials, where calculations were anchored to the end of a randomly timed, but
not delivered, "perturbation".

Figure 2 illustrates the results of our analyses (one subject, two sessions), using data
binned according to intervals of old phase. As can be seen in the figure, the rhyt hm showed a
phase advance in the .2-.4 interval that was significantly different from the no-perturbation

49
Saltzman, et a!., Dynamics of intergestural timing

control trials (Dunnett's test, p<.05). Thus, these data support the hypothesis that central timing
processes for speech are indeed sensitive to appropriately timed mechanical perturbations of
the biomechanical periphery, and that such events can permanently reset the rhythms of such
central "clocks. "

Discrete Data: Transient analyses
Since speech phase-resetting data have not been reported previously in the literature, it is
reasonable to ask whether these data are relevant to understanding the production of non
repetitive, discrete speech sequences, e.g., single words. Additionally, since the reported
phase-resetting data was collected from a single subject, how generalizable are these data to
other speakers, i.e., is the subject a "representative" speaker? The discrete sequence blocks of
the present experiment were included to address these questions.
Protocol. In the discrete blocks, each trial consisted of the single "word" Ip�sreprepl/, and
perturbations were delivered during a random sampling of 80% of the discrete trials.
Perturbation duration was preset to equal the subject's average acoustic interval between the
onsets of the first and second lrels, measured during a set of pretest discrete trials. Pretest
measures were also used to parameterize a random timing circuit for controlling perturbation
onset. This circuit was triggered by the acoustic onset of the initial I�, and allowed
perturbation offsets to occur at m% of the pretest interval between the onsets of the first and
second lrels (m varied randomly from 1-100). Task instructions were to not actively resist the
perturbation, and to continue speaking as naturally as possible.

Results
To date, only data from the first session have been analyzed. As in the phase resetting
analyses, lip aperture trajectories were computed for each trial. For all trials, the time
intervals from peak aperture during the first Ire! to peak aperture during the second Ire! were
measured. For the perturbed trials, these intervals were binned and averaged according to the
time of perturbation offset minus the time of interval offset, and compared to the mean value of
the control (nonperturbation) trials' durations (Figure 3). T-tests (for unequal variances) were
made, comparing each of the four perturbation bins with the nonperturbation control bin. In
order to adjust for an elevated Type I error rate due to multiple comparisons, we selected
criterion a-levels accordingly by dividing .01 and .05 by the number of comparisons made.
Results indicated that perturbations induced significant duration shortening when
perturbation offsets were either synchronous with (bin 0; t (25) = 8.937, p < .002) or slightly
followed (bin 100; t (19) = 3.256, p < .01) the duration offset. These findings agree with the data
of Gracco & Abbs (1989). However, these authors also showed significant duration lengthening
when perturbation offsets were roughly synchronous with the duration onset; our data only
showed a nonsignificant tendency to lengthen under these conditions. Nevertheless, we
considered our data patterns to be close enough to previously reported patterns to consider our
subject a "representative" speaker, and proceeded to consider the relationship between the
perturbation-induced temporal changes observed in the repetitive and discrete data.

Repetltlye Data: Transient analyses
Transient analyses were conducted for the repetitive data (/prepre ... I; see the above section
Repetitive Data: Phase-resetting analyses for data collection protocol), focusing on the

durations of the first and second perturbation cycles, i.e., the first two cycles that overlapped the
perturbation interval. As with the phase-resetting analyses described earlier, control trial
values were calculated for first and second "perturbation cycles" that were defined by
randomly timed, but not delivered, "perturbations". To date, only data from the first session
have been analyzed.
Figure 4 defines in schematic form the temporal landmarks and intervals used in the
present analyses. Data for the durations of the first perturbation cycles (durl) were normalized
according to the average duration of their corresponding preperturbation cycles (prepert),
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using the formula (durl - prepert) / prepert. Figure 5 displays these data after binning and
averaging according to the normalized time of perturbation onset minus the onset time of the
first perturbation cycle, using the formula (perton - tonI) / prepert . Results indicated that cycle
durations were significantly shortened relative to controls for the first three bins, and
significantly lengthened for the final bin (Dunnett's test, p<.Ol). However, the lengthening in
the final bin appears to have been due largely to two relatively uninteresting factors. The first
factor was a passive mechanical consequence of the lip-opening perturbation onset causing a
passive mechanical delay of the immediately following onset of lip closing. The second factor
was a statistical artifact of the definition of the final bin itself, since it contained "long" cycles
in which the perturbation onsets occurred at a time greater than 100% of the corresponding
average preperturbation cycle duration. Thus, as the perturbation "slides" back into the first
perturbed cycle, there is no eff�ct (ignoring the lengthening in the first bin for the previously
stated reasons) until approximately half of the cycle is covered, after which shortening begins.
Data for the second perturbed cycles were similarly normalized, using the formula (dur2 --- .

prepert) / prepert, and displayed in binned and averaged form according to the formula (pertoff
- toff2) / prepert (Figure 6). Results indicated that cycle durations were significantly
shortened when perturbation offsets were either synchronous with (bin 8) or slightly followed
(bin 43) the cycle offset (Dunnett's test, p<.Ol). These results are comparable to the results
obtained for the single word condition (see the Discrete Data: Transient analyses section),
i.e., as the perturbation "slides" forward into the cycle, there is no effect until approximately
90% of the cycle is covered and shortening begins.
Relationship between transient and steady-state data
How are the duration changes observed in the perturbation cycles of the repetitive data
related to the steady-state, phase-resetting results obtained in these same data? We
hypothesized that most of the phase shifts observed in the steady-state were due to duration
changes induced during the first two perturbation cycles. In order to test this hypothesis, the
summed durations for each trial's first and second perturbed cycles were normalized using
the formula ([dur2

+

dur2] - 2

*

prepert) / prepert, and displayed in binned and averaged form

using the formula (perton - tonI) / prepert (Figure 7). Results indicated that the summed
perturbation cycle durations were significantly different (shorter) than the corresponding
nonperturbation controls only in the first two bins (Dunnett's test, p<.Ol). These trials' data
were then replotted using the same abscissa, but with the ordinate representing the steady-state
phase shift (Figure 8; see the earlier section Repetitive Data: Phase-resetting analyses for the
method used to compute phase-shift). Results were comparable to the original phase-shift
analyses (Figure 2), showing a significant phase-shift (advance) only at a single data bin.
That this effect occurred in different bins in Figure 2 (bin 2) and Figure 8 (bin 1) results from
the different conventions used to define the corresponding abscissa values, and from the fact
that the perturbation duration was slightly longer than the average preperturbation cycle
durations.
Discus sion
All the data (repetitive and discrete) appears consistent with the hypothesis that speech
production displays both phase sensitivity and temporal saturation to experimentally induced
lip-opening perturbations in the utterance types examined. Phase sensitivity is indicated by
the fact that significant effects (phase advances or duration shortenings) were only shown
when the perturbations occurred during lip cl osing gestures; temporal saturation was
indicated by the fact that phase advances or syllable shortenings were limited to approximately
20-30% of the duration of an unperturbed control syllable. Phase sensitivity is most easily seen
in the first perturbation cycle of the repetitive data (Figure 5), for which no shortening occurs
until the perturbation encroaches on the cycle's closing phase. Temporal saturation is most
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until the perturbation encroaches on the cycle's closing phase. Temporal saturation is most
easily seen in the second perturbation cycle of the repetitive data (Figure 6; recall that this
condition is comparable to the discrete word data of Figure 3). When the perturbation offset
occurs early in the second cycle, there is no effect, since the previous cycle has already
shortened up to the systems saturation limit; when the perturbation offset occurs late in the
second cycle, the cycle shortens since the previous cycle has been perturbed only during its
nonsensitive opening phase, thereby allowing the sensitive closing phase of the second cycle to
induce shortening.

Summary and Conclusions
Phase-resetting analyses of a single speaker's repetitive speech sequences have shown that
mechanical perturbations can induce long-lasting phase shifts, thus supporting the hypothesis
of an underlying timing network for speech that is bidirectionally coupled with, yet
functionally distinct from, the dynamics of the peripheral articulatory apparatus. Further,
analyses of perturbed productions of single words by this same speaker proved comparable to
data reported previously in the literature, thereby allowing us to conclude that the repetitive
data is not likely to be temporally anomalous or nonrepresentative. Finally, the transient
analyses of the repetitive data show that the patterns of temporal change are consistent across
both repetitive and discrete sequences, thereby allowing us to conclude that the phase-resetting
results are not mere artifacts of the task's cyclicity, but that they reflect the dynamics
underlying the production of discrete words as well. More data is needed, however, not only to
corroborate these findings but to generalize them beyond a single speaker's production of the
relatively simple bilabial sequences that were described in this report.
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1

Introduction

The ultimate goal of research in Phonetics is to provide a coherent theory of speech produc
tion/perception that is worth in explaining how discrete, phonological symbols are encoded
into (and decoded from) an essentially continuous acoustic signal. This issue sustained the
longstanding debates among speech researchers about the origins of invariance and variability
in speech processes (Perkell and Klatt 1986). Several theoretical viewpoints have been pro
posed that differ in the way phonetic invariance arises from the listener-speaker interaction.
As a first trend, we can mention approaches like the Motor Theory (Liberman et al. 1967;
see also the theory of Direct Realism, Fowler (1983)), that posit the articulatory nature of
speech goals. On the other hand, proponents of the Quantal Theory (Stevens 1972) argue
that targets are essentially acoustic/auditory. As an alternative approach, Lindblom (1987)
suggests that there is no proper invariance at any level taken in isolation, but rather the
variability in speech process is a direct consequence of a continuous negociation between the
speaker and the listener.
All these theories are basically qualitative ones and it is noticeable that quantitative
models are very seldom. The research we are pursuing (Laboissiere et al. 1991; Bailly et al.
1991) addresses this gap, with the goal of producing quantitative simulation that can be
compared with experimental data, and feed in return the theoretical debate. In this line, the
work realized at the Haskins Labs around the Action Theory (Saltzman and Munhall 1989;
Kelso et al. 1986) is of course pioneering and quite impressive. Their model is actually a
quantitative one coping with the invariance at the command level, thanks to the notion of
cooTdinative structu1'e, a kind of functional grouping of muscles recruited in a task-oriented
fashion (as defined by Fowler 1980). There are two relevant aspects in their model: (a) the
targets are specified in terms of position and degree of the constrictions along the vocal tract,
and a sophisticated mathematical tool is provided to determine the articulatory commands of
the speech production system from the dynamics in the task space; and (b) the coarticulation
is viewed as a superposition in space and in time of invariant coordinative structures. (For
an interesting view on this last point, see Fujimura 1991.)
Although quantitatively powerful, the task dynamics model in its present form cannot
account for the speaker/listener negociation a la Lindblom (1987). Moreover, it lacks a built
in theory of motor skill learning and parameterization. In order to enlighten the issues above,
we propose a quantitative model of speech motor control which borrows some ideas from a
recent trend in control theory, namely the use of neural networks to drive anthropomorphical
models of movement (Jordan 1990; Jordan and Rumelhart 1991; Kawato et al. 1987; Burnod
and Dufosse 1990).
In this paper we discuss how to apply connectionist techniques to control an anthropo
morphical articulatory model of speech production (Maeda 1979). One main feature of our
modelling approach is that coarticulation is considered as the result of a planifi cation of ges
tures (for supporting experimental data see Whalen 1990). This planification is done so that
the speaker-listener negociation is optimally fullfilled. We show simulation results accounting
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for well-known phenomena in speech, like coarticulation and compensation to pertubations.
Three important theoretical issues are addressed in this framework:
• What is the nature of the control space used in programing speech gestures? Is it essentially
acoustic or a hybrid between acoustic and oro-sensorial?
• What are the suitable principles of control, these principles being defined as the choice of
an architecture for the control and the constraints imposed on the control law to solve the
ill-posed problem of recovering gestures from sound?
• Given a complete dynamical model defined by the two items above, is it possible to learn
an inverse model capable of generate suitable articulatory commands from a specification
of the goals to reach? (the "inversion problem".)
2

Model description

Due to the limitations of space, we will only outline the major principles of our model for
speech production. The reader is refered to our earlier articles ((Laboissiere et al. 1991; Bailly
et al. 1991) for a thorough description. The general scheme of the model is depicted in Fig. 1.
A central feature is the the presence of a f01'waTd model, hypothesized to be somewhere in the
central nervous system. This module realizes an internal mapping between the articulatory
commands and the final acoustic results. The learning of this mental representation is done
through babbling, thanks to the auditory feedback.
The input-output pairs used to train the forward model come from a two-step proce
dure. First, vocal-tract shapes are computed by a realistic model developed by Maeda (1979)
which realizes the passage from five articulatory parameters (jaw, tongue body, tongue dor
sum, tongue tip, lips closure/protrusion) to the sagittal cut. The second step consists in the
computation of the first three formants from the area function. With this whole model, we
prepared a 1500-large training database covering all the eleven French vowels and their neigh
bourhood in the three-formant space, and we designed a neural-like forward model fitting
these data.
Once the forward model is learned, it is possible to infer an inveTse model. Indeed, l-cnowing
how far the actual output (speech signal) is from the specifications (mental targets) we can
estimate the corrections to apply to the articulatory commands in order to decrease the error.
In a connectionist framework this is essentially the classical error backpropagation paradigm
associated to the gradient-descent technique of optimization.
The problem of learning the inverse model is ill-posed, due to the excess degrees of free
dom of the articulatory-to-acoustic mapping. It can be regularized by the introduction of
constraints which enable the selection of one solution. The constraints precisely consist of
economy costs which orientate the learning of the inverse model towards smooth trajecto
ries. More clearly, there is some kind of competition between the economy cost and the cost
associated to the accomplishment of the task (i.e. reaching a predetermined acoustic goal).
It is wOTth noting thai, in this Teasoning, the conditions of the speake1jlisteneT negociation
deteTmine a paTiiculaT solution of the inveTse model.

In the next section we shall discuss the behavior of our model in relation to two ex
perimental paradigmes, both dealing with articulatory variability associated to phonological
invariance: (a) coarticulation effects in vowel-vowel and vowel-stop-vowel sequences (Ohman
1967) and (b) compensation mechanisms involved in bite-block experiments (Lindblom et al.
1979).
3

Results and discussion

3.1 Tongue-jaw compensation in the bite-block expeTiment

This experiment was realized in a two-pass procedure. First, we started with the articulatory
parameters in a "rest" position (roughly corresponding to schwa) and then we let them evolve
along the gradient descent in order to reach at the output of the forward model the formant
values suitable for /i/ (noTmal condition). Then, we repeated the experiment with the jaw
parameter fixed at a value corresponding to an open configuration (bite-block condition). The
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results displayed in Fig. 2 show that the acoustic target is indeed reached in the second case
in spite of the perturbation, thanks to a tongue-jaw compensation. This validates the ability
of the forward model to capture essential features of the articulatory-to-acoustic transform
and gives a strong case for the use of forward modelling in speech motor control.
3.2 Vowel-vowel coarticulation

Unlike the previous simulation, the present one implies the learning of the inverse model.
The two learned sequences were lual (Fig. 3a) and luil (Fig. 3b) in left and right context
schwa. In each case the acoustic output was specified by formant targets around four instants,
namely initial schwa, first vowel, second vowel and final schwa, formant trajectories being left
underspecified during transitions. The constraints used to regularized the inversion problem
were some kind of smoothness of articulatory movement (more precisely a blend of jerk and
kinetic energy; see Laboissiere et al. (1991)). We indeed obtain coarticulation: during the
production of lui, the tongue anticipates - as much as allowed by lui - the following
vowel, either Ial or Iii, while the acoustic configuration reached for lui is the same in
both cases. This result is due to the bimodal distribution of lui configurations produced by
Maeda's model, and human ability to exploit this distribution is in fact at present a matter
of debate (Savariaux 1991; Perkell et al. 1991, this issue).
3. 3 Learning of consonantal gestures

A critical test of adequacy of our model is the possibility to infer from the acoustic signal
correct articulatory gestures for consonants. By correct articulatory gesture we mean gestures
that (a) recruit the right articulators (e.g. tongue tip for apicals, tongue body for velars and
lips for labials) and (b) exhibit the right coarticulation patterns (e.g. the place of occlusion for
stops). This problem represents a large topic of research and we shall present only a prelim
inary work. We attempted to learn to produce I dl and I gl gestures in I a#al contexts. The
vowel was specified by formant targets like in the previous experiment, while the consonants
were specified by their "loci" in the spectral domain. In order to achieve a true closure, we
added a second part to the forward model that estimates the degree of constriction in the
vocal tract, and we imposed a total constriction for the consonant. This estimation of the
degree of constriction can be done from pure acoustic cues, such as spectral tilt. The results
are shown on Fig. 4 and they seem rather satisfactory.
3.4 Conclusion

The present state of our work is rather promising. It shows that it is indeed possible to
learn how to drive an anthropomorphical model of speech production in order to encode
phonological sequences into sounds and to deal, to a certain extent, with such key problems
as compensations and coarticulations. It remains that:
(a) all the questions about the principles of control and the nature of the speaker-listener
negociation are still in front of us and our model can provide a tool for addressing these
questions;
(b) our work is built around a pivot assumption, namely that it is possible to learn gestures
from sounds. This raises the question of the ability to estimate relevant acoustic features (the
perceptual measurement problem) and to put them in relation with the acoustic space of the
forward model (the normalization problem).
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Introduction

Intention to Speak

In this paper, we focus on the dynamical
relation between observed elements of neuromus
cular activity, indicative of neuromotor commands,
and the ensuing articulatory movement behavior
during reiterant speech production. Although
progress has been made modeling the articulatory
kinematics from which inferences can be made
about the underlying dynamics of the musculo
skeletal system (for review, Saltzman & Munhall,
1989), the mapping between actual neuromuscu
lar and articulatory events - in which the system's
dynamical properties could be directly assessed still remains a mystery. Ultimately, we hope this
computational approach to speech production can
be used to model speech perception and recogni
tion, and to elucidate structural and functional
aspects of the central nervous system's orchestra
tion of motor behavior.
Specifically, we use a neural network scheme
developed previously to characterize the motor
control of human arm movement (Kawato et al.,
1990). The task of the network is to learn the
forward dynamics linking neuromotor commands
and their articulatory consequences. Once learned,
the forward dynamics model (FDM) is used both
to generate appropriate phoneme- and context
specific movement trajectories and to quantify
viscoelastic properties such as damping and stiff
ness. As far as we know, this is the first time such
modeling has been based on real, rather than simu
lated, physiological data (cf., Flash & Hogan, 1985;
Jordan, 1990; Laboissiere et at., 1990; Ostry et at.,
in press; Uno et at., 1989).
This study is a first step in implementing the
scheme for speech production shown in Figure 1.
We would like to assume that inputs to the model
are phoneme strings where each phoneme has an
associated target or 'via point' specified spatially
in the relevant task domain(s) - e.g., lip aperture

for bilabials, or lip aperture, protrusion, and the
location and degree of tongue body constriction
for /0/ (Saltzman, 1986). Smoothness, an ob
served attribute of biological movement behavior,
undoubtedly arises from active control at a variety
of neural and physiological levels as well as from
the passive biomechanics. As has been done for
modeling arm motion (Kawato et ai., 1991), we
plan to subsume smoothness under one hard-wired
constraint whose influence is constrained by glo
bal performance criteria such as speaking rate and
style. Thus, via point and smoothness constraints
are functionally opposed, since the relative weight
of the smoothness constraint determines the de
gree to which movement trajectories approach
phoneme-specific via points. 1

* We thank Vincent Gracco and Kiyoshi Oshima for nearly
painless muscle insertions; Haskins Laboratories for use of
their facilities (under the auspices of NIH grant DC-OOI21);
and to Kiyoshi Honda, Michael Jordan, Philip Rubin, Elliot
Saltzman and Yoh'ichi Toh'kura for insightful discussion.

1 For the preliminary modeling presented in this paper, via
points are not specified and the need for a smoothness
constraint is eliminated by using the EMG signals them
selves to drive the CNN (see Fig. 5).
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Movement, EMG, and acoustic data were
recorded for one speaker who produced reiterant
verisons of two sentences from the Rainbow Pas
sage (as in Kelso et ai., 1985). Speaking rate was
fast and the reiterant syllables were ba, boo Each
sentence-syllable condition was produced 10 times
in a randomized order. Figure 2 shows approxi
mate marker positions for tracking (Haskins
Huntspot) position of the jaw (horizontal and ver
tical) and lips (vertical only) and muscle insertion
points for hooked-wire, bipolar EMG recording
from four muscles: ABD (anterior belly of the
digastric) for jaw lowering, 001 (orbicularis oris
inferior) and MTL (mentalis) for lower lip raising
and protrusion, and GGA (genioglossus anterior)
for tongue tip lowering.
All movement and EMG (rectified and inte
grated) signals were digitized (12 bit) at 200 Hz
and then numerically smoothed at 40 Hz. Position
signals were differentiated to obtain velocity and
then, after smoothing at 22 Hz, differentiated again
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to get acceleration. (for processing details, see
Kay et ai., 1985).2 Results are shown in Figure
3 for one reiterant utterance using ba.
Network Training

The forward dynamics model for ba, bo pro
duction was obtained using a three-layer perceptron
(a component of the cascade neural network dis
cussed below) with back propagation. Briefly, the
network learns the correlations between the val
ues for all signals at time t (e.g., upper lip position
or 001) and the changes of position and velocity
for all articulators at the next time sample t+ 1.
The first four tokens of the four conditions using
ba, bo were used for network training. The learned
correlations, expressed as weights, are shown in
Figure 4. There are two points of particular inter
est: First, the positive weightings near +1 for
velocity (unfilled symbols for horizontal and ver
tical jaw, upper and lower lip) indicate that the
velocity was nearly constant from one sample to
the next. Second, the articulator weightings for
the four muscle inputs are sensible: lower lip
(which includes vertical jaw) and jaw acceleration
are positively weighted for lip raising muscles,
001 and MTL, but negatively (albeit slightly)
weighted for the jaw lowering muscle, ABD; and
uncorrelated entirely for the tongue muscle, GGA.
2 Originally, velocity signals were not smoothed prior to
obtaining acceleration. Vincent Gracco suggested that the
high frequency noise induced by multiple derivatives might
un-necessarily hinder network learning, since the process of
converting neuromuscular activity to articulator motion acts
as a kind of low pass filter. Although secondary smoothing
of the training data had no "visible" effect on the very
smooth trajectories estimated by the network, error signals
between estimated and desired output were lower.
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Trajectory Prediction from Muscle EMG

After learning, the acquired forward dynam
ics model (FDM) was tested on data not included
in the training set. First, we used the perceptron to
estimate changes of articulator position and veloc
ity from the EMG input over a single timestep.
Predicted velocity (�position) values matched
desired values almost perfectly. Acceleration
(�velocity) values were consistently underesti
mated, resulting in a slightly smoother-than-de
sired output. More important, however, was to
test the FDM's ability, when used in conjunction
with a cascade neural network (CNN), to generate
continuous articulator trajectories over a large
number (n= 1000) of time steps. A partial repre
sentation of this network is shown for the first
three sample steps in Figure 5.
The idea of the CNN is that the kinematic
consequences of trajectory estimation are chained
together from the first sample onward. Only the
articulator position and velocity values for the
very first sample of the test utterance are given to
the FDM. Using the EMG "motor command"
input for each sample step, the FDM estimates the
changes of position and velocity and sums them
with the position and velocity values of the previ
ous sample to obtain estimated values at the next
time sample. Thus, error in trajectory estimation
is cumulative from the first sample onward.

Figure 6 shows a comparison of actual vs
predicted trajectories. In general, their spatiotem
poral characteristics are very similar, e.g., ampli
tude, frequency, and phase, indicative of the gen
erally good performance of the model. There is,
however, a tendency towards negative DC offset
in the predicted position signals. For upper lip
position, the offset persists from the third peak
(bilabial closure, counting from the left). For lip
and jaw, offset occurs primarily around phrase
breaks, although the trajectories tend to converge
again by the third movement cycle after a pause.
Noting that offsets occur at specific extrema (peaks
and valleys), where the lower lip-jaw motion of
the test utterance is particularly large, and that the
network learned the functional coupling between
the lips and jaw for bilabial closure (see below),
there are two important limitations that reduce the
current model's ability to compensate for position
shifts in the test utterance. First, there is no speci
fied equilibrium or rest position, either in articula
tor or task space, towards which articulators might
tend in the absence of EMG activity. Second, the
acquired FDM is based on very limited EMG; at
most, there is correlated EMG for only one direc
tion of motion per articulator. Addition of antago
nist EMG and/or an estimate of eqUilibrium posi
tion should greatly increase the model's generali
zation capability.

1- Model Output

Fig. 5.

Cascade Neural Network
(CNN) for generating estimated move
ment trajectories from EMG. Input is
shown for one muscle and articulator.
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Estimation of Dynamic Parameters

It is clear from the preceding that the neural
network learned to generate good movement tra
jectories from EMG input; but did it learn the
forward dynamics? To show that it did, the model
system's responses to two types of simulated per
turbation were observed (for details, see Hirayama
et ai., in press). The first, shown in Figure 7,
confirmed that the model indeed learned an appro
priate nonlinear dynamics and affords rough esti
mation of the system's viscoelastic properties, such
as natural frequency (1.0-1.3 Hz) and damping
(0.24). Simulated release of the lower lip at vari
ous distances from rest revealed underdamped,
though stable behavior (as shown) within a certain
range of values and unstable behavior outside that
range. The simulated perturbation also revealed
the learned functional coupling among articulators
as shown by the in-phase lower lip/jaw trajecto
ries and the rapid 180 degree phase shift of the
upper lip appropriate to bilabial production.
The second simulated perturbation entailed
observing articulator response to a step increase
(50% of full-scale) in EMG activity for each
muscle. The results shown in Figure 8 demon
strate that the learned relation between EMG input
and articulator movement output is dynamical
rather than mechanical. Furthermore, the direction
of movement response is appropriate for ABD
(jaw lowering) and 001 (lower lip raising). How
ever, responses to increased MTL (lip raising and
protrusion) and GGA (tongue lowering) are less
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straightforward. Step increase of MTL activity
has essentially no effect on articulator motion, yet
fairly strong weightings were learned for lower lip
and jaw acceleration (Fig. 4). A possible explana
tion is that, compared to this muscle's consistently
high level of activity (Fig. 3), the step increase
used in the simulation is too small to generate a
response. A more likely possibility stems from
the observation (due to Kiyoshi Honda) that the
MTL signal contains two bursts per movement
cycle and, thus, may include lip depressor activity
associated with lip-jaw lowering. Closer inspec
tion shows the two bursts are highly correlated
with the onsets of both the raising and lowering
phases of the lower lip (and jaw) movement cycle.
This would account for the strong positive
weightings between MTL input and lip/jaw accel
eration, and would result in no motion during a
continuous step response test. Finally, GGA ac
tivity was observed only during large opening
movements associated with heavily stressed and
phrase-final gestures. The absence of learned
weights from only several bursts per utterance is
therefore not surprising. However, that the net
work appears to have learned the functional cou
pling between lip/ jaw motion and tongue EMG is
due to the use of reiterant speech. The repetition
of the same consonant-vowel sequence results in
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predictable, but misleading couplings between jaw
and tongue - e.g., it is not the case that GGA
causes jaw lowering.
Summary Discussion

In this paper, we outlined a computational
approach to motor control in which a neural net
work was used to model the nonlinear dynamics
and functional constraints causally linking mus
cular activity and ensuing articulator motion. Simu
lated perturbations showed that the model has
research potential beyond its ability to synthesize
reasonable articulatory trajectories from muscular
input; since the dynamic parameters of the ac
quired model can be quantified, they can be tested
empirically against our knowledge of this and
other motor control systems. Use of real data at
both levels of observation does not insure that the
acquired dynamical model is biologically real, but
it does make prior knowledge of the system being
studied unnecessary. Finally, while useful and
encouraging as a first test, reiterant speech is far
too limited with its phonemic simplicity and the
unnaturally cyclical motion of a small set of pri
mary articulators and narrowly-defined interar
ticulator couplings (Vatikiotis-Bateson, 1988). The
validity and practicality of the approach must be
demonstrated using real speech. This will require
data from many more muscles and articulators
whose motions will not necessarily be rhythmi
cally cyclic or easy to specify in terms of pho
neme-specific tasks.
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Introduction

The totality of
changes in position ,
shape and
mechanical properties of the solid structures used in
speech production determines the types and sequences of
acoustic patterns generated and of the auditory patterns
received by listeners. In these terms the conceptually
subsequent
physical
processes
of
aerodynamics
and
acoustics follow
automatically.
In one
sense
then ,
articulatory states and movement paths should indicate
the central nervous system
(CNS) control of speech
production.
They
may
reflect
the
results
of
optimisations ,
such as minimisation of work
done ,
of
limitation of muscle f orces.
But
f rom
another
perspective ,
the
learned
articulatory patterns come last in a chain of events.
They are the means to an end - the required auditory
goal. We have argued elsewhere that besides the k nowledge
of whether a specified auditory goal has been achieved or
not , speakers k now about the aerodynamic and acoustic
processes of their own speech production, since they must
tak e them into account during speech acquisition (Scully
1991).
Neural ,
muscular ,
mechanical ,
aerodynamic ,
acoustic
and
auditory
constraints
are
all
present
whenever
speech
is
produced.
How
can
we
hope
to
disentangle them?
It is possible at least to attempt a description of
some movement paths in terms of the solid structures and
the vocal tract shapes achieved; this is the main object
of this paper , although we shall speculate a little about
the underlying motor control and possible reasons for the
effects we observe.

2.

The data

Three kinds of traces relevant to the formation of
a vocal tract constriction for [s] fricatives have been
obtained as functions of time , for one woman speak er of
English ,
General American accent:
one-dimensional jaw
movements , EPG (a two-dimensional projection of contact
patterns between the tongue and the hard palate), and a
measure of cross-sectional area (A) f or the front portion
of the vocal tract. Briefly , the traces were obtained as
follows: vertical jaw movement was obtained by means of
a magnetic emitter with a detector on the lower teeth;
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tongue-palate contact was characterised by the number of
contacts in
the
front
three
rows
(front)
and
the
remaining back five rows (back ) separately for EPG; the
area trace A was derived from volume flowrate of air
l
through the mouth Uo divided by the square root of the
air pressure drop P
from the open end (in the oral
o
cavity) of
an
orally
inserted
pressure
tube
to
a
reference tube in front of the speak er's mouth inside the
airflow mask . The A trace is not an actual measure of
vocal tract constriction area, but it is hoped that it is
related to the area function of the front portion of the
vocal tract.
The three k inds of data were obtained in separate
experiments. The speaker followed the same recording of
herself each time.
It is hoped that by these means
comparable
speech
styles
and
rates
were
achieved.
Acoustic recordings were made, checked auditorily , and
analysed in relation to the production data.

3.

Movement paths for

[pas a: ]

and

[pisi:]

For the jaw and A traces about ten repetitions on
one expiratory breath were made for each sequence; only
three repetitions were made for EPG.

3. 1 Jaw
Figure 1 shows five repetitions aligned at the
acoustic transient associated with the [p] release. Other
studies have shown
maximum velocity
correlated with
distance moved.
Here
the
compensation
seems
to
be
complete so that the larger jaw movements for [pasa:]
tak e no longer than the
smaller
ones
for
[pisi:].
Constant duration for different distances moved by the
same articulator was an early assumption in our modelling
(Scully 1975) .

3. 2 EPG contacts
One example, characteristic of the three, for each
of [pasa:] and [pisi:] is shown in Figure 2. The front
contact traces indicate
higher maximum
velocity for
[pasa:] than for [pisi:] , consistent with the jaw traces
in Figure 1. The back contact traces, however, move with
the rising-falling jaw for [pasa:] but against it for

1 Actually, total flow , mouth and nos e combined, but
preliminary check s showed that for the sequences analysed
the airflow through the nose was negligible.
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[pisi:].
This suggests complex and context-dependent
combinations of jaw and tongue muscle activity to achieve
relatively but not completely invariant ends.
Table I
indicates
that
the
tongue
configurations
were
not
identical during the production of the frication noise
for
[s]
in
the
different
vowel
contexts.
Other
articulatory actions besides the tongue approaching the
alveolar ridge contribute to frication noise of course,
notably abduction of the vocal folds.

N Front

t
[pasa:]

[pisi:]

N Back

,

t

,

8

2

9

8

6

2

5

5

10

3

5

5

14

6

13.5

16

13

10

18

16

11.5

8

19

15.5

Table I. number of EPG contacts at frication noise onset
(t) and off set (' ) for the front and the back rows. Three
repetitions of each sequence .

3. 3.

A traces

There is considerable variability in the A path
shape across the ten repetitions but ,
as the examples
superimposed in Figure 3 show , for small values of A ,
with shifts in the baseline needed in some cases ,
the
curve shapes at the approach into and at the departure
out of the frication noise portions seem to be the same
for the different vowel contexts. It seems that the time
function of vocal tract area is rather closely controlled
independently of vowel context.

3.4 Interpretation
Taken together , the data suggest a two-part action
for the vocal tract movement paths involved in
the
production of the fricative. First , an approach in which
velocity is geared to the distance to be moved. Second ,
with the sides of the front portion of the
tongue
anchored against the palate , a relatively constant action
of the tongue tip-blade is performed to shape the front
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portion of the vocal tract.

4.

Different speaking styles

Connected speech was produced also. The jaw and EPG
data are insufficient for reliable comparisons of the two
styles. The A traces for the two styles seem to match in
certain portions at the edge of the frication noise as
shown in Figure 4, even though the total [s] frication
noise is of shorter duration in the connected speech. In
these "edge" regions, which seem to be important for the
perception of fricatives, acoustic sources and formant
transitions all covary (Scully et al. , in press).

5. Underlying motor control
There have been many studies of movement paths and
associated electromyographic (emg) patterns for sensori
motor skills, such as hand, arm or head movements. The
possible relevance of three of these studies to our data
will be considered.
Cordo (1990)
found that arm movements slowed down
when passing through a zone in which a hand movement was
to be executed. In a rather similar fashion , a movement
of the front portion of the tongue into a suitable
region,
blended
with
the
execution
of
a
specif ic
constriction-forming tip action for [s] , is suggested by
our data.
Rapid reversal hand movements with constant distance
but different durations showed complex changes in agonist
and antagonist muscle activity as duration was reduced
(Schmidt et al. 1988) . Another study of one-way movements
(Cooke and Brown,
1990)
suggests a possible control
consistent with our speech data,
in particular with
Figure 4, as follows.
The deceleration phase of the movement into the
vocal tract constriction for [s] might be achieved by one
relatively invariant period of phasic (i. e. coordinated)
agonist-antagonist muscle (AgI-Antl) action. The movement
out of the constriction might be achieved by a second
period of
phasic antagonist-agonist
pair
(Ant2-Agl)
action. The resulting paths for deceleration into and
acceleration out of the constriction might be expected to
be of relatively fixed shapes, as found in our data.
Any quasi-static constriction would be maintained by
'tonic' agonist-antagonist action. The two sets of phasic
activity could be brought together in time with reduction
of the quasi-static constricted state. In the limit the
first and second antagonist actions (AntI and Ant2) would
merge to give a rapid reversal of the tongue tip-blade,
perhaps
corresponding
to
a
rather
fast
tempo
for
connected speech.
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A
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Figure 4 .
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baseline shift.

A

•
•
•
•
•

(cm2) :
Q.2

1--_+--.;-•

75

Symposium on Phonetic Research Paradigms, Stockholm August 1991 (to be
published in PERILUS 1991)
SPEECH PRODUCTION. FROM ACOUSTIC TUBES TO THE CENTRAL
REPRESENTATION.

Rene Carre, ENST, Departement Signal, Unite Associee au CNRS, 46 rue Barrault,
Paris (France).
Mohamed Mrayati, Scientific Studies and Research Center, POB 4470, Damascus
(Syria).
A coding system for acoustic communication.

In this first part of the presentation, the sound produced by an acoustic tube is studied
from the communication point of view. Suppose that a specialist in acoustical
communication is asked to control the geometrical characteristics of an acoustical tube
around its uniform configuration in order to obtain specific signs of formant frequency
modulation, maximal formant frequency modulation index with least geometric changes,
and maximal formant frequency ranges. Suppose also that this tube is either closed at one
end and open at the other or closed at both ends. At last, suppose that communication
involving acoustical differences due to different excitation sources (periodic source, noise,
clicks, . . . ) has not to be performed.
The solution of such a problem is obtained with a Distinctive Regions and Modes
(DRM) system (Mrayati, Carre, and Guerin, 1988). The tube has to be divided into fixed
unequal length regions, the cross-sectional areas of which being controlled by transversal
commands. With such an acoustically optimal system, in a sense that this system is both
easy to control (simple transversal commands at specific locations corresponding to
greatest formant modulation capabilities) on the one hand, and performing monotonic,
pseudo-orthogonal and efficient formant trajectories on the other hand, acoustical
references can be defined and used for communication. A one, two, three or four formant
coding system can successively be set up. Such a system has inherent antisymmetrical
properties leading to synergetic and compensatory control capabilities.
DRM model and speech production.

The following question is then studied: could such an optimal system for acoustic
communication have been "discovered" by human beings? In other words, could the
speech communication process be acoustically driven and could the Distinctive Region
Model be the reference for speech production mecanism in the case of commmunication
using formant frequency modulations? First evidences are given below.
* The human articulatory system is able to control a region structured tube. First, the
vocal tract is a closed-open tube. Then, with an eight region model, the first two regions
(glottis side) correspond to the larynx cavity, the four following ones correspond to the
tongue, the following to the tongue tip, and the last one to the lips. At last, the constant
tongue volume perfoms a synergetical command (constriction in the front part induces a
larger space in the back cavity and vice-versa). When comparing the vocal tract
physiology with the optimal DRM model, one main difference is noticed and concerns the
fairly fixed larynx cavity. The vocal tract system could be either locally sub-optimal and
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very stable or in a slow evolution to optimal situation. The synergetic and compensatory
capabilities revealed by the DRM model are known to be used by human beings.
Nevertheless, the synergetic command between the larynx volume and the volume at the
lips would not be mechanically realist. In fact, this synergetic effect is obtained in some
cases by lengthening the vocal tract (larynx displacement) for rounded vowels. This
intesresting point deserves to be studied more. Any way, the relatively good adequation
between the vocal tract and the DRM model suggests that the so-called "articulatory
constraints" in the speech production system are not as constraining as generally supposed,
but are rather well adapted for such a system.
* The vowel constriction locations observed by Wood (1979) correspond well to the
regions as defined above. All the oral vowels can be produced by such a region model
which displays the largest FI-F2 space. Central vowels are more difficult to obtain and
need an eight region model. The vowel lui is obtained with a central constriction.
* Applying the methodology mentioned above to promote an acoustic coding system
for communication with several references, vocalic systems can be explained from a two
vowel system (fal and Iii) to a ten or more vowel system passing through a five vowel
system which corresponds to the maximal possible number with a one degree of
constriction (without including the neutral situation).
* Consonants can also be produced with a DRM model according to the distinctive
regions. The mid-points of regions correspond to the well known closure points for
producing plosives.
* After examining the good static correspondance between the DRM model and the
vocal tract, the question is: does the transversal command, inherent to the DRM model,
correspond to the human speech command strategy? A first positive answer to the question
is given by the articulatory data analysis reported, for example, by Harshman et al. (1977)
and by Maeda (1979). Natural formant trajectories have also been studied. A good
agreement is obtained when comparing the general shape of trajectories obtained from
natural VIV2 and VICV2 analysis (Carre and Mrayati, 1990 and 1991) and DRM
trajectories.
These preliminary studies on both static and dynamic speech data are so far in support
of the hypothesis formulated above.
Perspectives.

The following presentation is preliminary. We only intend to propose some
consequences derived from the hypothesis formulated above, namely the speech
communication process is acoustically driven rather than biologically driven. In this case,
important consequences can be deduced, some of which follow.
a) The speech production system is acoustically driven and adapted for controlling
tract cross-sectional section in the manner determined by the DRM model.
b) The speech perception system is acoustically driven and adapted to detect, in the
best conditions, sound references and trajectories as modeled optimally and simply by a
DRM concept.
c) There exists a direct link between phonology, phonetics and acoustics with
reference to the distinctive regions in the vocal tract. Such a link could also influence
higher levels.
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d) The evolution of the human speech production and perception systems can be
explained from acoustic laws.
e) Human beings have articulatory organs very suitably located relative to the
distinctive regions of the acoustic tract and, as such, can exploit the interesting properties
of these regions. Preliminary data indicate that other species do not have this aspect.
If the generally admitted scheme of the speech communication system is reconsidered
with an acoustically driven hypothesis, the function of each part can be explained as
following:
-at the high level, lexicon is described into intentions of distinctive region commands.
At this level, the intention is to realize a specific movement. The link between symbolic
representation and concrete realization is simple (transversal movement), optimal (able to
produce the largest formant frequency ranges), and direct (pseudo-orthogonality of the
transformation: movements versus signs of formant frequency variations). The intention is
described in terms of one (or two if labiality is concerned) constriction with specific
degree and with a specific quantized location. Anticipatory effects can be produced at this
level. Intentions are invariant.
-at the peripheral level, the motor control has to execute the intention using all the
capabilities of the articulatory system. At this level, interaction effects due to the
preceding and following targets are observed and are at the origin of coarticulation
phenomena and variability. The motor control for speech production has to structure the
articulatory movements to realize the intentional objectives. At this level, sensors
measuring the degree and place of the constriction are used for controlling the results of
the commands.
-the perception system has to detect the intentions as such from the speech signal
which is "special" because specifically structured.
Within this general view, work on articulatory modelling is mainly useful to study the
problem of task dynamics, i. e. the realization of specific intentions or speech gestures
(distinctive region gestures) via a system having redundant degrees of freedom to enable it
to perform other tasks (for example eating).
The acoustically driven hypothesis has now to be challenged with other well-known
theories such as:
-the quantal nature of speech (Stevens, 1972). The phonogical systems deduced from
the DRM model are not always corresponding to quantal situations;
-the motor theory of speech perception revisited by Liberman and Mattingly (1985)
and discussed by Fowler and Rosenblum (1989). With our hypothesis, we do not need an
internal model of the articulatory system but a specific system able to detect DRM
gestures;
-the hyper and hypo-speech theory (Lindblom, 1990). With our hypothesis, hyper
speech corresponds to complete realizations of constrictions via transversal commands;
-the distinctive feature sound representation (Jakobson, Fant and Halle, 1951);
-the articulatory gestures as phonological units (Browman and Goldstein, 1989). The
locations of the constrictions are quantized and theoretically specified in the DRM model.
Articulatory gestures structured in order to realize constrictions at quantized places via
transversal commands could correspond to phonological units.
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The acoustically driven hypothesis has also to be challenged with speaker variabilities,
and learning.
Conclusions.

An optimal model for acoustic communication has been proposed. It makes clear
relationships between dynamic vocal tract configurations and their acoustic correlates. An
acoustically driven hypothesis for speech communication process is proposed. This
hypothesis is plausible: a human being adapts himself to his environment which is
governed mainly by physical laws but also by other humans; consequently, he uses
acoustic laws to communicate with others. This hypothesis has now to be challenged with
current theories.
Such a model could be much more adapted than an articulatory model for speech
synthesis. Coarticulation rules could inherently be obtained from the model. In speech
recognition and coding, the problem would be to detect in the speech signal a specific
structure corresponding to transversal commands at quantized locations.
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ON ARTICULATORY AND ACOUSTIC VARIABILITIES:
IMPLICATIONS FOR SPEECH MOTOR CONTROL
Shinj i Maeda
Departement SIGNAL, CNRS URA·820
Ecole Nationale Superieure des Telecommunications
46, rue BarrauIt, 75634 Paris Cedex 13, France

ABSTRA CT
An articulatory model is used to analyze cineradiographic and labiofilm data. The variation
in "target" values of two model parameters, the jaw and tongue-dorsum positions, during
the production of the vowels, IiI and la!, is examined. The "target" values of these two
parameters for the same vowel vary much more than the corresponding acoustic ones. The
scattergram of each vowel exhibits a linear relationships which can be regarded as an
indication of the coordination between the jaw and tongue. When the coordination effects
are subtracted, the articulatory variability becomes comparable to that of the acoustic
(Fl/F2) one. Calculations with the model has indicated that the coordination is used by
speakers to achieve an acoustic compensation. These findings suggest that vowel pro
duction is compensatory and that compensation can be modelled effectively by a feed
forward strategy.
1. INTRODUCTION
Bite-block vowel experiments have demonstrated a speaker's ability to compensate for
the effects of blocked jaw position by readjusting the other articulators to produce specified
vowels. Observing a speaker's ability to compensate immediately, Lindblom, Lubker and
Gay have suggested that normal speech production itself is compensatory [3]. If this is
the case, we should observe in normal speech a high degree of variability in the individual
articulatory positions and a lower degree in the corresponding acoustic patterns, for
example, in the formant patterns. Moreover, if compensation occurs in an arbitrary manner,
it is not effective to specify vowel targets in terms of articulatory parameters. This appears
to be one of reasons why the targets are often described by the vocal tract area function
[2]. If compensation occurs in a lawful manner however, the vowel targets can be specified
directly by the individual parameters with some calculations reflecting the laws. We shall
investigate these questions by analyzing X-ray and labiofilm data with an articulatory
model.

2. ARTICULATORY DATA AND MODEL

The data consist of about 1000 digitized tracings of vocal tract shapes corresponding to
10 French sentences uttered by two female speakers, PB and DF [1]. Each of the data
frames describing the vocal tract profiles from the glottis to the lip opening and the frontal
lip shapes was obtained by manually tracing radiofilms and labiofilms shot simultaneously
at a rate of 50 frames per second. The digitized version of the data has been kindly provided
by the Institute of Phonetics of Strasbourg, France.
The measured vocal tract shapes are analyzed statistically. A factor analysis has
resulted in a linear articulatory model with seven parameters. In this study, we shall focus
our attention on two parameters, the jaw and tongue-dorsum positions for two reasons:
these two parameters are most important for specifying the tongue profiles and they can
acoustically compensate for each other, specifically in the production of unrounded vowels,
such as IiI, leI, and Ia! [4].

3. ARTICULATORY VARIABILITY
With the linear model, the value of each parameter is calculated directly from the measured
vocal tract shape. The articulation along a sentence can be described, therefore,
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Fig.1

by the frame-by-frame variation of the calculated articulatory parameter values. The
resultant data have indicated a considerable articulatory variability for the same vowel
from different phonetic contexts. In order to assess the range of variability, trajectories
of the two parameters, jaw and tongue dorsum, had been plotted on the jaw-tongue arti
culatory space. Then an articulatory "target" position was determined as the turning point
on each trajectory. The result is shown in Fig.1.
The straight lines plotted on Fig.1 were determined by means of a principal component
analysis of the scattergrams associated with each of the two vowels: they correspond to
the first principal axis. Although the scattergrams exhibit a great degree of variations,the
data points for IiI and Ia! are distributed without overlap. Furthermore, each cluster is
distributed roughly along the straight line. These straight lines can be regarded as linear
approximations of the inter-articulatory coordination between jaw and tongue-dorsum.
The observed variability,therefore, can be separated into a controlled context-determined
variation and an unexplained residual, say, "true" variability. Since the proportion of the
variance extracted by the first principal component varies between 65% (in the case of [a]
uttered by speaker PB) and 88% ([i] by speaker DF), the true articulatory variability for
jaw and tongue ranges from 35% to as small as 12% of the observed variance.
4. ACOUSTIC VARIABILITIES
The articulatory variability can be examined more meaningfully, if it is compared with the
corresponding acoustic variability. In this study, the first (Fl) and second formant (F2)
frequencies, as the acoustic characteristics of the two vowels, are calculated using the
articulatory model. The F1-F2 calculations were done only for speaker PB, since the data
for DF lacks the lip section and thus Fl and F2 could not be calculated. All seven parameter
values are derived from the corresponding data frame. The area function and then formant
frequencies are computed from model specified vocal tract shapes. The resultant Fl/F2
plots are shown in Fig.2. The data points for the vowel luI are added to indicate the vowel
space of speaker PB.
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Comparing the articulatory target scattergrams in Fig.1 (for speaker PB) and the
corresponding acoustic ones in Fig.2,it appears that the acoustic scattergram points are
distributed more tightly than articulatory ones,i.e., acoustic variability seems to be less
than articulatory one. For a quantitative comparison,let us propose a variability index,U
(an averaged normalized variance),for two articulatory or two acoustic variables as fol
lows:
U=

100 x

(%)

where cit is the variance of variable i ( = 1 or 2 in our case),and citmIX is the possible maximum
variance of variable i. Since a sufficient amount of data to determine the possible maximum
variance is not available, we have assumed, as a gross approximation, that aimIX ,of articulatory and acoustic data can be substituted by the values of half of the range of the
individual variables. In the calculation of the articulatory variability index, aimIX = 3 is
used for both jaw and tongue-dorsum data,corresponding to half the range,since parameter
values rarely exceed the range from -3.0 to 3.0. The acoustic variability index is computed
assuming that a1 ma (for F1) equals to 300 Hz,and a2ma (for F2) to 1250 Hz. The calculated
index values are listed in Table 1.
The index values span around 20% for the articulation and less than 10% for the
acoustics. The residual articulatory variability indices are listed at the rows marked "UresiduaJ"
in Table 1, which are calculated from the proportion of variance corresponding to the
residual. These index values are less than 10%, a value which is less than half of the
corresponding total raw variability,and which compares well with the index calculated
for the F1/F2 scattergrams of PB shown in Fig.2. For speaker DF,the true articulatory
variability is four times less than the observed raw variability. The calculation have
indicated that although the variability of the individual articulators is relatively great,if
the coordination term is subtracted, the articulatory variability compares well with the
acoustic one.
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5. COMPENSATORY ARTICULATION
What mechanism lies behind this significant reduction of the variability from articulatory
to acoustic by means of coordination? In our previous studies [4],we have already shown
that in case of unrounded vowels such as Ii! and la!, jaw and tongue-dorsum positions can
acoustically compensate for each other, as mentioned earlier. The compensation means
that a deviation in the position of one articulator can be compensated by a readjustment
of other articulator(s) to keep the deviation in the acoustic pattern to a minimum. It is
reasonable,then,to hypothesize that the inter-articulatory coordination,in fact,results in
the acoustic compensation of the type just described above. If this is the case, the principal
axis representing the coordination in Fig.1,is also an acoustical "equi-line", i.e., changes
in the values of the two parameters along these lines result in relatively invariant acoustic
patterns that depend only on the vowel identity.
In order to demonstrate the acoustic equivalence for the two vowels,F1 and F2 values
ware calculated at different jaw positions from -2.0 (low) to 1.0 (high) for Ii! and from -3.0
to 0.0 for la!, with 1.0 step size. The corresponding tongue positions were determined by
their linear relationships. Note that a change in jaw position influences not only the tongue
shape,but also the lip aperture and,to some extent,the larynx position. The values of the
remaining five parameters were kept fixed at those originally determined from the
corresponding vocal tract data frame. The results are listed in Table 2. The index related
to the equi-line of Ia! is 3.2%, which is much smaller than observed acoustic variability.
As far as the vowel IiI is concerned,the index becomes extremely small,about 1%,indi
cating that the equi-line produces an almost invariant F1-F2 pattern.
Although the acoustic compensation along the equi-lines is not perfect, it is safe to
state that articulatory maneuvers along an equi -line tend to result in fairly invariant acoustic
patterns around the target vowel. It should be emphasized here that the equi-lines are
derived from the observation of data. It is tempting to speculate then that the speakers
have integrated these equi-lines in their mental process and exploit them to place individual
articulator positions differently but appropriately for particular phonetic contexts, to
produce relatively invariant acoustic targets.
6. CONCLUDING REMARKS

It has become clear that the apparently large variability of the individual articulator
positions during the same vowel but from different contexts can be explained,at least in
part,by the inter-articulator coordination. Moreover,the coordination is such as to achieve
an acoustic compensation which results in the realization of a relatively invariant acoustic
target, thus supporting the idea of speech production as a compensatory process [3].
Surprisingly,the coordination and thus the compensation can be specified directly in terms
of articulatory parameters. The implication of this is important. If the relationship is well
defined in such a simple fashion, it is not unreasonable to assume that speakers know
exactly how to coordinate in advance. Then a feedforward control mechanism can be
assumed for the compensatory articulation, without resorting to acoustic or to sensory
feedback.
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Speech Perception Based on Acoustic Landmarks: Implications for Speech
Production

Kenneth N. Stevens, Research Laboratory of Electronics and Department of
Electrical Engineering and Computer Science, Massachusetts Institute of
Technology, Cambridge, MA 02139, USA
The aim of this paper is to examine how the study of the acoustic consequences of speech
production may help in the specification of quantitative constraints on the coordination of the
articulatory structures during speech production. Particular emphasis will be placed on the
acoustics of consonant production, although there will be some discussion of vowels.
Consonants are distinguished from vowels in that they are produced with a relatively narrow
constriction in the vocal tract. A common acoustic attribute of most consonants is that, when
they occur adjacent to vowels or most other sonorants, the formation or release of the narrow
constriction forms some kind of discontinuity in the sound

( Fant, 1961).

This acoustic disconti

nuity is a consequence of several physical principles. If there is no velopharyngeal opening and
a complete closure is made with the tongue body, the tongue blade, or the lips, there are rapid
changes in some of the formants, especially the lowest one, and, particularly at the release of
the consonant, turbulence noise in the form of a burst is generated near the constriction. If the
constriction is narrow, but is not closed, then turbulence noise is generated during the time the
constriction is in place.

The discontinuity in this case is from a configuration in which there

is frication noise to one in which there is no frication noise, and there is significant change in
the spectrum shape. When there is a velopharyngeal opening, the formation or the release of
an oral closure also causes a discontinuity in the spectrum, but in this case the discontinuity is
a consequence of a rapid switching between a condition in which all of the acoustic energy is
radiated from the nose to a condition in which most of the energy is radiated from the mouth. A
similar type of switching ( and hence an acoustic discontinuity ) occurs at the release of a lateral
consonant. Here, however, the switching is from a lateral acoustic path to a path through the
midline.
For all of these discontinuities it is usually the case that on the consonantal or constricted side
of the discontinuity the spectrum of the sound does not change very rapidly, i.e., is relatively
quiescent.

There are several reasons for this lack of acoustic change.

One is that when a

consonantal constriction is in place, the articulators, especially those behind the constriction,
may not be free to move very much. A second reason is that, at least for obstruent consonants,
only the front cavity is important in shaping the spectrum of the sound, and the cavities behind
the constriction have little influence on the sound output. For nasal consonants also, changes
in the shape of the vocal tract posterior to the constriction have only a minor effect on the
spectrum of the sound.
Some examples of the acoustic discontinuities can be seen on the spectrogram in Fig. l.
Three types of discontinuities can be produced depending on whether or not the constriction
results in pressure buildup in the mouth, and whether or not there is a complete closure. These
discontinuities arise when the following feature combinations are implemented:

[-continuant, 

sonorant ] , for which there is a complete closure and a buildup of pressure behind the constriction;
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[-continuant, +sonorant], with a complete closure and no pressure buildup; and [+continuant,
-sonorant], for which the constriction is narrow but not closed, and there is an increased pressure
posterior to the constriction. There are abrupt drops in the low-frequency amplitude when the
formation of the constriction results in an increase in intraoral pressure and hence a decrease in
transglottal pressure. This particular change marks a shift between a sonorant and a nonsonorant
configuration. We can also observe in Fig. 1 that, during the constricted interval for a consonant,
there tends to be less change in the spectrum than there is when the vocal tract is more open.
For example, the spectrum changes during the fricative or during the nasal murmur in the figure
are relatively small. Within an obstruent region there may be changes in the spectrum when
there is a sequence of two or more consonants as in jktj in the sequence sank Tommy's in the
figure.
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Spectrogram of the utterance "The boy sank Tommy's boat." The vertical
the top of the spectrogram indicate the locations of discontinuities in the
acoustic eignal when a consonantal constriction is formed following a. vowel or is
released into a vowel. Above these lines are +'e a.nd -'s indicating the values of the
features [ continuantJ and [eonorantJ that appear to have been implemented by the
speaker based on the acoustic data.

Jines at

The three feature combinations are listed in the top portion of Table 1, together with exam
ples of consonants with these attributes. The features [continuant] and [sonorant] are articulator
free features in the sense that they can be specified independently of which articulator ie forming
the constriction. The features [strident] and [lateral] in Table 1 handle some special cases

--

stri

dent for continuants and lateral for sonorant noncontinuants in English. Exa m ples of consonants
with these attributes are given in the table. The feature values in parentheses are redundantly
specified, at least in English.
As we have observed, the implementation of the acoustic discontinuity that signals the fea
ture [+consonantal] and the other stricture features in the upper part of Table 1 is achieved
by forming a constriction with one of three articulators: the tongue body, the tongue blade ,
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or the lips. The articulator that creates the constriction we call the

major

a.rticulator

( Sagey,

1986; Halle and Stevens, in press ) or the primary articulator. Other articulators that may be

involved in forming distinctions for consonants could be called

secondary

articulators. Thus,

for example, the spreading of the glottis to produce an aspirated consonant involves the larynx,
which is a secondary articulator in this case. Or, the soft palate is a secondary articulator for a
nasal consonant. The middle part of Table 1 lists the primary articulator for each consonantal
segment. The primary and secondary articulators in turn are manipulated to implement partic
ular features, and some of these features are identified in the lower part of Table 1. These are
articulator-bound features, since their function is to specify which articulators are to be manip
ulated and how they are to be shaped. Some of these features refer to the primary articulator

and others to the secondary articulator ( s ) , as indicated in the table.

Table 1 A partial listing of features for some consonants. The table is organized with articulalor
free features at the top. These are fol1owed by a listing of the primary articulators that
implement the articulator-free feature. At the bottom are the articulator-bound features.
The features enclosed in boxes are the ones that specify the placement and state of the
primary articulator. The articulator-free features in parentheses are redundantly specified.

consonantal
continuant
nrticula tor-free
features

SOllorant

articulator-bound
categories

n

f

+

+

+

-

-

+

lips

�=�

(-)

tongue bl ade

+

+
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t

+

-

+

�=�

(-)
+

tongue dorsum
round
anterior
distribu ted
high

l\.rticula tor-bound

low
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back
spread glottis
stiff vocal folds
s lnck vocal folds
adv. tongue root

g
+

+

� EJ

c:J

+
+

+
+

-

-

ill
-

+

COllst. tongue root
n asal

+

So far, then, we have noted that for consonants there are discontinuities or landmarks in
the sound that tell us that a constriction or closure has been formed or has been released by
one of the three articulators: lips, tongue blade, or tongue body. A great deal of information
has accumulated over the years to show that acoustic properties in the region surrounding
these landmarks pr�vide information about secondary articulator-bound features and about the
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primary articulator-bound features ( Stevens,

1985).

For example, voicing for an obstruent can be

marked by the extent of the first formant transition, weakened glottal vibration, and a perturbed
fundamental frequency, all of these occurring either immediately before or immediately after the

( Lisker, 1978). Similarly, place of articulation is signalled
near the discontinuity (Delattre, Liberman and Cooper, 1955).
discontinuity

by formant transitions

Some consonants are produced with no acoustic discontinuities of the type described above.
For these consonants, a relatively narrow constriction is formed with some articulator, but the
acoustic result is a minimum low-frequency amplitude or a minimum in the degree of prominence

exhibited by particular formant peaks. These segments can be classified as [-consonantal ] . A

landmark in the sound for these consonants can be defined as a region where there is a mini
mum in some acoustic parameters rather than an abrupt discontinuity. Except for the feature

[-consonantal] ,

these segments have no further articulator-free or stricture features.

Again,

however, we can talk about primary articulators and articulator-bound features and secondary
articulator-bound features, and evidence for these features can be found in the vicinity of the
landmark.
Let us suppose that lexical items are stored in the memory of a speaker or listener in terms
of features and feature hierarchies of the type shown in Table

1 ( Stevens, 1988).

That is, a

word is stored as a sequence of segments, each of which is described in terms of articulator
free features, a primary articulator, and articulator-bound features. A listener must identify a
sufficient number of these features in order to access a given item in the lexicon.

A possible

strategy of the listener is to use the acoustic landmarks as a guide in extracting from the sound
properties that will lead to an identification of the features associated with those landmarks.
Given this view of the feature-based structure of the lexicon and the way in which the various
features are represented in the sound, we can speculate on the implications for strategies for
speech production. For consonant production, the speaker manipulates the primary articulator
into the configuration specified by the articulator-free features that are dominated by the primary
articulator. The formation of the constriction or the release of the constriction creates an event
or a landmark in the acoustic signal. The implementation of the secondary articulator-bound
features must be coordinated with the primary articulator movements in such
criteria are met:

(1)

the landmarks, and

a

way that two

these secondary features are represented in the sound in the vicinity of

(2)

the acoustic manifestations of the articulator-free and the primary

articulator-bound features are optimized or at least not compromised. In producing consonants,
then, speakers must learn patterns of coordination of the various articulators that satisfy these
acoustic requirements.

(See also discussion in

Huffman,

1990.)

Thus, for example, the size of the velopharyngeal opening at the release of a nasal consonant
must be adjusted to be sufficiently small that there is an abrupt shift in the output from the nose
to the mouth, but not so small that pressure builds up in the mouth during the nasal murmur.
Or, for a voiceless aspirated stop consonant, the glottal spreading is manipulated so that it
is a maximum near the time of release of the consonant and completes its return to a modal
configuration after the primary articulator has completed its movement. The glottal spreading
for an intervocalic voiceless fricative consonant, however, must be timed so that it achieves
maximum abduction approximately in the middle of the fricative. In this way, onset of glottal
vibration for the following vowel will occur approximately simultaneously with offset of frication
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noise.

Or, if a vowel is terminated by voiceless obstruent consonant, the glottal maneuver

used to terminate vocal-fold vibration should be coordinated with the closing movement of the
primary articulator so that the formant transitions associated with the closing movement are
evident in the sound. Deviation from these articulatory adjustments because of influence from
an adjacent segment can result in weakening or elimination of acoustic properties signalling
some of the features.

In the case of the glides

Iw I

and

hi ( which

have been designated as

nonconsonantal ) , coordination of the secondary tongue-body features with the primary lip and
tongue-blade manipulations is necessary to enhance the acoustic manifestations of these primary
articulators.
In summary, then, it is suggested that a speaker learns to coordinate the movements of the
various articulatory structures so that the acoustic landmarks corresponding to the articulator

free features are evident in the sound and the articulator-bound features are properly represented
in the sound in the vicinity of these landmarks. The need for adequate representation of these
features at the appropriate times places constraints on how the timing of the different articula
tors must be coordinated.
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An Investigation of Locus Equations as a Source of Relational Invariance for Stop
Place Categorization
Harvey M. Sussman
University of Texas at Austin

Liberman & Mattingly (1985) have said: "we should conclude that there is
simply no way to define a phonetic category in purely acoustic terms [p. 12]."
My purpose here today is to provide acoustic phonetic data showing that this
conclusion is unwarranted. One of the classiC problems of phonetics is to un
derstand how listeners recognize speech sounds in the face of what appears to
be a highly noninvariant relation between acoustic properties of the speech
signal and linguistic units such as phonemes. The coarticulatory nature of
speech is responsible for this lack of a transparent relation between a sound
segment and a corresponding phonetic segment. This vowel-dependent
variation of formant transition trajectories has fostered, in many phonetic
circles, a sense of hopelessness in ever deriving phonetic order from the
supposedly chaotic acoustic assimilations contained in the speech waveform.
As an alternative to the Motor Theory perspective on the invariance issue
I will attempt to show that systematic orderliness in stop place categorization
can emerge if (i) the proper level of abstractness of the linguistic elements
for which invariant acoustic properties are to be sought is scrutinized; and (ii)
if multiple and variably-valued acoustic parameters are relationally compared.
By the end of the presentation I hope to build a case for "relational invariance"
for place of articulation in initial voiced stops, surely the "litmus test" of invari
ance seekers. The presentation will be divided into two parts. The first half
will present data showing two-dimensional acoustic space in the form of locus
equation scatterplots, and the second half will expand acoustic/ phonetic space
to a three dimensional perspective.
I. 2D Acoustic Space: "Locus Equations"
Locus equations are derived by making straight line regression fits to data
pOints formed by plotting frequency of second formant onsets on the y-axis in
relation to the corresponding midvowel nucleus frequency plotted along the x
axis. This metric was initially formulated by Lindblom (1963), but virtually ig
nored for almost 3 decades. Recently, Nearey and Shammass (1987) for Cana
dian English stop + vowel tokens, and Krull (1988; 1989) for Swedish stops have
reported strong and contrastive linear relationships between F2 onsets and F2
vowel, as a function of place of articulation.
Procedures
Twenty Ss, 10 male and 10 female, speaking various dialects of American
English, produced CVC syllables in a carrier phrase. Initial stops were fbi, /d/ ,
and / g/ followed by 10 medial vowels: i, I, E ,e, ae, a, 0, A. , ,:) , and u. The
final consonant was always / t/ . Each token was repeated five times in a ran
domized order yielding a total of 150 tokens per speaker. The MacSpeech Lab
II system was used for all digitization, display, playback, and measurement
routines. Second and third formant frequency measures were obtained from
several available souces: direct, on-screen, wide-and narrow-band spectro
grams: LPC spectra; and wide/ narrowband FFTs. Measurements were made at
3 sample pOints . F2 onset and F3 onset were defined as the frequency of F2
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F2

(or F3) at the first discernible glottal pulse following consonantal release.
vowel was defined as the frequency of F2 at the midvowel nucleus.
RESULTS

Sixty locus equation scatterplots were generated, three per subject,
across 10 male and 10 female speakers. Figure 1 shows the group mean locus
equations for Ib/, Id/, and Igl averaged across all repetitions and speakers.
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Male tokens are shown by "squares" and female by " + " 's. Each coordinate is
the mean of 50 tokens . Notice that slope and y-intercept parameters are dis
tinctively different across stop place. A repeated measures ANOVA showed
significant main effects for stop place, both for slopes & y-intercepts. The
standard error of estimated values, a measure of the average scatter around the
regression line was only 64 Hz for alveolar Id/, 104 Hz for labial Ib/, & 125 Hz
for the velar Ig/, obtained across 20 speakers.
A series of discriminant analyses were conducted to test the categoriza
tion success of both token-level and category-level parameters. The first
analysis used only F2 onset and F2 vowel frequencies as predictor variables.
Classification rates were 84%, 81%, 69& for males and 82%, 78%, & 67% for
females for labial, alveolar, & velar categorization. Adding a third predictor, F3
onset, improved overall categorization accuracy to 83% for females and 86% for
males. When category-level parameters, slope and y-intercept, were used as
predictor variables in another discriminant analysis, percent correct classifica
tion rates were 100% for all three place of articulation categories.
To briefly summarize up to this point. Plotting F2 onsets of stop conso
nant + vowel syllables in relation to the F2 midvowel frequency yields an ex
tremely linear function that appears to capture an orderly and systematic rela
tionship across place of articulation categories. Thus, despite (or perhaps I
should say, "because of') the context-dependency of the coarticulated stop +
vowel gesture, a relational form of invariance is captured. At the level of the
single CV token no absolute signal invariance is discernible; only when the
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higher-order phoneme category is displayed in this format does a relational
type of invariance begin to emerge.
Figure 2 presents the three mean locus equation functions plotted
together, with / g/ broken down into its allophonic variants. In a preliminary
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sense, these functions are regarded as perhaps indicative of canonical or "pro
totypic" CV functions. Perception studies are being planned around these
functions to ascertain categorical properties and bandwidth limits for place of
articulation categories across the vowel space.
II. Three Dimensional Acoustic Space
In a followup study, F2 onset(Hz) was plotted along the x-axis, F3 onset
(Hz) along the y-axis, and F2 vowel (Hz) along the depth, or z-axis . A "cloud"
& "shadow" perspective was generated with the aid of the MacSpin software
package. Figure 3A shows the group mean plot for male speakers and
Fig. 3B shows the female mean plot. All data coordinates within a given place
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category were encircled and differentially shaded: white for labial, black for
alveolar, and striped for velar. Labials (the white 'blobs") are completely
separable from alveolar and velar clouds. The intersecting alveolar and velar
point clouds are also distinct in their distributions as there are no / g/ data
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pOints "behind" the I dl clouds. Rather. the I dl scatterplot intersects the
bifurcated I gl distribution in the acoustic void between front and back vowel
subsets.
The results of this study can be taken to support the view that mu'Itiple
and variably-valued acoustic cues can be relationally processed to achieve
distinctive and sufficiently contrastive place of articulation categorization.

Conclusions
In sum. two'::dimensional locus equations were seen to capture a derived.
higher-order. and emergent systematicity among stop place categories. The
3D plots revealed a straight-forward and self-organizing acoustic representation
that might very well reflect some form of isomorphic mapping onto neural
space- viz in principle atleast. a "spectrotopic representation. . In conclUSion.
I would like to unequivocally state that phonetic categories can be most
assuredly defined in purely acoustic terms.
.•
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Introduction

Speech communication is governed by an
antagonism between
communicative goals, on one hand, and the tendency, on the other hand,
to reduce articulatory activity. Thus, speech communication may be
considered as a permanent search forharmony between these two
fundamental aspects. In spontaneous speech, speakers tend to
underarticulate (Lindblom, 1990) and listeners use context (visual and
auditory) to compensate for reduced information, speakers know this
and allow underarticulation in their speech only to the extent that it can
be integrated by listeners.
The present study constitutes a first investigation of consonant
underarticulation in spontaneous French. The perception of voiced
plosives extracted with their immediate adjacent vowels from
conversations was first explored. This technique which focused on
acoustic information constitutes a fundamental basis of our methodology
since it permits to compare the perceived consonants with the intended
consonants. Next, a certain number of acoustic cues were related to the
perceived consonants.
Three main points were investigated: 1) Which consonantal features
are affected by assimilation?, 2) Which context is the most favourable to
assimilation?, 3) Which factors have an inhibiting weight?

2
2.1

Experiment 1: Perception of excerpts
Method

Stimuli. Excerpts consisting of voiced plosives with their immediate
adjacent vowels were extracted from the spontaneous speech of two male
French speakers (Spkl and Spk2). The limits of the segments were chosen
in such a way that they began and ended with the relatively stable portion
of vowels. The stable portions were determined by analysing both the
oscillographic trace of the signal and wide band spectrograms. A 20msec
ramp was applied at the beginning and at the end of the signal. The
maximal attenuation provided at the end points of the signal was 20dB.
Listening procedure. The two experimental series consisted of 371 and
360 stimuli. The first series (Spkl) contained 208/d/, 65/b/ 19/9/ and 80
other consonants representing all the consonants in French. For the
second series, there were 2 17/d/, 46/b/, 17/g/ and 80 other consonants.
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The series were preceded by ten practice stimuli. Each stimulus was
repeated two times. The time interval between repetitions was one
second. The time between different stimuli was three seconds. The total
duration of each series was about thirty minutes.
Listeners. Twenty five French listeners were taken individually in two
sessions in a quiet room.They listened through Seenheiser HD222
headphones, they were told that the stimuli were excerpts from
meaningful sentences and they were asked t� write down what they heard.
Analysis. The identification score was evaluated for each intended
consonant. Two groups were defined: a group of consonants identified
as /b/, /d/ and /g/ (identification rate (lR> 50%) and a group of
consonants which were differently identified ( IR<50%). Only the results
obtained for this latter group are reported in the present study. The effect
of vocalic context on consonant identification was expressed in terms of
nasality (nasal/oral) and place (front/back). The effect of syntactic
prominence and location within word was also analysed. The number of
consonants located within prominent (corresponding to the end of a
syntactic group) and non prominent syllables was calculated as a function
of IR as was the repartition of consonants within content words and
function words.

2.2

Results

Effect of context

Figures la et lb. Repartition of perceived consonants in nasal vowel context. The
results are presented for Spkl's and Spk2's excerpts. The intended consonants were Idl
and fbi, respectively.
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As can be seen in figures 1a and 1b, place of articulation was
mainly maintained in consonant identification so that fb/, /d/ tended to be
identified as labials and dentals, respectively. In nasal vowel context, for
Spkl and Spk2, there were 6 /n/ and 12 /n/, respectively. The intended
fb/ were mainly identified as fricatives and nasals. For Spkl, there were
two /m/ and two /v/. For Spk2, there were three /v/ , one /m/ (1) and
one /w/. There also seemed to be an effect of more distant consonantal
context. The consonants identified as /t/ in Spkl and Spk2 were in
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unvoiced plosive context (tVtVk/, the consonant identified as Izl in Spk2
was preceded by an unvoiced fricative IsVtVC/.
Figures 2a et 2b. Repartition of perceived consonants in oral vowel context. The
results are presented for Spkl's and Spk2's excerpts. The intended consonants were Idl
and /bl, respectively.
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For Spkl, there were 22 consonants which were not identified as
Idl in oral vowel context. Most of them were perceived as voiced dentals
(lz/: 1, /l/: 6, ), unvoiced plosives (It!: 1) and fricative (lsi: 1). For Spk2,
three Idl were identified as /zl , two as It/, and two Idl were identified as
dentals. These consonants were most often preceded and followed by a
front vowel. The fbi were mainly identified as voiced fricatives for
Spkl (lv/: 9) and for Spk2 (lv/: 2). Contrary to dentals, they were often
in back vowel context where there is closer coarticulation between the
vowel and the consonant (Fant, 1972). There also seemed to be an effect
of consonantal context. The consonants identified as ItI and Izl were in
unvoiced consonantal context ItVtVkl and and fricative context IzVzV I,
respectively. One of the consonants identified as In! was preceded by Iml
(mVnV).
Effect of prominence
l. Number of consonants located within prominent and non prominent syllables
and within content and function words. The identification rate is high (HR) or low (LR).

Table

Prominent
Content
Function

Spkl

Non Prominent
Function
Content

/d/

HR
LR

30
3

20
0

41
9

fb/

HR
LR

15
1

6
1

19
4

/g/

HR
LR

6
0

0
0

/d/

HR
LR

35
0

fb/

HR
LR

/g/

HR
LR

Spk2

Total

76
29

167
41

13
9

53
15

12
1

0
0

18
1

14
0

66
12

73
17

178
29

13
2

1
0

l7
4

6
3

37
9

10
1

0
0

6
0

0
0

16
1

6
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As can be seen in table 1, most of the consonants which were not
identified as /d/, fb/ and /g/ were located in non prominent syllables and
function words. For Spkl's stimuli, 38 out of 4 1 (92.7%) and 13 out of
15 (86.7%) of the consonants which were not identified as /d/ or fb/
were located in non prominent syllables. A similar tendency was
observed in Spk2's stimuli since the corresponding frequencies obtained
for dentals and labials were: 29/29 (100%), 7/9 (77.8%), respectively.

3
3.1

Experiment 2: Acoustic cues
Method

Spectrograms were made for each consonant. The duration of voice bar
and burst (when present) were measured. Nasalization was analysed both
for intended /d/ and fb/ located in nasal context (preceding or following
nasal vowel). For each plosive, the presence of mid-frequency formants
was controlled, their duration and their frequency
were measured.
Some labial plosives were identified as fricatives /v/. The duration and
the frequency of the frication noise were measured. Some plosives were
identified as laterals /1/. The frequency and the duration of the lateral
sound segment were measured. Some consonants were identified as /t/.
The duration of burst was measured and compared with the mean burst
duration of burst of consonants identified as /d/.
3.2

Results

consonants perceived as nasals: They were characterized by the absence
of interruption of mid-frequency formants. The consonants(nlwere
mainly related to a 1100hz-formant (Spkl: 7/7, Spk2: 7/ 12) and/or to
2700hz-formant (Spkl: 3/7, Spk2: 5/ 12). For the consonantstml,the
second and third formants have a frequency of 750hz and 2700hz,
respectively. Somef!1.] exhibited a burst (Spkl: 1, Spk2: 5), in this case,
the mean duration of the mid-frequency formant was longer ( Spkl:
90ms and Spk2: 55ms ) than in the absence of a burst (Spkl: 45ms, Spk2:
39ms).
consonants perceived as laterals: they were characterized by a short
duration (40ms) and formants (F2 and F3) varying with the following
vowel.
consonants perceived as voiceless plosives: 6 of the 7 consonants
exhibited vowel devoicing+ a burst, the last one was only related to vowel
devoicing. The Subjective Voice Break (Saerens, Semic1aes, and
Beckmans, 1989) was larger for eachOJilian for d, which confirms the
predominance of voice timing as a cue to the voicing feature in French
stop consonants.
consonants perceived as fricatives: There was no burst, two v were
preceded by a nasal (Spk2), two other C'] were followed by a nasal
(Spkl). Except for one of them, a 750hz formant was present. The
inferior limit of the noise was 1.5khz. All the Cv) located in oral contexts
showed a similar pattern: a frication noise and a continuation movement.
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There were only five dental fricatives, each of them exhibited a frication
noise whose inferior limit was 3khz, each[z]was short (mean duration:
35ms), the only(sJwas lOOms long.

4

Conclusions

Place of articulation tends to be

maintain ed . in underarticulated

consonants. This finding may be interpreted in terms of economy of
articulatory gestures. Assuming that <5>nsonants correspond to
structured transversal gestures which allow a complete closure and which
are realized at specific places (Carre and Mrayati, 199 1), one may
conclude from our experimental results that in spontaneous speech where
contrast changes are minimal, speech gestures may be incompletely
realized but that their specific places will not be changed.
The principle of economy and the tendency to assimilation to
neighboring features are particularly effective in spontaneous speech.
However, they are in conflict with the pressure of a certain number of
factors which inhibit the effect of context. The degree of information
of the word and syntactic prominence are probably two of these factors.
Fundamentally, phonetic variations are limited by the necessity to
preserve the linguistic system. As observed by Martinet ( 1955), each
phoneme has a center of gravity which corresponds to an optimum and
each phoneme varies within a zone of dispersion. The results obtained for
both speakers indicate that each speaker has his own zone of variation,
although consonants were similarly affected by context in both speaker's
excerpts. This finding suggests that the zone of dispersion of a phoneme
within a language and within a style is limited and constrained by rules
which remain to be defined.
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Temporal Variability and the Speed of
Time's Flow
Gerald D. Lame
Linguistics Departmen t
University of Texas at Austin
August, 1990

Timing is an important carrier of information in speech. Extensive contex
tual variation in speech timing is well known. But the significance to speakers
and listeners ofthe temporal differences we measure is not well understood. For
instance, Marcus

(1976) showed that

monosyllabic word lists do not sound reg

ular when either acoustic syllable onsets or acoustic vowel onsets occur at equal
intervals.

Marcus advanced the hypothesis that there was a special moment

in each word and / or syllable, called its 'psychological moment of occurrence'
or P-Center, and it was this moment which occurred at equal intervals when
word lists were perceived to be isochronous. Thus, apparent variability in tim
ing would be reduced to equality when intervals were measured between the
proper end points. Debate has since centered on whether these end points cor
respond to some temporally localized articulatory event, or whether a global
acoustic measure

( spanning

the syllable ) is required to define them.

An alternative approach to the peculiarities of isochrony judgements is to
suppose that a temporal illusion closely related to the filled duration illusion
is involved.

In the filled duration illusion, sounds in an interval influence the

perceived or produced duration of that interval. Generally speaking, the earlier
in the interval the interposed sounds occur, the longer the interval is perceived
to be, and the shorter it is produced. This illusion can in turn be understood as
an instance of phase-dependent phase-resetting of an internal clock responsible
for the perception and control of the relevant temporal intervals. The clock is
advanced ( sped up ) more by resetting early in the interval than by later events

( Lame 1990).
One way of interpreting the effects of vowel and final consonant length
on isochrony judgements is to suppose that vowel and/or syllable offsets have
phase-resetting effects. As in the filled duration illusion, the earlier the resetting
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stimulus occurred, the longer the interval containing it would be perceived to
be. Thus temporal intervals containing short rhymes would be overestimated
and underproduced relative to those containing long ones.
Such an account is compatible with the identification of some well-defined
localized events like acoustic vowel onsets with the endpoints of the intervals
timed.

In effect, P-Centers could be identified with these events, and what

were previously interpreted as shifts in the location of the P-Center would be
the effects of temporal distortions.
There is

�

related but more complicated way of approaching the situation,

which eliminates the concept of P-Center altogether. It assumes that an inter
nal rhythmic process, like a clock, is reset by various acoustic speech events,
and that, in a repeated word list situation, this internal process is entrained to
the word list by automatic phase resetting. In this scenario, the beat belongs
not to the words, but to the internal rh ythmic process, and the rel ative timing
of the two processes is determined by their inherent periods and the strengths
of the resetting events.

An event like vowel onset could occur on or off the

beat, but if it were a powerful resetting influence, it would tend to 'capture'
the beat. Other resetting events, in the same or neighboring syllables, would
also influence rhythm ic beat location.
Various empirical consequences of these alternative ways of treating isochro
nous word lists will be considered, and a beginning will be made at applying
the idea of phase resetting to more natural speech material.
If some version of the phase-resetting hypothesis is correct, then some of the
temporal variability we measure may be a passive effect of resett ing processes,
so that it is at least conceivable that some u nsuspected temporal invariances
- or, at least, some regularities - will show up when we learn to measure time
the way the internal clock does.
The message here could be summarized as follows: the speed of time's flow
may depend on the objects in the stream.
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Prosodic Segmentation of Recorded Speech
"\IV. N. Campbell
ATR Interpreting Telephony Research Laboratories
Seika-cho, Kyoto 619-02, Japan.

1

Introduction

Prosodic events in a speech signal, such as phrase boundary marking or stress on syllables,
frequently correlate with an increase in the duration of the segments affected by the event.
Campbell 1991 showed that an automatic algorithm can spot many of these events in a
speech waveform from smoothed normalised measures of segment length, but the subsequent
problem of distinguishing those segments that have been lengthened by stress from those
lengthened by proximity to a boundary remains to be solved. As a step in thast direction,
this paper will show that the phones in these two classes of environment show different
characteristics of lengthening if viewed within the context of the syllable. It will be shown
that the segment-based vowel-consonant distinction is less important than the syllable-based
onset-coda distinction for an interpretation of lengthening characteristics.

2

Normalising phone-specific differences

Because different articulatory gestures produce sounds with different durational character
istics, some normalisation is required before a comparison of phone lengths can be made.
Previous work ( Campbell & Isard 1990) has shown that z-scores derived from the mean and
standard deviation of each phone type can be satisfactory for this purpose, but the differ
ences observed in the histograms of the durations of the phones of English can be better
modelled by a bivariate Gamma distribution.
The bivariate gamma probability distribution function with parameters for shape and
scale of a distribution can be defined as

(1)
where r(p) is the gamma function, p is the shape parameter, and s is the scale parameter.
Details of the maximum likelihood estimation of these parameters can be found in the
Appendix. Figure 1 illustrates the degree of fit for eight English vowels, showing histograms
of the raw durations alongside a smoothed representation of the histogram ( dotted line ) and
the fit produced by the two parameters.
To remove the phone-specific durationa.l differences from the measurements in a corpus
of readings of 200 phonetically balanced sentences, individual duration measurements were
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Gamma parameters derived for some representative English vowels

converted into quantiles ( varying between

0

the length of each phone to be expressed

as

and

1)

using a lookup table constructed using

the above formula for the distributions determined for each phone. This transform allowed

a real number, describing its position in the

distribution of values for all phones of the same type in the corpus.

Lengthening within the syllable

3

The elas ticity hypothesis

( Campbell

forthcoming ) states that each segment in a syllable is

leng thened equivalently, in terms of quantiles of its distribution, to accommodate to the
duration determined for the syllable by its prosodic environment.

To test this theory of durational accommodation, known quantiles were compared with

those predicted by the theory for a set of given syllable durations. First, syllable durations

in the corpus were calculated, then an appropriate value

( quantile)

was determined for

each so that the durations of the component phones, derived by lookup, would sum to

the known syllable durations.

A comparison was then performed between the quantiles

predicted by this method and those computed from the actual segment durations. Systematic
differences between the observed and predicted quantiles will show where other factors than

accommodation to the syllable length are having an effect.
Since the greatest lengthening is found in phones in phrase-final or stressed syllables, the

fit for these was examined first.
with

50%

of the results between

A mean fit of 1.0 was observed, for observed / predicted,

0.81

and

1.15 ( Figure 2).

This confirms that most of the

quantiles can be successfully predicted from the syllable durations, and a Chi-square of

(df 19)

0.378

shows the distribution of error not to be significantly different from Normal.

Compa.rison of the fit for consonants and vowels shows no significant difference, but
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when we subcategorise the consonants into those that are in onset position and those that
are in coda position in the syllable, a distinction becomes clear ( Figure 3). Quantiles for
onset consonants were typically greater than predicted, and those for coda ones less than
predicted. This would imply that onset consonants are typically lengthened more than coda
ones within the syllable. Consonants in ambisyllabic position were sub categorised separately,
giving three classes in all.
Further analysis of phones subcategorised according to stressed and unstressed syllable
contexts showed that although the unstressed group was similarly distributed about a fit
of 1, the quartiles of the coda and medial consonants were being predicted less well in the
stressed syllables ( Figure 4j). It appears that in a stressed syllable, the segments in the coda
are not subjected to the same lengthening as those in the onset and peak.
In the comparable case of phones in phrase-final position, a much clearer separation could
be seen between the onset and coda consonants ( Figure 5) . In this case though, the coda
consonants were much longer than predicted by simple accommodation, and the onset and
medial consonants were significantly shorter ( 'medial' consonants in final syllables are by
definition in onset position ) . The lengthening undergone by phones in phrase-final syllables
thus appears to be qualitatively different from that due to stress.

4

Discussion

These results are in accordance with those of Edwards & Beckman from articulatory data
of jaw movements, and lead to the conclusion that an automatic algorithm for spotting
prosodic events should be able to distinguish phones that are lengthened in phrase-final
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Figure 5: Fit for phones in neutral and phrase-final environments
position from those that are lengthened by stress from a consideration of the phone's position
in the syllable. In this way, it should be possible to locate both phrase boundaries and their
stressed syllables from duration measurements alone.
Studies are currently being carried out to determine the reliability of this type of prosodic
segmentation. If successful, it will facilitate creation of the large amounts of training data
needed for speech synthesis, and may provide a key to the use of prosodic information in
speech recognition.
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Appendix
Maximum Likelihood Estimation of the Gamma Parameters:

(2)
Introduction of logarithms simplifies the calculations:
logf(x

1 p,s)

=

-plogs+ (p - 1) log x - � -log f(p)
s

(3)

To estimate the values of p and s for a given set of phone durations, we have to maximize
the likelihood over all data points N.

"t logf(xi 1 p,s)
i=l

=

-Np logs + (p -1)

L�l Xi
-Nlogf(p)
log Xi "t
s
i=l

N

Differentiating in respect to p and s leads to

(

O L�llogf(Xi Ip,s)

)
=

op

-Nlogs+

(

o L�l logf(Xi 1 p,s)

)

-

=

2..: log Xi -Nfr-'(p))
(P

z=l

Np

+

L�lXi

---;OS
By setting the derivatives to zero and dividing by N we get
1

- ogs+

L�llog Xi
N

-ps+
or by taking the logarithm
1

(4)

-

L�lXi

1

1

--

f(p)

=

N

og p+ ogs = og

f'(p)

=

S2

(5)

(6)

(7)

0

(8)

0

L�l Xi

(9)

N

By substituting logs from (9) into (7) and rearranging, we get
1

og p

_

which can finally be rewritten as
log p

f' (p) -1
L�lXi
og
N
f(p) -

,

f (p)

-

-- =

f(p)

N

L�llog Xi
N

N( ) N
II

Li=lXi
log
-log
Xi
N
i=l

(10)

li

(11)

The right side of this equation consists in the difference of the logarithms of arithmetic
mean and geometric mean; the left side can be tabulated for 0.1 < p < 40. After calculating
p, s can be determined by s = L�lX;j(Np).
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Rhythmical - in what sense?
Some preliminary considerations.

Lennart Nord
Department of Speech Communication and Music Acoustics
KTH, Box 700 14, S-100 44 STOCKHOLM, SWEDEN
Phone 46 8 790 7874, Fax 46 8 790 7854

1
Introduction
Analyses and descriptions of the rhythmic behaviour in human sound production
cover a vast area. In this contribution, aspects of rhythm in the fields of music
and speech will be discussed.
From a speech research point of view it is rewarding to learn how music
researchers attack the problem of describing rhythmic manifestations. Gunnar
Fant, Anita Kruckenberg and I have included rhythmical reading, the reading of
poetry and scanning of poetic texts in our phonetic studies of speech in order to
better understand the time organization in normal prose (Fant, Kruckenberg &
Nord, 1991).
Rhythmical behaviour is usually present in most activities. One may speculate
whether it will be possible to model prosody completely by relying exclusively
on linguistic knowledge. That is, segment durations and other prosodic correlates
in normal speech might not fully be explainable by syntactic linguistic models,
including physiological constraints.
A thought-provoking example from text-to-speech modelling is an evaluation of
timing rules that was made some years ago by Rolf Carlson and Bjorn
Granstrom (Carlson & Granstrom, 1986). They compared the time structure of a
Swedish sentence with a number of natural readings. One conclusion was that
the timing rules were quite satisfactory and also sounded natural. However, there
was a clear difference among the subjects, as they used different degrees of
rhythmical emphasis and thus produced different timing patterns. Idiosyncratic
differences exist and will not easily be captured in a general set of timing rules.
Instead we have to go to a rule formulation at a higher level, which has to
include degree of emphasis, rhythmical adjustments, etc.
It is difficult to conceive of any human activity lacking in rhythm: walking,
gestures, vocal behaviour, i.e. speech and singing, poetry reading, etc. In a
number of studies, the German neurologist Poppel looked for neurological
explanations for rhythmic behaviour. He claimed to have found proof for time
quanta and an internal clock mechanism which governs our rhythmical
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behaviour in activities such as speech production. He also collected data from
around the world regarding poetry, specifically investigating the size and
proposed rhythmic fashion that was connected to the verses (Poppel, 1989).

2
The notion of rhythm
The terminology is not very consistent when it comes to describing rhythm. A
perceptual phenomenon is that listeners tend to cluster identical stimuli in groups
(of, for example, four), with every fourth stimulus being perceived as slightly
stronger or with more emphasis, marking the beginning of a group. Speech
research on rhythm in the seventies dealt with trying to establish the relevant
points of synchrony such as syllables and vowel onsets. Marcus (1981) defined
the perceptually relevant instant as the "P-center."
A static, identical pattern is not considered agreeable by the human mind,
however, as this leads to a monotonous rhythm sensation, deprived of any
tension and content. In a collection of articles about music by the Danish
composer Carl Nielsen (1963), he discusses rhythm from a musician's point of
view and uses the terms "mechanical rhythm" as opposed to "live organic
rhythm." Compare the everyday use of "rhythm" and "rhythmical." Most often
we refer to a pleasant experience of a rhythmical pattern. What do we mean
when we classify something as "completely unrhythmical" and what does that
mean in actual measures, and of what? Do people differ very much in their
conception of this term? Is it possible to hold rhythmical tension irrespective of
tempo?
One difference between perception and production was obvious during our
experiments. If a speaker tries to match his production of a string of syllables to
a pulse train and afterwards listens to both signals, a typical reaction is that he is
not very satisfied with many instances as they are perceived as being
unrhythmical, although this was not felt during the production. It is indeed
different to attend to a rhythm and to produce it. This difference is also attested
by the amount of practice a musician has to undergo before he is ready to
perform music for others to enjoy.

An experiment with rhythmical synchronization
3
A P-center experiment with synthetic speech, using ICa:1 syllables with the
consonants: 1#, m, b, br, k, s, spl was performed. A rule synthesis system was
used (Carlson & Granstrom, 1975), by which it was possible to interactively
manipulate acoustic parameters of the synthetic sound sequence. In this
experimental paradigm, the synthesizer was connected to a computer and by
means of a joystick, the duration of the silent pause interval between two
syllables was manipulated by the subject. The task for the subject was to adjust
the silent interval so as to make the string of synthetic syllables sound
rhythmically steady. Different strings were tested with the silent segment placed
early, in the middle, or late in the sound string. The strings were thus
fa: pause Ca: a:/, fa: a: pause Ca: a:/, fa: a: pause Ca:/. The duration between la:1
onsets was 600 ms. An example of a stimulus string is shown in Figure 1.
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Figure 1. An example of the time structure of a stimulus string fa: pause Ca: a:f
with the silent interval marked Sf.
Subjects considered the task easy to perform. A certain variation was found
among subjects, although tendencies agreed well within the group. Generally,
the results conform with a study by Rapp (1971) on Swedish natural speech, in
which subjects were instructed to produce a number of test words in synchrony
with a pulse train. Results from our experiment indicate that the time event
defined by the distance between vowel onsets occurred close to the CV border
for the test syllable. When one or more consonants preceded the vowel this event
was moved earlier into the consonantal domain, by a change of the silent
interval. See Figure 2, which shows mean values for our analysis data together
with comparable values from the study by Rapp (identical consonants were not
used).
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Figure 2. Relative placement of the perceived rhythmic centre to the vowel onset
for a number of synthetic syllables, together with data points (underlined),
extracted from a study with natural speech by Rapp (1971).
Informally, it was found that for certain sound combinations with initial
consonant clusters, such as fspa! it was possible to listen in different ways, either
to try to let the rhythmic pulse agree with the early consonantal percept or with
the vowel percept. This is probably at least one reason while we sometimes find
a large spread in results for different subjects. Not only do they perform with
more or less accuracy, but it also seems possible to change listening strategy.
This conforms loosely with what is known from singing performance. Singers of
songs where the text is important, are sometimes described as to "sing on the
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consonants," maybe a strategy to create prominence on those syllables. On the
other hand, in choir singing the singers are instructed to synchronize on the
vowel onsets, and actually produce the consonants in advance. This has also
been confirmed by experiments with synthetic singing. Iohan Sundberg (1989)
reported that in singing performance by a singing synthesizer, MUSSE, duration
rules are not allowed to change the placing of vowel onsets in CV CV CV
strings. This will strongly upset the rhythmical pattern. Instead, changes in
segment durations have to be made at the V C borders, that is, if a consonant is
lengthened, the offset of the preceding vowel is shortened.
In conclusion then, this reasoning agrees well with the statement by Marcus
( 198 1), that the placement of the "P-center" is dependent on the complete
"Gestalt" of the stimulus, taking not only onset characteristics but also relative
levels and spectral characteristics into account. Whether the synchrony for the
Swedish material also depends on the sometimes particular pitch movement
patterns of Swedish has not yet been investigated.
The seemingly straightforward singing strategy mentioned above might be
explained by the fact that in choir singing, sound level differences between
consonants and vowels are probably always higher than in speech. Also, a single
rhythmic style is of value in pedagogy. A continuous transition towards another
rhythmic behaviour in prose, via rhythmical poetry is easy to imagine. The
"sound Gestalts" will be different and, as a consequence, speaker and listener
will change their conception of rhythmical accuracy.
It is of interest to consider the use of rhythm as an element in producing acoustic
signals such as speech and music. In music, rhythm is a form element, just as it
is in rhymed poetry. On the other hand, it is difficult to evaluate the role of
rhythm in prose reading and the demands on it. We now know seemingly much
about the linguistic and articulatory reasons for timing structures. But, and I
think the variation can be immensely large, a number of speakers use rhythmic
cues as a stylistic means in all forms of vocal expressions, while others do not
seem to use it at all. At least, as listeners we can perceive speakers as relying to
varying extent on the ability to express a message in a rhythmic fashion.
Ingemar Bengtsson and Alf Gabrielsson have worked together on many rhythm
experiments in music at Uppsala University. Gabrielsson (1987) has published
data from pianists' performance of a Mozart piece and found consistent
differences in their way of interpreting as well as producing the written note
sequences.
In an article, discussing notation and rhythm, Bengtsson (1987) points out that
many of the minor deviations from a steady pulse are not perceived as durational
deviations but as rhythmical colourings. He further argues (p. 78) that "we
should avoid calling it 'deviations' when dealing with rhythm without stating
clearly that we just mean deviations from a mechanical norm that we use as a
sort of temporal ruler." His argumentation is very well developed and should be

111

taken into account also by researchers in the speech field, such as phoneticians
who try to formulate durational models for speech. There are a number of built
in limitations and factors in speech production and perception that will upset a
simple duration pattern in many ways and obscure underlying regular patterns.
Summarizing, it is beneficial to learn how music researchers attack the problem
of describing rhythm, especially as contrary to speech performances of normal
prose. The demands of exactness are much higher and musicians are extremely
aware of this musical form element.

4
Conclusions
In this article a number of points from music and speech research on rhythm
have been discussed. It also includes a report on a pilot experiment using an
interactive synthesis program to test the notion of perceptual centre for different
syllable strings.

References
Bengtsson, I. (1987): "Notation, Motion and Perception: "Some Aspects of Musical

Rhythm."

In Action and Perception in Rhythm and Music (ed. Alf Gabrielsson),

Publications issued by the Royal Swedish Academy of Music, No 55, pp. 69-80.

Carlson, R. and Granstrom, B. (1976): "A text-to-speech system based entirely on
rules," Conference Record, 1976 IEEE Conference on Acoustics, Speech and Signal
Processing, April, Philadelphia, PA, pp. 686-689.
Carlson, R. and Granstrom, B. (1986): "A Search for Durational Rules in a Real-Speech
Data Base," Phonetica 43, pp. 140-154.
Fant, G., Kruckenberg, A. & Nord, L. (1991): "Stress patterns and rhythm in prose and
poetry reading with analogies to music performance." In Music, Language, Speech
and Brain (eds. J. Sundberg, L. Nord & R. Carlson), Wenner-Gren International
Sym posium Series, London: MacmiIIan 1991.
Gabrielsson, A. (1987): "Once Again: The Theme from Mozart's Piano Sonata in A
Major (K.331)." In Action and Perception in Rhythm and Music (ed. Alf Gabrielsson),

Publications issued by the Royal Swedish Academy of Music, No 55, pp. 81-

103.
Marcus, S. M. (1981): "Acoustic determinants of perceptual centre (p-center) location,"
Perception & Psychophysics 30 (3), pp. 247-256.
Nielsen, C. (1963): Levande musik. Wahlstrom & Widstrand, Stockholm (in Swedish)
Poppel, E. (1989): "The Measurement of Music and the Cerebral Clock: A New
Theory," LEONARDO, Vol. 22, No.1, pp. 883-89.
Rapp (Holmgren), K. (1971): "A study of syIIable timing," Speech Transmission
Laboratory, Quarterly Progress and Status Re port (STL-QPSR) 111971, pp. 14-19.
Sundberg, J. (1989): "Synthesis of singing by rule." In Current Directions in Computer
Music Research, (eds. M. Mathews & J. Pierce), System Development Foundation
Benchmark Series, Cambridge, MA: The MIT Press, 1989, pp. 45-55 and 401-403.

Acknowledgements
This study have been supported by grants from The Bank of Sweden
Tercentenary Foundation, The Swedish Council for Research in the Humanities
and Social Sciences and The Swedish Board for Technical Development.

1 12

113

Focus and phonological reduction
Linda Schockey
University of Reading
This research was designed to investigate the relationship between focus and
phonological reduction in connected discourse. Previous studies of English have
shown that non-focal material tends to be spoken faster than focal material and that
it does not occur at intonation peaks. It seems not unlikely that non-focal material
also manifests more of the phonological processes generally associated with con
versational speech, but this question has been little addressed experimentally.
Our analysis was based on a recording of a speaker of Standard Southern British
recounting an anecdote: it is, therefore, monologue. The recording was made with
full knowledge of the speaker and in an acoustically favourable environment, so it
differs in several ways from free conversation. We felt it necessary to reduce our
variables somewhat in the early stages of the research.
The recording was analysed for information content from a functional point of
view similar to that used by the Prague School: words and/or phrases were marked
for the role played in the utterance. We also looked at internal cohesion, examining
repetition and co-reference.

A phonetic transcription was made of the recording and a tabulation made of
the number and types of phonological processes which could be called on to account
for the differences between the phonetic forms and their dictionary pronunciations.
Each process was assigned a numerical value, and the amount of reduction found
within each word or larger unit was tabulated.
The paper discusses the relationships discovered between type and degree of
information content and type and degree of reduction.
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Recovery of "Deleted" Schwa
Sharon Y. Manuel
Communication Disorders & Sciences
Wayne State University Detroit, Michigan USA
In careful speech, the English words sport
and support clearly contrast in terms of their
production. Sport is monosyllabic - the /p/
closure is achieved before the /s/ constriction is
released, whereas support is disyllabic - there is a
schwa-vowel interval between the release of the
/s/ and the closure for the following /p/.
However, in casual speech, the interval between
the /s/ release and the /p/ closure may be quite
reduced and in fact the "underlying" schwa vowel
may appear to be deleted, yielding what we will
represent as sport. Apparent vowel deletions of
this type raise a number of questions with respect
to production and perception strategies (see for
example, Fokes & Bond, 1991).
In terms of production, we might ask just
what it is speakers do when they reduce or delete
a vowel. As Browman & Goldstein (e.g., 1990)
have elaborated in their articulatory phonology
framework, certain apparent vowel deletions,
such as the deletion of the fIrst vowel in be ret, can
be viewed as occurring simply because the /r/
constriction is made relatively early with respect
to the release of the /b/, much as in the word bray.
Similarly, one might be tempted to describe the
vowel deletion in s'port as the result of the
"sliding" together of the /s/ and /p/ gestures.
But the case of support is more complicated
than that of b e r e t. Whereas the glottis is
presumably in a state suitable for voicing through
out both beret and bray, the words support and
sport differ in terms of their respective glottal
gestures as well as in the timing of their oral
gestures. In careful support, the /s/ and /p/ each
have glottal opening-closing gestures, and the
schwa vowel is associated with a narrowed glottis
(suitable for vocal fold vibration). Typical of
English syllable-initial voiceless stops, the glottal
opening gesture for the /p/ is normally aligned
with respect to the /p/ labial release such that the
/p/ is heavily aspirated. Whether or not there are
one or two separate glottal opening-closing
gestures in /sp/ clusters such as in sport (see
Lofqvist & Munhall, in press), the glottis is fairly
adducted at the point of labial release, with the
consequence that the /p/ is not very aspirated.
When a speaker produces a form such as
s'port are the oral and glottal gestures reorganized
such that sport is identical in production to sport?
Or do the glottal gestures remain much as they are
in a careful version of support? Is there a period
of time between the /s/ and /p/ in which the glottis
is constricted? Does the /p/ still have its own
glottal opening-closing gesture, and if so, how is
this gesture align�d with respect to the release of
the labial constriction for the /p/?

With respect to perception, we wonder how it
is that listeners are able to recover the speaker's
intended word, given the difference between
casual and careful speech forms.
The work reported here represents the
beginning of our exploration of these issues. We
have been working on three kinds of data: (1)
glottal transillumination data (2) acoustic analysis
of a large corpus for the single pair support sport; and (3) a series of perceptual experiments.
We will be focussing here on the results of the
perceptual experiments, but briefly discuss the
other fIndings.
Analysis of the 'glottal transillumination data
is in a very preliminary stage, but we can say the
following. Our speaker seemed (impression
istically) to be "deleting" the schwa vowel in
many tokens of words such as support, Sapi r,
succumb. And, in these cases of apparent schwa
deletion, we see evidence of a glottal closure
between the /s/ and the /p/, and a glottal opening
gesture aligned to the oral release of the /p/.
Our acoustic analysis of the support-sport pair
is based on careful, conversational, reading, and
very fast versions from 4 speakers. We looked
for acoustic evidence of the state of the oral tract
and the state of the glottis during the time between
the end of the /s/ and the /p/ release. For sport we
always found evidence that the /s/ was released
directly into a /p/ constriction. The evidence of
this was a strong labial tail on the /s/ frication, and
the lack of any evidence (aspiration or voiced
formants) between the end of the /s/ and the
closure for the /p/. The /p/ aspiration was always
very short, indicating the glottis was narrowed at
release of the lips.
As expected, in most tokens of the word
support, we found an interval of time between the
release of the /s/ and the closure for the /p/ in
which the oral tract was open. Often this interval
was quite brief, especially i n fast or
conversational speaking styles. Sometimes it was
voiced, and sometimes voiceless (at least in its
initial portion). In some, there was no evidence
of oral tract opening between the /s/ and the /p/.
However, in these cases the initial portion of /p/
closure interval was almost always voiced, as
evidenced by a voice bar. Thus, no matter how
reduced the vowel, there was evidence of either
an oral (mouth opening) or a glottal (vocal fold
adduction) gesture for the underlying schwa
vowel. We also looked for evidence of vocal fold
adduction/abduction at the release of the /p/. We
found that regardless of how long the schwa
vowel actually was, aspiration of the /p/ was
always relatively long for underlying support.
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These data show that speakers may reduce the
oral gesture for unstressed schwa to the extent
that there is no period of time between the /s/ and
the /p/ in which the oral tract is open for a vowel.
However, despite the fact that the schwa has lost
its oral gestures, the schwa keeps its glottal
closing gesture, and separate glottal gestures are
retained for the /s/ and the /p/. Unlike the case of
a true cluster such as in sport, in s'port the
maximal glottal opening for the /p/ seems to
remain aligned as for true syllable-initial /p/.
Perceptual Experiments

We developed two perceptual experiments to
see how listeners would identify various versions
of support and sport. The stimuli in these
experiments were meant to mimic some of the
reduction effects we found in natural speech. We
varied (1) the information in the Is/-offset to /p/
release interval so as to give more or less evidence
of articulatory gestures appropriate for the
production of a vowel in that interval and (2) the
amount of aspiration that followed the /p/ release.
We modeled our synthetic stimuli on a natural
token of the utterance He'd sport it, spoken
rapidly by an adult female native speaker of
American English. In this natural token, the
word He'd was very breathy, the It! of sport was
flapped, and the final /t! of the it was glottalized,
as would be expected in this phonetic
environment and speaking style.
We constructed hybrid natural-synthetic
stimuli
ranging from He'd sport it
to
He'd support it by digitally concatenating
3 separately created portions:
Portion 1: A natural token of the word He'd
extracted from the model utterance
produced by our female speaker.
Portion 2: One of 5 synthetic versions of an
/s/ through /p/ closure interval
Portion 3: One member of a 7-item
synthetic [porDIt - phorDIt] continuum.
The construction of the synthetic portions is
described briefly below.
Synthetic /sl to Ipl intervals

The initial portion of the /s/ was the same in
all cases and the duration of the /s/ frication was
always 65 msec. The 5 /s/ to /p/ intervals
(s-types) differed from each other by the
strength of the labial tail at the end of the /s/ and
whether or not the material immediately following
the /s/ mimicked a voiceless schwa vowel, a
partially-voiced /p/ closure, or voiced schwa
vowel. In all cases, the s-type was followed by
an amount of silence (simulating voiceless /p/
closure) such that the Is/-onset to /p/-release
interval was kept at 165 msec.
S + Strong Labial Tail. The frequencies
and amplitudes of the 5th and 6th fricative
formants were made to fall at the end of the lsi,
simulating a strong labial tail .

S + Weak Labial Tail. Differed
S + Strong Labial Tail only in that

from the
fricative
formant frequencies fell much less drastically.
S + h. This version was meant to mimic an
/s/ followed by a brief voiceless schwa vowel. It
was based on the S + Weak Labial Tail stimulus.
An aspiration source was turned on 10 msec
before the end of the /s/ frication. The /s/ frication
was followed by a 20 msec interval of aspiration
excited vocalic formants, with frequencies
appropriate for a schwa.
S + Voice Bar. Mimicked utterances in
which /s/ is terminated by a /p/ closure, but in
which the initial portion of the /p/ is voiced, due
to vocal fold approximation. The voiced portion
of the /p/ lasted 20 msec.
S + V owel . Similar to S + h, but the
vocalic interval was voiced-excited and was 30
msec in duration. In addition, the first 10 msec of
the /p/ closure was voiced.
Synthetic [porDIt-ph orDIt]

continuum

The endpoint [porDIt] stimulus began with a
5 msec labial burst, followed immediately by
voiced formants appropriate for the release of a
labial stop. From this base, 6 other [porDIt]
portions were created by delaying the on�et of
voicing, relative to the end of the burst, 10 10
msec steps. The delay interval was always filled
with aspiration. Thus, there were a total of 7
[porDIt] portions, varying in aspirat i on
duration from 0 to 60 msec. Considerable effort
was made to match the spectral characteristics of
the original utterance1.
Experiment la

We wanted to know if listeners would hear
the word su pport, given strong aspiration
following the release of the /p/, even if there was
no strong evidence of a vocalic interval between
the /s/ release and closure for the /p/. We
expected that listeners would increase their
percentage of support responses as a function of
the duration of the aspiration following the /p/. In
addition, we thought a strong labial tail on the /s/
might bias the listeners toward sport. We
constructed 14 stimuli by combining the natural
He'd with the two s-types that had no evidence
of a vocalic or voiced interval between the /s/ and
the /p/ closure ( S + Strong Labial Tail and
S + Weak Labial Tai l) , and all 7 members of the
[porDIt-phorDIt] continuum.
The stimulus tape consisted of 10 separate
block-randomizations (plus an initial practice
block) of the 14 stimuli. Subjects were 8 young
adults who reported their first language as
American English. They were instructed that they
would be listening to synthetic versions of a
female voice saying two utterances. They were
told to listen to each utterance and judge the
middle word to be sport or support.
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1. Effects of Strength of Labial Tail and

Aspiration Duration on percent "support" responses.

The averaged results are shown in Fig. 1. As
can be seen, subjects showed an increasing
tendency to identify the stimuli as support as the
amount of aspiration increased. The 50% cross
over point falls at a little less than 30 msec
aspiration (or 35 msec VOT), which corresponds
well with our acoustic measures of natural tokens
of sport and support. It's clear that on average,
the subjects did not find even the most strongly
aspirated stimuli to be so support-like as to
identify it as support 100% of the time - the
average for the 55 msec aspiration level was only
80%. However, 4 of the 8 subjects did identify
the end point stimulus as support 100% of the
time when the /s/ had a weak labial tail.
As expected, there was some biasing effect of
the type of /s/ used. Stimuli with the strong labial
tail generally yielded fewer support responses at
each level of aspiration. Both aspiration duration
and the strength of labial tail were statistically
significant, but their interaction was not
These results demonstrate that listeners are
sensitive to the amount of aspiration following the
/p/, and in lieu of any vocalic interval between the
/s/ and /p/, can use the duration of the /p/
aspiration as a cue to the s p o rt - s u p p o r t
distinction.
Experiment Ib

We thought listeners might be less willing to
hear the stimuli in Experiment 1a as support, if
the tape contained examples of clearly disyllabic
utterances. In Experiment 1b we therefore added
the other three s-types: the S + h, S + Voice Ba r
and S + Voice d Vowel. We used 3 levels of
aspiration: 10 msec, 30 msec, and 50 msec.
Thus, there were 15 unique stimuli. Other details
of the Experiment 1b were the same as for
Experiment 1a. The subjects in Experiment 1b
were those who had participated in Expeliment
la. They listened to the Experiment 1 b tape after
participating in Experiment la, with a 5 minute
break between the experiments.
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Results for Experiment 1 b are shown in
Fig. 2. As can be seen, responses depended
heavily on the particular type of /s/ to /p/ interval.
When the /s/ was followed by a voiced schwa
vowel, listeners heard support 100% of the time,
regardless of the amount of aspiration on the
following /p/. Somewhat surprising, listeners
also reported hearing support to the S + voice bar
stimuli just about as many times as when there
was a true vowel interval present2. There were
less support responses to the s + voiceless
v o w e l stimuli, and for these, an effect of
aspiration emerged. When the stimuli had an /s/
followed by a voiceless vowel, subjects required
more aspiration to report support.
The stimuli without a vocalic or voiced
interval between the /s/ and /p/ were a subset of
those used in Experiment 1a. However, this time
subjects were less willing to hear support for
these stimuli than they had been before. In
Experiment 1b, even with 50 msec of /p/
aspiration, on average subjects reported support
only 65% of the time for the /s/-type with a weak
labial tail. Still, every subject showed at least
some increase in support responses with
increasing aspiration duration, and simple main
effects tests revealed aspiration duration to be a
significant factor for the S + h, S + Weak Labial
Tail, and S + Strong Labial Tail stimuli.
The results of these two experiments were
much as we had anticipated. Subjects were able
to use aspiration of the /p/ as a cue to support,
particularly when none of the stimuli on the tape
had any other evidence of disyllabicity, as shown
in Experiment la. Not surprisingly, when the
tape did contain clear examples of disyllabicity as
in Experiment I b, subjects were less willing to
label stimuli as supporr if there were no evidence
of a vowel between the /s/ and the /p/.
We were somewhat surplised that subjects
responded support essentially 100% of the time to
stimuli that had no vocalic interval between the /s/
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and the /p/ but did have a small interval of
voicing. Of course, this type of voice bar would
only be expected to be present for an underlyingly
disyllabic utterance. Still, we had not expected it
to be such an effective cue.
We therefore reexamined our stimuli to see if
we had in fact adequately reduced the vocalic
formants for the /s/ + Voice Bar stimuli. While
the amplitude of the higher formants was very
weak, the formants were still evident on a
spectrogram. We decided to re-synthesize these
particular stimuli and redo the experiments, as
described below.
Experiments 2a and 2b

Experiment 2a was identical (the same tape)
to Experiment la. Experiment 2b was identical to
Experiment 1b except for a change in the
S + voice ba r stimuli. We re-synthesized the set
of stimuli that included the S + voice ba r, this
time making sure that the energy in the higher
fOlmant regions was 28 dB or more below that of
the energy in the Fl region. A new set of 11
. young adults served as subjects in these
experiments.
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this s-type, with the 10 msec [porDIt], is slightly
lower here than in Experiment 1b, it should be
noted that in general the subjects in Experiments
2a and 2b gave fewer support responses. This
can be seen by comparing the results from
Experiment la and 2a, which in fact were
identical in terms of stimulus materials. As in
Experiments 1a, in Experiment 2a there were
statistically significant effects of s-type and
aspiration duration, and again the interaction of
these two factors was not significant. Again,
simple main effects revealed aspiration duration
to be a significant factor for the S + h, S + Weak
Labial Tail, and S + Strong Labial Tail stimuli.
General Discussion

Our acoustic data show that when speakers
"delete" the schwa vowel in a casual or fast
speech version of a word like support, the glottal
gestures and oral gestures for the /s/ and /p/
pretty much remain coordinated together the way
they are when the vowel is not deleted. A
consequence is that the /p/ is aspirated, despite the
fact that, in some sense, it is no longer syllable
initial. Our perceptual data show that listeners are
sensitive to this aspiration, and can use it to
identify the word as a token of support.
The acoustic data also indicated that in sport,
when the /p/ closure is made before the /s/ is
released, there may be a period of voiced closure
for the /p/. This means that at least one of the
features (voicing) of the "deleted" vowel remains
in the signal. In fact, the vowel has not been
deleted - its oral gestures may disappear, but its
glottal gestures don't. And, as our perception
experiments indicate, listeners are sensitive to this
voicing feature. They report hearing support in
the absence of a period of oral opening between
the /s/ and /p/, even when there is no aspiration to
use as a cue to the disyllabicity of the word
The results suggest that listeners can make use
of information which is consistent with an
underlying disyllabic word to access that word,
even when the vowel of the first syllable has lost
its oral gestures.
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2 for legend.

The results of Experiments 2a and 2b are
shown in Figs. 3 and 4 , and are quite similar to
those of Experiment 1 a and lb. As can be seen in
Fig. 4, the revised S + Voice Ba r stimulus still
yielded a high percent of support responses.
While the actual percent of support responses for

1

Post-experiment comments from our subjects indicated that

they in fact judged the stimuli as being produced by a real
person. even though they had been instructed that they would
be hearing synthetic speech.

2

Given the lack of aspiration

on the Ipl, presumably these

subbort. if such
if had been given as a response choice.

stimuli would be heard as the disyllabic word

a word existed or
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Invariant auditory patterns in speech processing:

an explanation for nonnalization.

Natalie waterson.
Although decades of acoustic research in terms of segments has
resulted in a great deal of information about acoustic perception, the
problem of invariance in speech perception has not so far been resolved
and normalization of speech remains an enigma. Our alphabatic writing
system has predisposed us to a segmental approach in our phonetic research
and this has been the basis for most of our work. However, acoustic
research has shown that invariance is not to be found in phoneme segments
so where is it to be found? If it were located, then normalization
could be explained. If we are to leave aside the concepts of phoneme
segments amd distinctive features, what is there to take their place?
Experimental work of the 1950s and 1960s suggests a new lead - the
consideration of features as independent of segments. Denes (1963) ,
Peters (1963) , Miller & Nicely (1955) , Savin (1963) , Wickelgren (1965,
1966) , and also Gray in 1970, demonstrated that consonants are coded
in short term memory in terms of features rather than segments and that
such features can be recalled and forgotten independently, as well as
perceived independently. Manner features were found to carry the greatest
functional load and place errors were made more often than those of
manner, showing that place and manner features are processed independently.
There is supporting evidence for this in childrens' productions in the
early stages of language learning. Their forms of words suggest that
they pay attention to some features of the adult models but not to others,
and the features are sometimes arranged differently from the adults',
showing that they are not bound to the segment (Waterson, 1987). It has
proved possible to show that the child pays selective attention to the
acoustic signal of the adult model - attending first mainly to the
auditorily salient features which represent a framework or pattern on
which he constructs his own form of the word. It is proposed here that
it is such patterns based on salient features that are the invariant
units of speech perception.
It is well-established that in the normal speech situation, speech
interpretation does not depend solely on processing the acoustic signal.
How we interpret the signal depends greatly on our expectations from
the context, knowledge of the subject matter, cultural background, and
other non-linguistic information. These all influence what is perceived
and how it is interpreted. Not only does the non-linguistic information
create expectations but it also constrains probabilities and increases
predictability so that only a minimum of cues from the acoustic signal
is sufficient to interpret speech under normal conditions, and it must
be a minimum because of the speed with which speech is processed; it
would be impossible to process the whole of the acoustic signal in the
time taken. The cues consist of auditorily salient features and those
that are functionally salient. Auditorily salient cues are those that
are acoustically salient (see below) and functionally salient cues are
those which represent contrastive function in the language, e.g. friction
versus stop as in 'sack' [saek] and 'tack' [taek]. For children learning
their first language, it is also their favourite features that have
been much practised in babbling. What is auditorily and functionally
salient will vary from language to language so patterns are language
specific.
Evidence suggests that the following are the major acoustic cues:
Intensity: peaks indicate number of syllables; greater intensity relative
to lesser marks stronger and weaker stress, and hence rhythm.
Fundamental frequency marks the pitch pattern.
Duration: some syllables are longer, some shorter.
Cues for consonant classes.
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for vowel classes, for degree of openness of vowel.
The cues are in a particular relationship within the acoustic shape
of the \'.lOrd, and in a fixed sequence, and it is proposed that this is
what is perceived auditorily as the pattern of the word. The actual
degrees of intensity, actual frequencies, actual durations, actual
consonant and vowel class qualities, are variable and differ from speaker
to speaker but the variability does not affect the pattern:
the cues
and their relationships remain the same and the pattern is thus invariant,
and this is what makes nonnalization possible.
The name 'Patrick' will be used to illustrate such a pattern.
Five different forms can be shown to have the same oattern:
[paetrIk]
[pAtrIk]
[patrik]
[pae�rIk]
[paelrI�]
All can be described as having a two-syllable pattern with stress on
the first syllable. The first syllable has the features stop + open
vowel and the second has stop + liquid release + close vowel. The whole
'"
�
pattern may be symbolized as 'P�PLIP (P=stop, rJ..= open class vowel, PL
Given a suitable context,
= stop + liquid release, I = close class vowel).
these cues would be sufficient to identify the name 'Patrick' in whichever
of the five versions it was uttered. A few examples of some English
eve patterns are given below to help make the concept of pattern clearer:
PVP duck [dAk]
cat [kaet]
pit [pIt]
dog [d�]
boot [bu:t]
PVN bin [bIn]
can [kaen]
pen [pen]
bang [baeg]
time [taIm]
PVS buzz [b�z]
bush [buS]
kiss [kIS]
puss [pus]
FVN
thin reIn]
fun [fAn]
then �en]
thumb reAm]
vim [VIm]
NVS mess [mes]
nose [nouz]
mush [mAS]
nosh [n:»5]
close 1
Vowel class is represented as: open �
middle E
P�P cat [kaet]
PEP duck [d�k]
PIP
bush [bur]
The I.P.A. is segmental and it is not possible to transcribe features
as not being attached to segments. However, it is the interpretation
of the system of transcription that matters and it is possible to detach
the various features from the segments in our thinking. A very simple
example is given below to illustrate this:
'moon' [mo:n] and 'noon' [nu:n] differ only in the feature of place
of closure at the onset: labial in 'moon' and alveolar in 'noon'. All
other features are the same and extend throughout the two words: voicing,
nasalization, labialization, close vowel class, and stop at alveolar
place. In our current thinking we chop up the features of voicing,
nasalization and labialization and attach them to the bilabial closure
and create a separate segment. We then cut off the syllabic part and
attach the same features to it and do the same with the alveolar closure.
As all acoustic evidence points to there being no invariant acoustic
cues for phoneme segments, there seems to be no benefit in doing this.
Thus, features independent of phoneme segments and the concept of pattern
may prove a useful alternative and these will now be considered using
evidence from child language research as there are several studies showing
a phase in lexical acquisition when many of the child's attempts are
patterned.
The child has to depend on his auditory and visual impressions
to learn and has to try and match his impressions as best he can. He
has to get something from the acoustic signal and observe its function
in context to get the meaning. To begin with, he does not have much
skill or experience in speech processing though he does have something
to start with from his babbling and other vocal, non-verbal experience
(Waterson, forthcoming). The evidence suggests that the child pays
selective attention to the adult model because many of such early forms
relate to the auditorily salient features of the model and favourite
features from the child's babbling repertoire and he appears to perceive
patterns because he responds with patterns. Some examples from data
of a child aged 1; 6 are given below.
The child had reduplicated nasal-vowel patterns for 'window', 'finger'
First formant (Fl)
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and 'another'. The only way that [pe:Jle] , [J1:r:J1.I.] and [papa] were
identified as 'window', 'finger' and 'another' respectively was by their
usage in context. In the case of 'another' [d'n���] , the child responded
to the two most salient syllables and produced a disyllabic form. The
first, pre-stress syllable is very short and weak and is not auditorily
salient and most English children leave out such syllables at first.
The child's form seems to have been much influenced by the most salient
stressed syllable [n,,] . It seems that disyllabicity and nasal onset
of the syllable and the relatively open class vowel is what constituted
the pattern of the adult form for him and he responded with a disyllabic
reduplicated pattern of similar form, [pqpa] .
The disyllabicity of 'window' ['w:rndou] and 'finger' ['f:rnga] is
similarly responded to, as also is the most salient part of the first
syllable which is strongly stressed and also prominent by pitch. The
most salient parts of 'window' and 'finger' are [:rn] and [lq] . The
initial approximant [w] of 'window' and the friction [f] of 'finger'
are neither acoustically nor auditorily salient and are not responded .
to. Both are of relatively short duration and of low intensity compared
with the rest of the syllable. The vowel has high intensity and relatively
long duration in both words,
being in a stressed syllable and followed
by nasal closure and voice, and is thus salient. The nasal stops, [n]
and [g] are also salient, being of relatively long duration and fully
voiced, the voicing continuing in the oral stop closures, [d] and [g] ,
which themselves are of short duration and at the onset of an unstressed
syllable, and are thus relatively non-salient. The syllabic part of
the second syllables [ou] and [a] , are in weakly stressed syllables
and are thus of relatively low intensity and short duration. The child
clearly responded to [In] of 'window' and [:rg] of 'finger' but reversed
the sequence to fit in with his developing phonological system in which
disyllables were of the CVCV reduplicated type. These and other examples
are discussed fully in Waterson, 1987.
The presence of homonyms in early child language also suggests
recognition of patterns in the models. The same child had the form
[baebu:] for 'birdie', 'Bobby', 'Patrick' 'bucket' and 'button'. He
responded correctly to the relationship of degree of openness of vowels
which relate to the higher intensity Fl and indicate a more open vowel
in the first syllable, followed by a more close vowel in the second.
The features of frontness, backness, centrality and non-rounding relate
to F2 and F3 which are less salient than Fl (having less intensity),
and were not matched by the child, and he did not respond to the
non-salient final closures of 'bucket' and 'button'.
Examples where there are very few salient cues in the model are
interesting and are not among the earliest to be acquired. 'woman'
and 'Rooney' are such cases. The spelling of these words is misleading;
it makes us think that the segments are there and that the words are
very different from each other, and even a relatively narrow transcription
makes them look dissimilar: 'woman' [WUm�n] and 'Rooney' [ru:nl ] . However,
�
acoustically and auditorily they are very similar and the child recognized
this and responded with a homonym for them, [ehg] . Although the child's
effort looks very strange, it is quite a good match. He is responding
to the little that is salient and ignoring the non-salient. He is
responding to the disyllabicity (peaks of intensity), the nasality which
is of long duration and which extends over the whole word, and the mid
to close class of the vowels, and, as usual, has a reduplicated pattern.
He does not respond to the less salient features: approximants, final
nasal closures, rounding and backness. There are numerous examples
of children responding to adult models in patterned form
(See Vihman
& Velleman 1989) and this confirms that a child's forms and patterns
are very likely the result of his perception of salient features forming
the invariant auditory patterns of the models. It is these patterns
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which form the basis for the child's own patterns and forms within the
limits of his current capabilities. He recognizes the same words in
the speech of different speakers by recognizing the invariant auditory
patterns in the acoustic signal anu does not concern himself with the
variability. It is proposed that the child goes on processing speech
in this way as he develops but as his perceptual discrimination and
experience increase, he is able to take more of the less salient features
into account and his patterns become more complex and eventually they
match the adult patterns. This is considered in some detail in Waterson,
1987. It is proposed that adults process speech in the same way. Evidence
of pattern recognition in adult speech processing is found in
misperceptions but space does not permit their discussion here. (See
Garnes and Bond, 1980; Waterson, 1987, 1991) .
The model for processing speech by pattern recognition requires
two levels of representation: a phonetic level (Level l) and a phonological
level (Level 2) . Only a brief outline is given here; for a full
illustration see Waterson, 1986; 1987; 1987a. Processing begins by
selective attention to salient features and their synthesis into patterns
of the language for matching with stored patterns at Level l. If there
is no match, the pattern is rejected or a new pattern has to be
constructed. If there is a match at Level l, then matching proceeds
with the pattern at Level 2. At this level the patterns are associated
with meaning, so the pattern can be identified as a word with the aid
of context and other available non-acoustic information. If context
and other information are not sufficient to identify the pattern as
a word, reference back to the acoustic signal - still in the short term
memory - can be made because pattern processing, which involves a minimum
of cues, is very rapid. A new attempt at synthesizing a different pattern
can take place and pattern matching can proceed again.
Level 2 contains the pattern and a full auditory specificab.on
of the word and also functions as a basis for production. It can function
as a basis for production because the speaker has learnt, in the course
of early vocalizations, what acoustic signals result from various gestures
and what auditory impression is created by them so he can produce the
right effect from the auditory specification. Thus in order to make
sense of �r. acoustic signal, the hearer needs to recognize the pattern
auditorily. He is only concerned with a minimum of cues in the signal
and as he has established the relationship between acoustic cues and
auditory jmpressions, he does not need to go back to articulatory gestures
to help him identify the acoustic cues.
Part of the network of a young child's phonological system is shown
in Fig.l, that is, how patterns are stored at Levels 1 and 2, and the
pathways along which the recognition of words takes place. The examples
are 'duck' and 'bib', for which the child had [gAk] and [bip] . For
identifying a pattern, the first decision is about the number of syllables,
here monosyllables (Tier 1), and then whether syllable onset is closed
(c) or open (v) (Tier 2) , here closed. Then whether the ending is
open (v) or closed (c) (Tier 3) , here closed. With closed onset in
a Ole structure, there are only two options at 1.6 : stop (p) or nasal
(n) (Tier 4) - the onsets are stops (p)
With a closed ending there
are three options: stop (p), nasal (n) and sibilant friction (s) (Tier
5) . For both 'duck' and 'bib' the ending is a stop (p) and the pattern
The next choice is for vowel class: mid (E) , close (I) or
is pvp.
open (�) (Tier 6). Here 'duck' and 'bib' diverge: 'duck' has E vowel
class and 'bib' has I. For 'duck', child's [gAk] , (represented by dashes)
the choice (at Tier 7) is of dorsal (k), labial (p) or apical (t) contrast
at onset. In the case of [gAkJ the onset is dorsal (k). Finally there
is the choice of syllable features: backness (w), centrality (�) or
frontness (y). Here the syllable feature is (�), centrality, and
[gAkJ is identified as 'duck'. The pathway for 'bib' involves a
•
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different set of choices from Tier 6,
Finally,

as the line of dots shows.

having shown that a pattern is represented by salient

cues which are in a particular sequence and in a particular relationship
to each other,

and that the pattern is invariant, we may now ask how

the salient cues arrive in the acoustic signal.

They are,

of course,

the result of the speaker's gestures in the production of the acoustic
signal.

This being so,

there must be some invariance in the gestures,

and of course there is.

For instance the complete cutting off of the

airstream in the production of a stop,
the closure is made;
of nasals,

regardless of the place at which

the lowering of the soft palate in the production

regardless of place of closure; the narrow opening for the

passage of the airstream in the production

of fricatives,

the varying

degrees of space between tongue and palate for degrees of openness
of vowel,

and so on.

There may,

One can say that these gestures are invariant.

for instance,

be variability in the way the closure for a

stop is achieved but this is irrelevant,
is relevant for the stop.

Similarly,

it is the fact of closure which

the soft palate can be lowered

in a variety of ways but this is irrelevant - it is the lowering of
the soft palate that achieves nasalization.
So,

in answer to the question of where invariance is to be found,

we may conclude,

on the basis of the evidence presented,

that linguistlc

invariance has no independent existence in the acoustic signal,

that '
it is language specific and is found in the form of invariant auditory
patterns in the inner representation of the phonological system of the
language user.
It can be said to be found in the acoustic signal only
in the sense that the hearer perceives in it the cues which represent
the auditory patterns which are stored in his inner representation.
The patterns are not there for those who do not know the language only those with a knowledge of the phonology of the language can recognize
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them. The speaker controls the invariance of linguistic units only
in the sense that he produces the acoustic signal which contains within
itself cues which represent the invariant auditory pattern that awaits
recognition as a pattern by the hearer.
If speech perception and recognition take place by way of invariant
auditory patterns, the variability in the speech of different speakers
with different size and shape of vocal tract, is irrelevant; their patterns
are the same because the major cues representing the patterns are the
same. If this is indeed the case, than nonnalization can be explained
as speech processing by pattern recognition.
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Function and limits of the F1 :FO covariation
in speech.
Hartmut TraunmOller
Institutionen for lingvistik
8tockholms universitet
8-10691 Stockholm.

Speech sounds vary not only as to their phonetic quality, but also due to various
additional factors which create syntagmatic and personal variation. Syntagmatic
variation reflects the degree to which segments are affected by their neighbors in
speech production. In some important cases, this is compensated by perceptual
contrast effects. In other cases, such syntagmatic effects tend to become gramm a
ticalzed, which appears to be the major driving factor behind the diachronic
development of the phonologies of languages.
Paradigmatic variation among speech sounds is, of course, essential for their
distinctive linguistic functioning. At least for vowels, the formant frequencies carry
most of that distinctive function. These formant frequencies are, however, also
affected by paralinguistic and extralinguistic variation. Vowels have always such
"personal quality" in addition to their phonetic quality (see Table 1). "Transmittal"
variation does not usually affect FO or FI. The covariation between Fl and FO,
which is our present concern, we can observe when we compare two linguistically
identical utterances. If, in such utterances, FO is different due to any differences in
personal quality, it is nearly always the case that also F1 differs in the same direction.
Table 1: Kinds of information and variation in speech.

Phonetic quality:

Linguistic variation:
Conventional, specific to humans.
Personal quality:

Paralinguistic variation:
Communicative but neither linguistic nor restricted to humans.
Extralinguistic variation:
Informative (symptomatic) about the speaker, but not communicative.
Transmittal quality:

Variation in perspective:
Not imformative about the message nor about the speaker.
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Speaker age and sex

FO and all the formant frequencies are known to decrease from childhood to
adulthood, and on the basis of the acoustic theory of speech production we
understand why this is the case. The spectral differences between speaker categories
(age, sex) can be roughly described as consisting in a uniform translation of FO and
of all formant frequencies along a tonotopical (Bark) scale (1). This holds quite well
if wedisregard prosodic variations in FO.
Table 2: Some parameters involved in "personal" variation. _

0

Vocal tract length and vocalfold size
Vocal effort
Vocal tension
Prosodic explicitness

+
+
(+)

Acoustic quantities involved:

FO

+
+?
O?

0
0
0

+
O?

0

yes
yes
yes?
no?

F1* F3* L3/L1 F1: FO

covar.
* Low F2 goes with F1, high F2 goes with F3.

Between speaker differences in formant frequencies can also be described
adequately by power functions of frequency - thus without reference to the
tonotopic scale (2). That approach does not suggest any simple perceptual expla
nation for the F1:FO covariation, but it may be put into question, whether we at all
should search simplicity in these matters.
The effects of different age and sex can be simulated by LPC-analysis and
resynthesis of speech after modification of the formant frequencies and FO (3). If
FO is modified by multiplication with an appropriate factor rather than by a uniform
shift in Bark, the liveliness as well as the phonetic quality of utterances remains
largely unaffected. The size of prosodic FO-excursions is roghly the same in female
and in male speech if expressed in semitones and not in Bark (4).
Vocal effort

Studies of vowels produced at increased vocal effort have shown an emphasis of
the higher partials and increases in FO and in Fl . In back vowels, F2 is also increased.
While F1 and FO covary in the same way as observed in speaker category compa
risons, the effect on formant frequencies decreases with frequency and F3 is not
affected in a general sense.
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The effect ofFO on the perceived phonetic quality of vowels has been observed
in perceptual experiments in which FO and Fl were varied, while the higher
formants were the same. In my first experiment of that kind (5 ), nearly all the
listeners, whose native language was Austrian German, behaved in the same way.
In more recent experiments, listeners with a different linguistic background were
found to differ in their sensitivity to FO.
In one experiment (6), subjects (mainly Swedish) had to transcribe synthetic
vowels with subsequently risingFl presented at the sameFO and at a subsequently
rising FO, such as to keep the tonotopic distance between Fl and FO the same. For
50% of the subjects that distance proved crucial for the perceived degree of
openness. The other 50% were less sensitive to FO and less uniform in behaviour.
Considering also the results of another experiment with Swedish and Turkish
listeners (7), it can be suggested - tentatively - that the larger the number of
distinctive degrees of openness in a subject's native language, the larger the
probability that he will behave in accordance with the tonotopic distance hypothesis.
Vocal 'tension'

In singing, we attempt to controlFO and the intensity of vocalizations as such. While
this is simple in physical terms, the physiological gesture required is complex, since
the ordinary covariation of intensity andFO has to be compensated by an additional
adjustment in vocal fold tension. Acoustical and physiological studies tell us that
this kind of adjustment also affects the formant frequencies. Effects similar to those
observed for variations in vocal effort have been observed in subjects who had been
asked to produce vowels at different FOs, with and without concern for musical
quality (8, 9).
Experiments with synthetic two-formant vowels, in which it is impossible to
distinguish whether a change in FO is due to variation in the size of the speaker, in
vocal effort, or in vocal tension, have shown that the perceptual interaction between
the formant frequencies and FO exists prior to such a distinction (7). In fact, the
variation in two-formant stimuli is more closely related to variation in 'vocal
tension' than to variation in vocal effort or to differences in speaker size. In the
latter cases, there are prominent correlates carried by the higher formants - which
are missing in two-formant stimuli. Nevertheless, it appears unlikely for changes
in vocal tension to have any substantial instantaneous effect on the formant
frequencies. This would imply thatFl would have to covary with any bumps in the
intonation contour of utterances.
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Prosodic explicitness
Variations in prosodic explicitness affect the range ofFO- variations in utterances.
A widening or narrowing of that range is not symmetric around the average value
of FO

(10). Speakers retain, instead, some kind of lower base-value of FO when

producing the same utterance with different degrees of 'liveliness'. This has been
confirmed by resynthesis of speech after modification of its FO-contour

(3). The

formant frequencies remained untuched. Although a slight variation in the phonetic
quality of some segments can be detected in those transformations, they make it
seem unlikely that variations in liveliness would affect the formant frequencies to
an extent compatible with the tonotopic distance hypothesis if applied to the
instantaneous value ofFO or even to its average value. Any hypotheses presuming
an FO-dependence of the perceived degree of openness in vowels can, then, only be
workable if "FO" is to be understood as the 'base-value' ofFO - or as the speaker's
prosodic baseline, which is obtained by connecting subsequent FO- minima. This
is, of course, a hypothetical quantity that needs to be guessed by listeners, but this
is, then, possible even in whispered speech.

Perceptual distinction between types of quality
In prosody, the border line between the linguistic and the paralinguistic domain is
not always clear. Certain variations whose function is basically a paralinguistic one,
can, in addition, be used for conventional linguistic distinctions. In such cases, it
appears to be possible to distinguish the linguistic function from the paralinguistic
one on the basis of the more local nature of the former as compared with the more
global nature of the latter. The openness of vowel segments should, then, be judged
in relation toFO and other relevant properties of the utterance in which the segment
is embedded.
Table 3: Linguistic use of basically paralinguistic variation.

Type of phonation.
Vocal effort.
Vocal 'tension'.
Prosodic explicitness.
Articulatory explicitness.
Speech tempo (physiological).

distinctive phonation
? (emphasis)
prosody, tone
focus intonation
tense/lax, focus
long/short

This hypothesis has only found limited support in the results of an experiment
in which listeners had to transcribe vocalic stimuli in whichFO andFI where either
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low, rising, high, or falling, in all combinations, with Fl always above FO, presented
in a context suggesting a low baseline (6). 75 % of the subjects showed a clearly
reduced influence of the intrinsic FO, but only 25 % of them behaved in accordance
with the baseline hypothesis in full extent. Thus, the majority of subjects appears
not to distinguish clearly between linguistic and paralinguistic information.
On average, the perceptual weight of the instantaneous value of FO (or a short
time average) was found to be higher than expected on the basis of the line of
reasoning followed above. If we assume that the behaviour of an average listener
is optimal for communication we should then expect Fl to covary with FO even
within utterances, albeit to a lesser extent than observed for overall variations in
vocal effort or between speakers of different age.
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Psychoacoustic Complementarity and the Dynamics
of Speech Perception and Production
Keith R. Kluender, University of Wisconsin, Madison, 53706, U.S.A.

This essay is intended to sketch out the beginnings of an approach to perception of
speech and other auditory events that has at its core a sincere appreciation for the ecology of
sound producing sources in general. Some of what follows is a bit sketchy owing to length
restrictions for this journal, and also to the somewhat embryonic nature of the proposals.
First, the most general goals of auditory perception will be discussed. Next, a conceptual
framework will be presented describing the processes by which a perceptual system may
accomplish those goals. Finally, it will be argued that these considerations about perceptual
processes help one to understand why the goals must be what they are.
Begin with the very simple assumption that auditory perceptual processes must operate
in a manner that is consistent with ecologically significant acoustic events. That is, there must
be at least an abstract accordance between the process of perception and the ecology of sound
producing sources. The approach to be defended here is one which assumes that the principles
that govern a listener's maintaining a cohesive auditory world must be in agreement with
(though not strictly isomorphic to) the principles that govern sustained output from a sound
source, and that general constraints upon sound producing events (such as speech articulation)
should be mirrored in the operation of sensory processes. This view is roughly consistent with
Roger Shepard's theory of internalized constraints he calls "psychophysical complementarity ";
whereby, through evolution and learning, the operating constraints of perceptual systems have
been shaped to mesh with the external world (Shepard, 1984).
What can one say, generally, about the ecology of sound producing sources? At a
minimum, it is known that worldly physical structures, in contrast to electronic gadgets,
produce sound that can only change so much so fast. That is, the tension of vibrating
structures and the shape of resonators can change only so quickly. Here, it is suggested that,
for processes of auditory perception, one constraint that must obtain is one that is consistent
with the fact that most sound sources, while not rigid, have some limit to their elasticity.
It will be illuminating to consider a closely related example from vision at tDis point.
At the heart of the perception of visual structure is the inverse problem. The inverse problem
refers to the fact that, for any given 2-D array that is available at the retina, there exist an
infinite number of 3-D objects that map equally well to the 2-D array. It has long been
suggested that the rigidity of objects plays an essential role in solving this inverse problem for
vision, and that visual perception must be carried out in a manner that is consistent with the
fact that most objects in the world are rigid. By making the assumption that objects in the
world are rigid, one can greatly constrain the range of possible 3-D objects that can correspond
to the 2-D array. It has been amply demonstrated that, by exploiting the rigidity constraint,
the recovery of 3-D structure from the 2-D visual array is possible on the basis of motion
information alone. Note that one needs both the rigidity constraint and extended viewing in
motion to recover a unique distal shape. Consider the fact that on a single view, the set of
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possible rigid 3-D structures that could give rise to the 2-D array is infinite. It is only after
repeated views of the object in motion that the number of possible rigid 3-D structures that
adhere to the geometry of all views becomes small and eventually singular. It has been
demonstrated that, in fact, the human visual system requires an extended time to converge upon
a 3-D percept.
In summary, solution of the visual inverse problem is simply not possible without the
perceptual system operating an a fashion that respects the fact that, in general, worldly objects
are mostly rigid. Please note that it is not being suggested that the perceptual system "knows
about rigidity" in the usual sense. Instead, the claim is simply that through evolution, learning,
or both, the system has come to operate in a manner that allows it to mesh with a world that
is rigid. And, one would justly assume that the same system would fail in more viscous
surrounds.
Now, what happens in the case for sound producing sources? Rigidity cannot cut it
here. Pretty much by definition, physical events produce sound precisely because they are not
rigid, and because instead, they flex and vibrate in a manner that pushes air to and fro. At
best, all that one can ask is that sound producing sources obey a relaxed version of the rigidity
constraint. That is, they obey something akin to a " limited elasticity constraint" . In lieu of
being able to say that shapes stay relatively constant, all we can say is that the tension of
vibrating structures and the shape of resonators can change only so much so quickly.
Following the example from vision, it is suggested that, for processes of auditory perception,
one constraint that must obtain is one that is consistent with the fact that most sound sources,
while not rigid, have some limit to their elasticity.
Sadly, if one is looking for a solution to the inverse problem in audition and is looking
for a sure-fire method to extract the distal source from energy impinging upon the tympanic
membrane, a simple constraint of limited elasticity is not up to the job. For both the visual
and auditory cases, one begins with an infinite number of physical shapes that could potentially
give rise to an identical sensory array. However, in the absence of a rigidity constraint, no
number of views and no amount of time will allow one to converge on a unique distal event
unless nontrivial domain limited restrictions are imposed. Ullman (1984) has demonstrated that
this is true for vision in that if one changes the shape of the object too much or too fast, the
set of possible distal events expands exponentially.
The same would be true for audition. The seemingly small relaxation of the rigidity
constraint to the limited elasticity constraint effectively changes an algorithm that converges
over time to one that will not converge. This point is an important one, as most are well
acquainted with arguments that appeal to dynamics or dynamical information. And, it is true
that without dynamics the human visual system is out of luck. However, for dynamics to help
in solving the inverse problem for speech, it appears that one needs much more than dynamics
and a minimization algorithm akin to rigidity. Consider, for example, one of the most
impressive attempts to solve the inverse problem for speech. Bailly, Laboissiere, and Schwartz
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(1991) have made great progress by incorporating feed-forward connectionist sequential
networks to model the dynamics of phoneme to phoneme trajectories. They have applied this
network to an exquisitely detailed model of the vocal tract developed on the basis of X-ray data
from a single talker. And, unlike typical LPC models, this model faithfully captures the local
losses in the vocal tract walls. These researchers have likely come the very closest to
extracting the true vocal tract shape from the physical acoustic waveform.
In addition to the implementation of the network capturing dynamic constraints, the
reason this approach is so successful is the very careful attention to the fine details of a single
vocal tract. In general, success has been achieved by introducing increasingly fine-grained
knowledge of speech production. This tour de force has its downside, however, as the process
they use will likely fail if another speaker, who differs significantly from the talker originally
X-rayed, is used. Even this state of the art approach will fail in the face of typical individual
differences in vocal tract length or glottal source characteristics. While it is likely that even
more impressive solutions are forthcoming, improvements will most probably involve the
incorporation of increasingly detailed constraints that are closely associated with only a single
type of acoustic event, that is, articulation of human speech. And, until one can overcome the
need for precise characterization of vocal tract size and glottal source, such models will not
generalize to other talkers, let alone to non-human acoustic sources.
So, what should one make of this critical exercise? Should one abandon the use of a
limited elasticity constraint as the road to solving the inverse problem for speech? Or should
one abandon the inverse problem? Here, the latter gambit will be pursued. Consider the
possibility that there is no real cash value in recovering the vocal tract configuration when
building a model of speech perception. After all, there have been ample demonstrations that
listeners don't seem to care much about the details of the physical configuration of the vocal
tract anyway. For example, perceptually acceptable tokens of lui can be produced when the
typical lip rounding is prevented and the larynx is lowered to lengthen the vocal tract in an
alternative fashion (Riordan, 1977). Consider further the case for production of the English
vowel IfI , for which constriction of the lips, midpalate, and lower pharynx all serve equally
well to support perception of the vowel (Lindau, 1985). These are but a couple of examples
in which different vocal tract gestures give rise to equivalent acoustic andlor perceptual results.
If one abandons solving the inverse problem, and hence, abandons the recovery of the
distal events of production, what are the alternatives? Typically, is has been assumed that
there is but a single alternative. That is, if articulatory gestures are not the objects of
perception, then either physical acoustic events or their sensory consequences must be the
objects of perception. Here, this alternative is denied as well. Suppose that the objects of
perception are neither articulatory events nor acousticlauditory events, and that the use of the
term "objects of perception" may turn out to have no important role in a theory of speech
perception. Instead, the general goal of perception may be simply to maintain agreement
between events in the world and internal states in the listener in a manner sufficient to direct
action. If one considers the task of the perceiver as being one by which the listener must be
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in register with or resonate to the sound source, one can instead think of the act of perception
as being more akin to the process of information flow. In a Shannon information-theoretic
sense, one can think of perception as the process of transmitting information. The information
is not about the state of articulators nor is it about the state of the basilar membrane.
Information exists in the agreement between the transmitter and receiver. Perceptual systems
have come to be organized in a fashion that keeps transmission rates high.
It is within this construct that a constraint such as limited elasticity finds its role. While
one gets little mileage out of attempts to use this constraint to solve the inverse problem and
to recover sound producing events, such a constraint may have a real function in keeping
perceptual processes in register with the environment in a manner that supports a coherent
percept. As an example, in order for the auditory system to maintain continuity of sounds only
when appropriate, that is, when they emanate from the same source, there must be a restriction
on the amount of sound change that can be perceptually accommodated over a given period of
time.
Researchers in the laboratories of Albert Bregman, Richard Warren, and others have
done many experiments illustrating the perceptual processes that listeners use to maintain a
cohesive auditory world. Consider a recent study by Kluender and Jenison (in press) involving
auditory variants of vision experiments on the Poggendorff illusion (see Figure 1) designed to
assess the mechanisms by which listeners maintain continuity for upward sinusoidal glides that
were interrupted by a period of broadband noise. Subjects adjusted the onset frequency of a
same-slope post-noise glide so that, together with the pre-noise glide and noise, the complex
sounded as "smooth and continuous as possible. " For all but the shallowest glides, subjects
consistently adjusted the
offset portion of the glide
to frequencies lower than
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outlined above, the present data may be interpreted as demonstrating that listeners are sensitive
to the history (i.e. inertia) of the source when they maintain the trajectory across the interval,
and they are also sensitive to the fact that natural sound-producing objects change only so much
in a given amount of time. The undershoot that is seen in subjects' judgments would seem to
indicate that listeners are not inclined to perceptually sustain long and extensive frequency
trajectories in the absence of unambiguous acoustic evidence. The facts that listeners
underestimate the trajectory most when the noise interval is long and when the glide slope is
great suggest that there is a constraint, at least somewhat akin to limited elasticity, that is
encouraging judgments that reflect a sort of conservation of physical change in the sound
producing event.
The approach so briefly outlined above can be considered to be an· "ecological"
approach. While clearly breaking with Gibsonian tradition, it is intended as a framework that
is sensitive to the ecology of sound producing events without requiring their veridical retrieval.
While it may be possible, in principle, to discover constraints (like rigidity for vision) or
invariants that would allow the perceiver to solve the inverse problem, the view espoused here
suggests that such discoveries are unlikely, and the inverse problem need not be solved
uniquely. This essay can be considered a call for a happy medium between approaches to
speech perception that perseverate upon either side of the perceptual channel. If one considers
auditory perception to be an act that involves agreement between the world and its listeners,
one may begin to search for the abstract constraints that operate upon sound sources in order
to evaluate the mechanisms by which those constraints are incorporated by the receiver.
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How the listener can deduce the speaker's
intended pronunciation
John J. Ohala
Department of Linguistics, University of Alberta, Edmonton
and
Department of Linguistics, University of California, Berkeley
By definition, recognition of speech (or any other signal) involves making a match
between an incoming stimulus and one of several stored templates (taking
'template' in a very general sense). But, as is well k nown, separate tok ens of what
we regard as functionally equivalent units in the speech signal (words, syllables,
phonemes) often show considerable physical variation. Assuming this variation is
not illusory, how does the listener figure out what the speaker intends to pronounce?
Among several broad classes of strategies are these:
a. create separate templates for each type of variant encountered
b. normalize the variant signals so they are more congruent with the
canonical form of the stored templates
A priori there

are

advanteges and disadvanteges associated with both of these

strategies - none of which by themselves determines what humans actually use.
Strategy (a) is extravagant in terms of the size of the inventory of stored templates
and (b) is extravagant in terms of the amount of processing required, i.e., more than
simple comparison.

Strategy

(a),

however,

is used

extensively

and

with

considerable success in automatic speech recognition..
In this paper I will review evidence, both from traditional phonological data as
well as laboratory studies, that suggest that (b), normalization or "correction" of the
speech signal, is done by listeners. The principal evidence of this comes from what
I call "hyper-correction", i.e., perceptual mistak es made by the listener when
normalizing speech that didn't require normalization.
One form of the evidence is found in cases of dissimilation, the loss of a feature
or segment from one position when it was formerly present at two contiguous sites
in a word, e.g., the change from Proto-Indo-European *bhendh to Sanskrit bandh.
It is hypothesized that the listener regarded the aspiration on the first stop as
non-distinctive spillover from the second stop and thus factored it out.

Other evidence comes from listeners' patterns of confusions of filtered vowels.
When isolated vowels are low pass filtered at 1 kHz there are, as would be expected,
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many confusions of the sort where front vowels are confused with back vowels
(since the high F2, a good cue to vowel frontness, had been eliminated). However,
when listener were given an opportunity to deduce the characteristics of the filter,
e.g., by presenting the vowels immediately after a precursor sentence that had been
similarly fIltered or by adding high-pass (1 kHz) filtered noise to the vowel stimuli,
listeners not only significantly reduced the incidenc of front> back confusions but
also showed a slight but disproportionate increase in bac k> front confusions. In
these cases, the overall reduction of errors caused by the filtering and the slight
increase in the errors of the reverse type must both have derived from the listener
normalizing the signal.
The implications of these results for theories of speech production will be
discussed.
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Phonetic Covariation As Auditory Enhancement:
[+voice]/[ -voice] Distinction

The C ase of the

Randy L. Diehl
Department of Psychology, University of Texas,Austin,TX 78712
John Kingston
Department of Linguistics, University of Massachusetts,Amherst,MA 01003
In troduction

This paper is concerned with the ways in which talkers ensure that phonological distinctions
are sufficiently contrastive auditorily. Focusing on the [+voice]/[-voice] distinction, we argue that
its phonetic implementation amounts to a nearly optimal solution to the problem of preserving
intelligibility. It is known from studies of perceptual confusions in noise (Miller & Nicely, 1955),
for example,that the English [voice] contrast is exceedingly robust Here we briefly explore
several types of phonetic redundancy exploited by talkers in signaling phonological distinctions in
general and the [voice] contrast in particular.
Three types of phonetic redundancy

(1) Typically, there are multiple, auditorily independent correlates that serve as distinct
bases for f! phonological distinction. (These correlates correspond psychologically to what we will
call "contrastive perceptual properties.") In the case of the [voice] distinction,one important
contrastive property has been identified by Stevens and Blumstein (1981), based on the important
work of Lisker and Abramson (1964): [+voice] consonants,but not [-voice] consonants, are
characterized by the "presence of low-frequency spectral energy or periodicity over a time interval
of 20-30 msec in the vicinity of the acoustic discontinuity that precedes or follows the consonantal
constriction interval " (p. 29). We refer to this correlate as the "low-frequency property. "
In languages such as English,another contrastive property associated with the [voice]
distinction (especially in initial position) is the presence or absence of significant aspiration. Still
other contrastive properties are consonant duration and preceding vowel duration: medial [+voice]
consonants in most languages have shorter constriction or closure intervals and longer preceding
vowels, than medial [-voice] consonants. Given this relation between vowel and consonant
durations,it is reasonable to try to incorporate both durations into a single measure that may
appropriately defme an overall durational cue for the [voice] distinction. For example,Kohler
(1979) proposed that the distinction between medial fortis and lenis consonants is well specified by
the duration ratio,vowel/(vowel + consonant). In a related proposal for the English medial [voice]
contrast,Port and Dalby (1982) suggested that the consonant/vowel duration ratio is perceptually
the most relevant cue.
The presence or absence of the low-frequency property,the presence or absence of
aspiration,and the ratio of vowel and consonant duration each corresponds to an auditorily
independent perceptual variable,and collectively they provide redundant specification of [voice]
contrasts. Although not every such variable is exploited in every language or in every utterance
position,there are typically more than one contrastive perceptual property to signal that a consonant
is [+voice] or [-voice]. Thus,in English initial consonants,the [voice] contrast is signaled both by
the presence or absence of the low-frequency property and by the presence or absence of
aspiration, whereas in medial consonants the contrast is signaled by the presence or absence of the
low-frequency property and by the duration ratio of the vowel and consonant.
(2) Each of the auditorily independent correlates of f! phonological distinction may typically
be analyzed into multiple subproperties that are mutually enhancing in the sense that they all
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contribute to the same contrastive perceptual property. Consider, for example, the low-frequency
property of [+voice] consonants. As Stevens and Blumstein (1981) pointed out, this property can
be analyzed into at least three phonetically separate subproperties--voicing during the consonant
constriction interval, a low first-formant frequency (Fl) near the constriction interval, and a low
fundamental frequency (FO) in the same region. All three of these subproperties are typical
correlates of [+voice] consonants and each has been found to cue or enhance the perception of the
[+voice] category. The perceptual evidence to date is consistent with Stevens and Blumstein's
claim that the three subproperties contribute to a single integrated acoustic property or to what we
have called a contrastive perceptual property.
A similar kind of analysis may also be applied to the duration ratio associated with the [voice]
contrast. It is obvious that the difference between [+voice] and [-voice] consonants in duration
ratio may be enhanced by varying either the consonant duration, the vowel duration, or both. Just
as voicing during closure, a low F1, and a low FO are mutually enhancing in that all contribute to
the low-frequency property, a short consonant and a long preceding vowel are mutually enhancing
in that they both contribute to the relatively small CN duration ratio characteristic of [+voice]
consonants. Relative to either durational cue in isolation, a ratio of the two durations permits a
considerably wider range of variation and hence greater potential distinctiveness.
(3) The subproperties that contribute to one contrastive perceptual property of i! phonological
distinction also tend to contribute to other contrastive perceptual properties. That is, they have
more than one perceptual role and often these roles are auditorily independent.
Lisker (1957) showed that variation in closure duration is sufficient to signal the distinction
between medial [+voice] and [-voice] consonants. Later, Lisker (1978) found that the presence of
voicing during the closure yields an increase in [+voice] identification responses. Parker, Diehl,
and Kluender (1986) conducted a modified version of the latter study by Lisker. Two stimulus
series ranging perceptually from /abal to /apal were created by varying the closure duration of the
consonant. The two series differed only with respect to the presence or absence of laryngeal
pulsing during the closure.
As in the study by Lisker (1957),variation in closure duration proved to be sufficient to cue
the /b/-/p/ distinction. Also, as expected on the basis of Lisker's (1978) findings, the presence of
voicing during closure shifted the /b/-/p/ identification boundary toward larger values of closure
duration (that is, there were more [+voice] responses).
The boundary shift caused by the presence of pulsing during closure is, of course, predicted
by the fact that it contributes to the low-frequency property which is characteristic of [+voice]
consonants. However, Parker et al. (1986) hypothesized that the presence of a pulsing segment
has another effect as well, namely, it reduces the perceived closure duration, making the stimulus
appear even more strongly [+voice]. To test this hypothesis, Parker et al. also prepared several
sets of nonspeech stimuli that mimicked the temporal and peak amplitude properties of the /abal
/apal stimuli in both the pulsing and no-pUlsing conditions.
In one set every stimulus consisted of two steady-state square-wave segments equal in
duration to the pre- and post-closure segments of the /abal-/apa! stimuli. One stimulus series in this
set had silent intervals of varying duration separating the square-wave segments. These silent
intervals corresponded to the silent closure intervals of the speech no-pulsing stimuli. The other
series in this set was identical, except that the medial gaps contained the same segments of
laryngeal pulsing used in the corresponding speech condition. A second set of square-wave
stimuli was the same as the first, except that FO fell linearly over the fmal 40 ms of the first square
wave segment and then rose again over the initial 40 ms of the second square-wave segment.
These we refer to the fall-rise stimuli. Finally, in a third set of square-wave stimuli, referred to as
rise-fall stimuli, the direction of FO change was reversed in the vicinity of the medial gap. For each
of the three nonspeech stimulus conditions, listeners identified both the pulsing and the no-pulsing
series. First, they were presented a random sequence of the two end-point stimuli of a series (i.e.,
the stimuli with the shortest and longest gap durations) and were required to learn by means of
feedback lights which of two response keys corresponded to each end-point stimulus. The
listeners then identified the entire stimulus series with the instructions to press the key
corresponding to the training stimulus to which each item sounded most similar.
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The presence of pulsing during the medial gap produced a significant boundary shift only in
the fall-rise condition. The shift was in the same direction as that for the /aba/-/apa/ stimuli, but
only about 1/3 the magnitude. Thus, at least in the fall-rise condition, the presence of pulsing
made the gap between the square-wave segments appear smaller in length. This is consistent with
the hypothesis of Parker et al. (1986) that one effect of voicing is to enhance the closure-duration
cue for [+voice] stops.
How are we to account for the differences across the various speech and nonspeech
conditions in the size of the boundary shift induced by the presence of pulsing? The relatively
large boundary shift in the /aba/-/apa/ condition can be explained on the assumption that voicing
serves at least two independent perceptual roles in specifying the [+voice] category. First, it is a
major contributor to the low-frequency property, a main contrastive perceptual property of [+voice]
consonants. Second, it enhances the closure-duration cue (or duration-ratio cue) by making brief
closures seem even shorter. However, in the square-wave conditions, pulsing during the medial
gap serves, at most, only the latter of these two roles. This is because the nonspeech training
categories were defined on the basis of gap duration alone and were uncorrelated with the presence
or absence of pulsing. Thus, for the square-wave categories, the low-frequency property per se
has no distinctive role, and the effect of pulsing is limited to altering the apparent duration of the
medial gap.
What remains to be accounted for is why, among the three square-wave conditions, pulsing
had a significant effect only in the fall-rise condition. A tentative explanation is that a falling
pattern before the gap and a rising pattern after the gap make the pulsing more continuous
spectrally with the flanking sounds, and that this continuity is necessary for pulsing to be
integrated with the rest of the signal so as to influence the perceived duration of the gap.
Perceptual integration of temporally distinct signals has been shown to be enhanced by spectral
continuity (e.g., Bregman & Dannenbring, 1973).
In view of the pattern of nonspeech findings, it is noteworthy that a fall-rise spectral pattern
is characteristic of vowels flanking [+voice] stops in natural speech. As described earlier, both F1
and FO are lower in the vicinity of [+voice] stop closures than [-voice] ones, and these differences
have been shown to influence [voice] judgments. Following Stevens and Blumstein (1981), we
earlier argued that low F1 and FO near the consonant closure affect [voice] judgments by enhancing
the low-frequency property characteristic of [+voice] consonants. However, the square-wave
results suggest that they may also influence medial [voice] judgments in a quite independent way,
namely, by creating a higher degree of spectral continuity between closure pulsing and the flanking
vowels, hence contributing to a perceived shortening of the closure.
The fall-rise square-wave stimuli provide at best only a very crude model of the kinds of
spectral changes that occur near medial [+voice] stops in natural speech. For example, it is unclear
whether the FO and associated harmonic changes of the square-wave segments should be taken to
correspond to changes in vowel FO, changes in vowel Fl, or both. A better way to evaluate the
auditory effect of spectral continuity is to use stimuli that are similar to speech in allowing an
independent manipulation of FO and a resonant frequency. At the same time, the stimuli must not
be sufficiently speechlike to encourage listeners to identify them in terms of phonological
categories. (This latter requirement must be met in order that any observed effect may be
interpreted in general auditory terms rather than as a reflection of the listener's speech-specific
knowledge of the normal correlates of [voice] contrasts.) Accordingly, Kingston, Diehl,
Kluender, and Parker (1990) replicated the nonspeech experiment of Parker et al. (1986), using
single formant stimuli in which F1 and FO could be independently manipulated. All possible
patterns of steady-state, fall-rise, and rise-fall F1 and FO trajectories were combined with gaps of
varying duration, with and without pulsing. The absence of higher formants gave these stimuli a
quality quite distinct from speech.
For the three F1 trajectories, the presence of pulsing significantly increased the percentage
of short-gap responses, but the effect was largest and most significant in the case of the fall-rise F1
trajectory. This parallels the square-wave results of Parker et al. (1986). In contrast, for the three
FO trajectories, the effect of pulsing did not differ across the three FO trajectories. These results
suggest that: (1) the perceived shortening of a closure interval caused by the presence of voicing
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does indeed require some degree of spectral continuity between the voicing segment and the
flanking vowels; and (2) this spectral continuity effect rests on the Fl contour rather than on the FO
contour. We may conclude that a low F1 not only contributes to the low-frequency property of
[+voice] consonants,it also enhances the closure-duration (or duration-ratio) property by serving
as a necessary condition for voicing to reduce significantly the apparent duration of the closure. A
low FO, on the other hand, contributes only to the low-frequency property of [+voice] consonants.
The interlocking network of mutual enhancement relations apparently does not end there.
Javkin (1976) reported that when listeners were asked to vary the duration of a tone to match that
of the vowel, the presence of voicing in the following consonant yielded tone durational settings
that were reliably longer. This means that voicing contributes to a more distinctive duration ratio in
two ways: by shortening the apparent duration of the consonant and by lengthening the apparent
duration of the vowel. These effects,together with the contribution of voicing to the low
frequency property,help to explain the perceptual robustness of the [voice] contrast.
Alternative accounts of phonetic covariation

Our claim is that many regularities of phonetic covariation reflect a strategy of talkers to
enhance the auditory distinctiveness of phonological contrasts. An alternative view is that these
regularities are mostly governed by physical or physiological contraints on speech production.
This alternative view has traditionally dominated discussions of phonetic universals and remains
widely held. For example,the FO correlate of the [voice] contrast has been attributed to different
aerodynamic conditions created by voiced and voiceless obstruents or to differences in vocal-cord
state (e.g, varying degrees of stiffness) between the two [voice] categories. However,as pointed
out by Ohala (1978) and Kingston (1985),all of the physical or physiological explanations of the
FO correlate appear to be flawed.
The closure-duration correlate of the [voice] contrast has also been explained on the basis of
physical contraints. In particular, Ohala and Riordan (1979) have suggested that [+voice] closure
intervals tend to be short because the rapid rise in oral air pressure makes it difficult to maintain
voicing during stops. However,given this aerodynamic constraint,there are several options open
to speech communities. First,talkers could make both [+voice] and [-voice] closure intervals
short. (It might be objected that [-voice] closure intervals are longer because of the time needed to
initiate voicing at the end of the closure. But there is no apparent physical or physiological
requirement that the onset of voicing coincide with the closure interval. In principle,medial stops,
like initial aspirated stops,could be produced with a substantial voicing delay following release.)
The second option,as pointed out by Stevens, Keyser, and Kawasaki (1986b),is for talkers to
make both [+voice] and [-voice] closure intervals long and simply allow voicing in the [+voice]
case to terminate before the end of closure. Neither of these options seems to be ruled out on
purely physical or physiological grounds,and so the fact that speech communities tend not to
exploit them suggests that the closure-duration correlate has a different rationale. As for the vowel
duration correlate of the [voice] contrast,a variety of physical or physiological explanations have
been proposed. However, as argued by Javkin (1976),Lisker (1974), and Kluender,Diehl, and
Wright (1988),none of these explanations is without serious problems.
Conclusion

From a perspective that emphasizes the role of the listener,the multiple correlates of the
[voice] contrast are seen neither as accidental nor as fully explainable by the physical requirements
of speech production. Consonants that are [+voice] have a low FO value in the following vowel in
part because this reinforces the low-frequency property produced also by voicing and a low Fl.
Moreover, [+voice] consonants have a short constriction interval and a long preceding vowel
because these contribute to a small eN duration ratio,which is another contrastive perceptual
property of [+voice] consonants. Finally, the combination of the low-frequency property and a
small duration ratio is perceptually quite natural because certain subproperties such voicing and a
low Fl contribute to both and,therefore, help to create a more robust perceptual distinction. For
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these reasons,it is possible to claim that the [voice] contrast tends to be signaled with nearly
optimal redundancy.
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Cognitive-auditory constraints on articulatory reduction

K. J. Kohler
Institut fUr Phonetik und digitale Sprachverarbeitung
Universitat Kiel
Germany
I am going to make a few categorical statements and discuss them one by one
with reference to synchronic reduction data in English and German.
1. Assimilations and elisions at word boundaries, as well as reductions in
function words follow a principle of reduction of effort in continuous
speech.

For instance tongue tip gestures are eliminated in favour of lip and tongue
movements (e.g. "it's in thai QOx [pb], not in thai fase [kk]". I have argued
in several publications (see e.g. Kohler, 1990) that speech articulation is
characterised by constantly ongoing 1 i P and tongue dorsum movements, with
tongue tip gestures riding on them at specific points, almost exclusively
associated with consonants. The two types of movements are also 1 inked with
different muscle sets. Apical gestures in this view are the special, marked
feature in speech production, which is, on the one hand, put to use in the
functiona 1 domain of 1 anguages (inflexions in Indo-European 1 anguages,
deictics, articles), and is, on the other hand, weakened in an attempt to
reduce articulatory effort, which consists in the coordination of tongue tip
to simultaneously ongoing tongue body movements. The assimilation of apical
stops and nasals (/t/, /d/, /n/) to labials and dorsals is thus referred to
articulatory-physiological mechanisms,
which at the same time exclude
assimilations of labial/dorsal to apical and those between labial and dorsal.
These synchronic processes are to be differentiated from diachronic ones in
sound change (e.g. Lat. octo � Ital. otto), where the prime cause is auditory,
not articulatory, in the transmission from one generation of speakers to
another. This leads to the second statement.
2. The speaker-related control in synchronic processes is checked by listener
orientation.

(a) There is first of all the relevance of the position in the syllable: the
initial place requires greater distinctivity for the listener's
discrimination than the final place, especially in stressed word-initial
syllables. They are 1 andmarks for the 1 istener to decode the incoming
signal and to relate it to word sequences at higher processing levels.
This excludes the assimilation of word-initial apicals to preceding word
final labials or dorsals ("ha! .!!in" [pp] vs. "ti.!! !oe" [pt], German
"Li!!l!en" [pm] vs. "giQ nicht [pn]). The acoustic-auditory distinctivity of
the release burst and the aspiration strengthen the initial position and
preclude assimilatory reduction.
(b) But there are also listener-oriented constraints related to segment
features, namely the manner features stop/nasal/fricative. Stops only
assimilate if they are not released ("!I!t" [pth], "act" [kth], "picked"
[kth], but "he picked me [kTP)m] a good one"; German "Akt" [kth], but
"Zwischenaktmusik" [kTP)m], "Beamter" [mthl1], but "Beamten" [mpm]). This
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is so because only the unreleased plosive has little perceptual
distinctivity, showing very little difference between [t], [p], [k]. And
what is little differentiated for a listener anyway can be levelled more
easily in the speaker's attempt to save effort. Released and aspirated
stops with distinctive 1 oca 1 acoustic frication propert ies do not meet
this requirement. Nasals being far less well differentiated according to
place of articulation than released stops, can be assimilated in
word-final position (ll hap-Qenll [pm], lIor,gan egg] grinderll ; German IIgebenll
[bm]). Fricatives [f], [X] vs. [s], on the other hand, are clearly
distinct and are never assimilated ( IIthi� form II [sf] vs. "tha!p-lace"
[pp], German "Ausfahrt" [sf] being always differentiated from "Auffahrt
[ff].
3. Gestures disappear, and there is gestural reorganization.

This differs from Browman & Goldstein's (1990) position, according to which
only the timing and the amplitude of gestures are changed, not the gestures
themselves. With the disappearance of the apical gesture in the change [mth�n]
-7
[mpm] for German "Beamten", the stop formation and release are also changed:
they are exclusively effected by velic control. There is no way of subsuming
this under the variables of timing and amplitude. This becomes even more
evident in the change
[nth �np] -7
[mpmp] for German limit bunten
fapierschlangen". As early as the first nasal the articulators have to be
instructed for a labial gesture and an alternating velic action, although the
triggering element comes last. Simple passive adjustment through contiguity
cannot explain this phenomenon, there has to be active reorganization.
4. Degrees of reduction in accordance with the balance to be struck between
reduction of articulatory effort on the part of the speaker and perceptual
discriminability on the part of the 1 istener are governed by a reduction
coefficient,
which controls whole sets of articulators and can
be
generalised across individual configurations.

So in the series of reductions from [mIth,pe:m] through [mItpm], [mItp:m],
[mIpm] to [mIm] in the German phrase limit dem Bus" (see Kohler, 1991) we are
dealing with a progression through three successive domains: I. the reduction
of opening-closing movements, I I. the coarticulation between apical and labial
gestures and the increasing reduction of the former, I I I. the progressive
shortening of the oral and velic closure configuration. In spite of
reorganizations within and between these three doma ins, they const itute a
continuous scale of reduction, along which the reduction coefficient is fixed
for a speech act.
This reduction coefficient is governed by higher-level cognitive processing
as an essential prerequisite to speech production: the gestural adjustments
are primarily not constrained by the vocal tract and passive changes in timing
and amplitude, but are conditioned to a large extent by an adaptation, on the
part of the speaker, to the acoustic-auditory needs of the listener in given
communicative environments and to the semantic and syntactic demands of the
utterance. So speakers reduce less in response to the request for repetition
or in unfavourable contexts of situation, e.g. in noisy and more formal
conditions, when failing to be understood is rated high. On the other hand,
the semantic content of an utterance and its syntactic structure check the
degree to which articulatory reduction can operate. Content words are not
normally subjected to the same simplification as function words, unless they
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normally subjected to the same simplification as function words, unless they
are weakened semantically at the same time, as in greetings and other
sterotype formulae in phatic communion (compare "kyou" as against "many
thanks").
The reduction of function words is furthermore governed by word class (e.g.
German "ihr" as a personal pronoun is reduced more than in the function of a
possessive pronoun) and by position in a syntactic structure (e.g. enclitic
"ihr" in German "habt ihr (den Film gesehen)?" is reduced more than proclitic
"ihr" in "ihr habt (mich enttauscht)"). In the German sentence "Er ist der,
der der Sache am meisten schadet." ("He is the one that endangers the cause
most."), "der" refers to the demonstrative or the relative pronoun or to the
definite artic 1 e, and all three can be represented by the phonologica 1 form
/'de:r/, but the first is realised as ['de:e], the second as [d£e], the third
as [de]) with pro9ressiv� reduction in accordance with decreasing prominence
in different syntactic slots, for which the reduction coefficient is set at
different points on.the reduction scale (see also Kohler 1979).
5. Thus the phonemic switches contained in the series of reduced forms along
the reduction scale from 1 east to most do not capture the essentia 1 s of
what goes on in articulatory modification. Therefore, the phonological
dichotomization of the phonetic processes loses explanatory power: it is
the
phonetic
perspective,
grounded
in
the
biological
and
social
communicative systems of sound producing humans, that matters.
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Words are produced in order to be perceived: the listener in the speaker's mind.
Sieb G. Nooteboom
Introduction
Speakers speak in order to be understood. It is quite obvious, and in some sense trivial, that in
order to be understood, speakers have to adapt their speech to the requirements of the com
municative situation. Choice of language, vocabulary, phrasing, overall clarity of pronuncia
tion, overall loudness, style of speaking, are all candidates for showing the consequences of
such adaptive behaviour. In everyday speech communication examples of such adaptive
behaviour are abundant.
It has been suggested, notably by Lindblom, that "the lack of invariance that speech signals
commonly exhibit (...) is a direct consequence of (... ) adaptive organization" (Lindblom,
1990). I am sympathetic to that view, and have set out to adduce some examples of this vari
ability, trying to predict and explain some differences in pronunciation from the listener in
the speaker's mind. The differences I will focus on are all related to accent patterns in Dutch.
Of course, Lindblom's view of adaptive organization being the cause of the commonly ob
served lack of invariance in speech implies a basic distinction between invariant units of lan
guage and their highly variable realizations in speech. A further implication seems to be that
adaptive or listener-oriented behaviour belongs to the domain of speech. Although sympa
thetic to it, I have two difficulties with this view. One is that listener-oriented behaviour on
the part of the speaker may also involve selection of linguistic means of expression, the ap
propriate words for example. The other is that the distinction between language and speech,
although basic to phonetics, is not as clearcut as one would wish.
One could say that the spoken realizations of words, phrases, and sentences are modulated
for example by accent patterns and other prosodic structures. But there is also a good case to
be made for accent patterns to be themselves linguistic means of expression, being rule
governed, carrying specifiable meanings, and having variable acoustic/phonetic realizations.
One level further down we see that in intonation languages such as Dutch or English, accents
are realized by recognizable types of rises and fall in speech. The selection of these is again
language specific and rule-governed, and their realization is variable. As we will see later on,
accents also have non-optional consequences for temporal patterning. It is debatable whether
the resulting temporal patterns are still part of the language or belong to the domain of vari
able speech. The point is of course that on the way from intention to acoustic signal, speaking
runs through a number of different levels, each following level potentially modulating the re
alization of units on the preceding level. There is some arbitrariness in drawing the border
line between what belongs to language and what belongs to speech. The plasticity of linguis
tic units such as words in overt speech, at least partly results from interactions between dif
ferent levels of linguistic expression. Listener-oriented behaviour can be attested on anyone
of these levels. I will briefly discuss some examples of adaptive behaviour relating to accent
patterns modulating the realizations of words in speech.
Deaccentuation as a from of cooperative behaviour
A first example has to do with the selection of words to be marked with a pitch accent.
Terken and I (Nooteboom and Terken, 1981) have shown that in on-line spoken descriptive
utterances de-accentuation of content words is a statistical phenomenon: In very precisely
controlled conditions accentuation or de-accentuation of content words hardlly ever reached
either 100 or 0 %. The probability of de-accentuation was higher for grammatical subjects
than for predicates, and strongly depended on the number of consecutive times the same
referent had been mentioned in the same grammatical role in the preceding utterances. We
hypothesized that not all our speakers were equally cooperative, and that a really cooperative
speaker would always have de-accented a content word if it referred to something that had
been mentioned in the same role in the previous utterance. This was tested and confirmed in a
later perception experiment involving a verification task in exactly identical communicative
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conditions as in the earlier production study, showing that accentuation of "given" words and
de-accentuation of "new" words leads to a significant increase in reaction times (Terken and
Nooteboom, 1987). Apparently, even if a word has been used only once in the same gram
matical role in the previous statement, for the listener it contains old or given information,
and he is hindered in accessing this information rapidly by an accent and helped by de-ac
centuation. We may also conclude that many of our speakers in the earlier production study
were less than cooperative.

Shrinking and stretching words as a form of cooperative behaviour
Accenting or de-accenting a word affects its acoustic realization, notably its pitch contour,
but also its temporal makeup. Or is this perhaps not so, and is the longer duration of accented
words an independent consequence of its communicative relevance?
One of the most conspicuously plastic aspects of pronunciation is speed of articulation. Dif
ferent realizations of the same phoneme or the same word can vary tremendously in duration,
depending on a multitude of factors. The world of speech sound durations is an obvious test
ing ground for hypotheses on the adaptive nature of speech. One would predict, for example,
that old or predictable words are, other things being equal, pronounced less carefully and
more rapidly than new, informative words. This expectation at first sight seems to be in
agreement with the well known and often cited data of Lieberman (1963) who found that
predictable words are spoken with less care and more rapidly than unpredictable words.
Lieberman's findings were more recently confirmed by Hunnicut (1985) who repeated
Lieberman's measurements with more extreme differences in contextual redundancy, and
also by Fowler and Housum (1987) who showed that 'old' or 'given' words, i.e. words pro
duced for the second time in a monologue, are shorter than 'new' words, i.e. words produced
for the first time in a monologue.
There is, however, a problem here. We know that in languages such as English or Dutch in
formative or new words are liable to receive a pitch accent, where as predictable or given
words are more often produced without a pitch accent. In none of the above studies informa
tiveness was separated from accentuation. It is therefore hard to tell whether the durational
effects reported are due to accent structure or independent effects of informational structure.
Recently, Eefting (1991) in our institute attempted to study the effects of accentuation and
information structure on word durations independently. To do this she made use of precursor
sentences to manipulate whether a given word conveyed new or given information, and of
unit accentuation to compare the effect of accentuation for new and given words. Her data
show that there is a considerable effect of plus versus minus accent on word duration, but
there appears to be hardly any independent effect of new versus given. Also it is the case that
the combined effect of plus versus minus accent and new versus given is not greater than the
effect of plus versus minus accent alone.
Apparently, we must conclude that our hypothesis that speed of articulation is immediately
controlled by contextual redundancy is not generally valid. If, in a word combination like
"John Miller", or "french cheese" both words contain new information, the first, unaccented,
word is not lengthened in comparison to a reading where it contains old or given information.
Only the second, accented, word, is lengthened. Lengthening seems to be a concomitant side
effect of pitch accent realization and not an immediate consequence of information value.
If this is correct, one would expect that such constraints are perceptually relevant. More
particularly, one would expect that speakers cannot stretch unaccented words or shrink ac
cented words, without their speech becoming unacceptable. In a perception experiment in
volving an acceptability scaling task, Eefting has investigated whether adjustment of word
durations to plus or minus accent is relevant to the perceived naturalness of speech (Eefting,
1991). Results clearly show that naturalness suffers considerably when overall word duration
is not in accordance with accentuation. This also shows that, at least for content words, ac
cent patterns severely constrain durational patterns. Listeners object when we stretch unac
cented words or shrink accented words. This, of course, severely constrains the freedom
speakers have to adapt the temporal patterning of their speech to the needs of the listener. At
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least in cases like these, it looks as if adaptive behaviour is more clearly to be seen in the se
lection of appropriate linguistic means of expression, including accent patterns, than in the
plasticity of the acoustic/phonetic realizations. In a further perceptual experiment, involving a
phoneme detection task, Eefting showed that processing time increases not only when ac
cented words are given the (shorter) durations of unaccented words, but also when unac
cented words are given the (longer) durations of accented words. We may conclude that the
ideal speaker will not violate the temporal patterns dictated by the pronunciation rules of his
language.

Discussion
We are very much used to the view that we can make a neat separation between language and
speech. In the domain of language there are invariant linguistic units that, in the process of
speech production, get highly variable realizations. It is a major task of phonetics to explain
and predict this variability.
Against this background it is tempting to hypothesize that the variability of spoken
linguistic units for a great part can be assigned to the struggle between minimization of artic
ulatory effort and optimization of perceptual contrast, or, as it has more recently been called,
the struggle between production-oriented and output-oriented factors leading to "hypospeech"
and "hyperspeech" respectively (Lindblom, 1990). As I said in the introduction, I am sym
pathetic to this view.
On further reflexion, reality seems to me to be somewhat more complex. First of all,
speakers do not start worrying about the limitations of their audience after they have formu
lated a linguistic message, and before they are going to turn this message into overt speech.
The ideal speaker will show listener-oriented behaviour at all levels of message generation, to
start with the selection of the topic. I have presented some data showing listener-oriented be
haviour in the selection of accent patterns.
Secondly, a considerable part of the variation we find in the acoustic/phonetic manifesta
tions of linguistic units such as words, can be explained by and predicted from interactions
between different levels of message generation, whether or not the speakers show listener
oriented adaptation. If speakers produce production-oriented rather than output-oriented ac
cent patterns, making life easier for themselves but more difficult for their listeners, we still
can explain and predict the acoustic results from an interaction between the syntactic and
lexical form of the message, and the selected accent pattern. The issues of explaining vari
ability and listener-oriented behaviour have then become somewhat separated.
Thirdly, although it is not always easy to make out which phenomena belong to the realm of
language and which to the domain of speech, we might assume that there is plenty of free
dom for speakers, given that all linguistic decisions in message generation have been made,
to knead or mould or fashion their pronunciation according to the estimated momentaneous
needs of their audience. This is what the famous example of Phil Lieberman (1963) "a stitch
in time saves nine" for a long time has seemed to tell us. But, as the data on word durations as
a function of accents and given and new information indicate, this freedom of speakers to
please themselves and their audience with the plasticity of their speech, may, at least in some
cases, be more limited than we had thought. Conventionalized linguistic means of expression
such as accent patterns, seem to inhibit or at least severely constrain the nonlinguistic effects
on pronunciation of word predictability.
Finally, the perception data, both the data on acceptability and on processing time, also in
dicate that ideal speakers, who have set out to make life as easy as possible for their listeners,
should first of all conform to the pronunciation rules of their languages, not violating any ex
pectations that their listeners might have derived from these conventionalized rules. These
rules themselves, of course, may give the speaker plenty of possibilities to accommodate the
needs of his audience.

152

REFERENCES
Eefting, W. (1991), "Timing in talking", unpublished doctoral thesis, Utrecht university
Fowler, C.A. and Housum, 1. (1987), "Talkers' signaling of "new" and "old" words in speech
and listeners' perception and use of the distinction", Journal of Memory and Language, 26,

489-504.
Hunnicut, S. (1985), "Intelligibility versus redundancy-Conditions of dependency", Language

and Speech,28,45-56.
Lieberman, P. (1963), "Some effects of semantic and grammatical context on the production
and perception of speech", Language and Speech, 6, 172-187.
Lindblom, B. (1990), "Explaining phonetic variation: a sketch of the H&H theory", In:
"Speech Production and Speech Modelling", edited by WJ.Hardcastle and A.Marchal,
Kluwer Academic Publishers, The Hague, 403-439.
Nooteboom, S.O. and Terken, I.M.B. (1982), "What makes speakers omit pitch accents",
Phonetica, 39, 317-336.
Terken, 1. and Nooteboom, S.O. (1987), "Opposite effects of accentuation and deaccentua
tion on verification latencies for Oiven and New information", Language and Cognitive Pro
cesses,2,145-163.

153

AN ACOUSTIC AND PERCEPTUAL STUDY
OF UNDERSHOOT IN CLEAR AND
CITATION-FORM SPEECH
MOON, SEUNG-JAE

UNIVERSITY OF TEXAS AT AUSTIN, U.S.A.
ABSTRACT

This study investigated vowel reduction (the so-called undershoot
phenomenon) in "Clear" (CS) vs. "Citation-Form" (CF) speech. Undershoot
Furthermore, the results
was readily observable for all 5 speakers.
suggested that CS is not merely a louder version of normal speech, but it
involves an active reorganization of phonetic gestures. A perception test
showed that, in general, CS is more intelligible than CF under identical SIN
conditions.
1. INTRODUCTION
In this study we investigated the acoustic characteristics of "clear speech" which
was defined in terms of an explicit instruction to subjects to "overarticulate".
The following questions were addressed: Is clear speech merely a louder
version of citation-form speech? Or does it also involve an active reorganization
of speech gestures? If so, what is the perceptual significance of that
reorganization?
The point of departure for the present experiments is unresolved issues of
vowel reduction and the so-called undershoot phenomenon. The strong version
of duration-dependent undershoot [ 1] makes vowel duration the only
determinant of undershoot. On the other hand, there are findings in the
literature[2] that are at variance with that model.
2. ACOUSTIC EXPERIMENT
2.1 Procedure
To induce duration-dependent undershoot, the following test words were used:
wheel, wheeling, Wealingham, will, willing Willingham, well, welling Wellingbv,
wail, wailing and Wailingbv. The following three criteria were considered in
selecting the test words. First, get a maximum locus-to-target distance. Second,
the vowels under analysis must have equal stress. Finally, the duration of the
vowels of interest should vary systematically over a considerable range. The
first condition was imposed because the larger a given formant movement, the
greater the possibility that it will serve as a sensitive indication of articulatory
undershoot. It was met by selecting front vowels in a labio-velar context. The
second and third criteria were met by using so-called word-length effect.
In addition to the /w/-vowel-/l/ contexts, the same front vowels were also
measured in an /h/-vowel-/d/ context.
Those measurements were used to
provide null-context target values.
For citation-form speech, subjects received no other instructions than to
keep their effort and tempo constant and at comfortable levels. For clear
speech, they were explicitly instructed to overarticulate, that is to read the
words as clearly as they could.
To maintain this performance. during the
recording of clear speech, at unpredictable moments, the subject was
interrupted through the intercom by the experimenter who would pretend that
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the token just pronounced had not been understood, and would ask for
repetition. A total of 5 speakers were recorded and measured.

a

2.2. Results
There is a clear duration dependent undershoot effect: As vowels get
shorter, the formant measurements are shifted further and further away from
their null-context values and closer and closer to their position in [w].
A closer examination of the raw data indicates that the undershoot effects
are vowel-specific. In general, tense vowels are more resistant to undershoot
than lax vowels.
Also, the degree of undershoot is talker-specific. Each individual talker
exhibits his own pattern of undershoot.
Undershoot is also style-specific: When the clear speech measurements are
compared with the data from the other conditions in an FrFl vowel space
diagram, it becomes clear that, for all speakers and all conditions, it is closer to
the formant patterns of the null-context vowels. Another way of expressing that
observation is to say that clear speech is more peripheral in the vowel space
than citation-form speech. It seems as if the vowel space is a flexible object
which speakers can adaptively expand or contract according to situational
needs.
These findings refute the strong version of the undershoot model:
Information on vowel duration alone is not sufficient to predict formant
undershoot. Also these results suggest that clear speech is not merely citation
form speech spoken louder and more slowly. Clear speech transforms also
involve an active reorganization of phonetic gestures.
A decaying exponential model was fitted to the data from 2 speakers to
obtain a more systematical and economical description. The results indicate
that the claims made above (vowel-specific, stvle-specific and talker-specific
undershoot pattern) shall be weakened to some extent. It was shown that the
dependence of degree of undershoot on identity of vowels and speaking styles is
not as strong as it looked based on the raw data. For at least one speaker,
undershoot effects are fairly uniform for all vowels and all speaking styles,
provided that appropriate target values are selected for styles and vowels. This
modeling also shows that speakers differ in terms of the coefficients used to
describe degree of undershoot. However, this fact does not suggest that the
speakers need to control these variations directly. These variations are likely to
be the results of the articulatory movements themselves and of the non-linear
acoustic mapping of the articulatory gestures, not the results of active control
over those constraints.
3. PERCEPTUAL EXPERIMENT
What is the perceptual significance of the observed acoustic changes? It is
reasonable to assume that, when people speak more clearly, they do so to
communicate better and to make their speech more intelligible to the listener.
We must ask then, are the clear speech tokens indeed more intelligible than the
citation-form speech tokens'?
To address this question, the following
perception experiment was carried out.
3.1. Procedure
The samples for the listening test were chosen from a subset of the words
analyzed acoustically. A single representative token was selected for each
combination of speaker, vowel, word-length and speaking style. From the
various repetitions of the test items, the exemplar which showed a median
"acoustic distance" to the null-context was taken as the representative token.

155

For the present purposes, acoustic distance is defined as the Euclidean distance
between two points in a three-dimensional formant space calibrated in Mel
units.
The representative words were mixed with five different levels of low
frequency weighted Gaussian noise which had a spectral shape of -6dB/oct.
One of the noticeable differences between citation-form speech and clear
speech was their different intensities. For all five speakers, clear speech was
approximately 3-5 dB more intense than citation-form speech. Since our aim
was to undertake an intelligibility test based solely on acoustic characteristics
other than amplitude, the differences in loudness was normalized by using a
special computer program written by Jerry Lame.
Each stimulus was led by a 150ms segment of speech-free noise and was
also followed by an interval of noise adjusted so that the duration of the whole
stimulus would be the same within a given speaker. There were 120 stimuli per
speaker. .
These stimuli were presented to normal hearing subjects for identification
through headphones. At least 24 responses were collected for each stimulus.
The responses were processed for each speaker and the percentage of
correct identification was calculated for each step of SIN ratio.

3.2. Results
In general, the tense vowels show a strong clear-speech advantage while the
lax vowels do not. This pattern is consistent for all 5 speakers.
However, let us now consider an alternative measure of SIN ratio. It is the
same as before for citation-form speech but does not involve normalizing clear
speech. It leaves intensity differences between clear and citation-form speech as
they were on the original tape recordings.
When the second definition of SIN ratio is applied to the present data, all
test words, when spoken clearly, tend to be more intelligible. With only
marginal exceptions that observation is true for all speakers and for all test
words.
It can be speculated that the reason for the perceptual advantage of clear
speech is multi-dimensional. First, clear speech words tended to be 3-5 dB
more intense than citation forms. Second, the formant patterns of the clear
speech vowels were found to be closer to their null-context values. And also
clear-speech is longer in duration than citation-form speech. In other words,
speakers used various strategies to keep undershoot effects down in clear
speech.
The intelligibility tests indicate that, in the case of tense vowels, these
formant pattern adaptations and systematic duration changes are likely to be
responsible for the improved identification scores of clear speech.
Although the style-dependent formant changes and duration changes in lax
vowels were entirely analogous to those for the tense vowels, they were not
sufficient to make the clear variants more intelligible.
4. CONCLUSION
It has been shown that clear speech is a speech act which involves active
reorganization of acoustic patterns and the underlying articulatory gestures, and
that it has clear perceptual advantages.
Everyday informal experience suggests that "clear speech" is invoked by a
speaker to meet certain communicative and situational demands. And that
speakers change and modify their speech according to the needs of their
listeners.
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The present results indicate that speakers are quite capable of doing so in
experimental situation. They show an ability to successfully adapt to varying
demands for explicit signal information.
an

5. REFERENCES
[1] LINDBLOM, B. (1963), "Spectrographic study of vowel reduction", JASA
35: 1773- 1781
[2] GAY, T. (1978), "Effect of speaking rate on vowel formant movements",
JASA 63 : 223-230
6. ACKNOWLEDGEMENTS
This research was supported by a grant from the Advanced Research Program
of the Texas Board of Coordination and grant No. BNS-9011894 from the NSF.

157

Phonetics of baby talk speech: implications
for infant speech perception
Barbara Davis

Assumptions about the invariance issue in speech production should be closely
associated with knowledge of the nature of speech perception. One aspect of speech
perception which has been extensively investigated is infant speech perception
(Kuhl, Jusczyk). Numerous studies have established important milestones such as
response to phoneme categories, normalization, and perception of cross language
contrasts in young infants using a variety of response paradigms and carefully
controlled stimuli. Most recently, Grieser and Kuhl (1989) have proposed a 'pro
totype' hypothesis as a mechanism for explaining the nature of infant speech
perception. Using synthetic speech tokens, they demonstrated significantly greater
generalization to novel tokens in a group of infants trained originally on center Iii
vowel values ('prototypes') than a group trained on peripheral Iii values. A look at
the phonetics of 'bay talk' speech in an infant-mother dyad during the same period
suggests a more complex view of the signal the infant must deal with in building
perceptual categories. A more comprehensive model of perceptual mechanisms and
perceptual units may emerge from this type of investigation which incorporates the
natural context in which perceptual development occurs as well as the variations in
the signal to be processed.
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Use of the sound space in early speech
Peter F. MacNei/age
University of Texas at Austin
Nobody would dispute the conclusion that the use of the sound space in babbling
and early speech is dominated by the open-close alternation of the vocal tract
associated with the oscillation of the mandible. The main contention of this paper
is that we have nevertheless radically underestimated the strengt of this dominance,
and that this neglect has important implications not only for speech acquisition but
for conceptions of speech evolution, and adult speech production control.
It is known that in the alternation of consonant-like sounds (closants) and
vowel-like sounds (vocants) which constitutes babbling, the closants consists
primarily of labial and dento-alveolar stops and their homorganic nasals and glides,
and (vocants) are primarily confined to the lower left quadrant of vocant space.
Because of the dominance of the mandibular cycle in babbling, some relationship
between the closants and the vocants of a babbling episode might be expected. In
the first systematic investigation of this question, in one subject, Barbara Davis and
I found that much of the variance in closant-vocant relations was accounted for by
two patterns; the co-occurrence of tongue-front closants with front vowels, and the
co-occurrence of labial closants with central vowels (the infant, as is typical, had
few tongue-back closants). The former pattern can be attributed to the lack of
independence of the tongue in c10sants and adjacent vocants. The latter pattern is
apparandy due to a passive role of the tongue during madibular oscillation with
labial c1osants. This pattern has been designated by Davis and me as "Pure Frames"
in which the Frame consists simply of mandibular oscillation, while the former
pattern is conceived of as "Fronted Frames" - mandibular oscillation with tongue
fronting. In either case the mandibular oscillation is considered to be virtually the
sole source of variance contributing to the pattern.
These two co-occurrence patterns have also been observed in early speech, and
concurrent babbling, and in the sound patterns of the world's languages. They may
be universal, and their existence raises a number of profound theoretical questions.
Theories which postulate innate features (e.g. Chomsky and Halle) or innate
gestures (e.g. Liberman and Mattingly) take no account of co-occurrence constraints
between adjacent consonantal and vocalic sounds. In fact the contention
accompanying the Motor Theory os Speech Perception, that a major human
evolutionary step was the development of coarticulatory ability, may be the opposite
of the truth - one of the main steps in the development of modem adult speech
may be a relative decoupling from these co-occurrence constraints. For theories of
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adult production which assume features (e.g. Perkell) or gestures (e.g. Browman
and Goldstein) as control entities, major questions include whether adult
features/gestures

are

superimposed on a mandibular component with some

functional independence, and, from a developmental standpoint, how has any
postulated decoupling of features/gestures associated with adjacent segments been
achieved?
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The emergence of phonological organization

!'wI.

N.

Vihman

(Rutgers)

and L.

Roug-Hellichius

(Stockholm)

Introduction. The first unit of phonological organization
corresponds roughly to the word (Ferguson & Farwell, 1975),
though the child must control at least some of the component
Lindblom's self
phonetic gestures to achieve word production.
organizing model of phonological development maintains that word
forms are coded holistically at first, but "gradually develop
gestural overlap and by self-segmentation... assemble a network of
discrete structures", or system of phonological contrasts (in
Lindblom assumes that. the factors that have shaped vowel
press) .
and consonant inventories derive from a balance between the
speaker's need for economy of movement and the listener's need
for perceptual contrast.
The earliest lexical expansion must be accompanied by
Long before the segment becomes
phonological organization.
functional in the production or processing of speech the child
must find a way to maximize output while using a minimum of
gestural schemata.
It is unclear whether the pressure of
accumulating word storage triggers the initia.l organization, or
whether it is rather the emergence of such organiza.tion which
permits lexical expansion.
There is reason to believe that the
need for contrast, which depends on speaker appreciation of the
listener's perspective, is not part of the equation in the
earliest period of speech production: Notice that homonymy is
cornmon in early word production and tends to increase, as a
phonological system develops (Vihman, 1981).
We focus here on the origins of systematization in the
phonology of the earliest words. The child enters into word use
with an established (and growing) repertoire of vocal motor
schemes, or phonetic patterns reproducible at will (syllables
As adult vocal patterns come to be
and/or phonetic gestures).
associated with situations and meanings, the first words are
produced.
A general outline of development has been suggested
(Vihman & Velleman, 1989).
(1) In the first, pre-systematic productions no evidence of
relationship can be found between different child words, either
at the production or the representation level.
That is, the
earliest words typically share no single structural
characteristic.
Furthermore, there is usually no evident pattern
uniting the adult words which the child attempts to produce
(which we would take to reflect organization at the level of
representation) .
(2) The first signs of organization appear within the first
20-30 words, either in the patterned targetting of adult words of
a particular kind or through an increase in variation in certain
word shapes, suggesting experimentation in the search for a
produ ction routine.
(3) Direct evidence of emergent systematicity comes when
different words begin to be produced with similar fOrTIls or
production patterns, with re- s tru ctu r ing of adu lt words t.o fit
them into the preferred production pattern.
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Our d ata are drawn from the first 30-50 words of
Data sou r c es.
ch ildren acquiring four languages ( E ng li s h , Estonian, French and
Swedish). The Est oni an data are taken from diary accounts
(Vihman, 1976, 1981), the English data from the Stanford Child
Phonology Project (Vihrnan et al., 1985) and the Rutgers Play
Project (McCune, in press). The remaining data were collected as
part of a cross-linguistic project (de Boysson-Bardies & Vihman,
1991; de Boysson-Bardies et al., in press). For da·ta collection,
transcription, and word identification procedures, see the
references cited.

Table 1 presents t.he
Evidence of systematicity in first words.
earliest r ecorde d spontaneous words of two children. It is useful
to consider b o th the adult word targets and the child's own word
Alice attempts two
shapes in looking for evidence of system.
adult disyllables ending in Iii, but there is no evident
connection between her pro ducti ons of those wo r d s .
What does
In
recur in production is a palatal gesture ([VI],
[j], [dj]).
contrast, the Swedish chil d Stig shows what we cons id er to be
relatively s y s temati c early word use.
The child's word shapes
fit a single scheme (stop + vowel syllables, us ing all three
stops; maintenance of place of articulation across the syllables
of a word) which is largely found also in the adult target words.
Stig is making a start on word production months later than
Alice; it is l ike ly that he ha s begun with an incipient system.
Table

Alice
baby
mommy
hiya

1:

First words

(10 mo nths )
[�p�: ], [til ti: ]
[m:an:�]
[ 1 a : j Eo], [ hal j e] ,
[ha : I ], [ ? a: dj e]

Stig (16 months)
blomma 'flower'

buss 'bus'
dar 'there'
titta 'look'
klocka 'clock'
tacktack 'thanks'

[b�:b ¢ ]

[b ¢ ]
[dae]
[titaeJ
[g":ka]
[ga:ga: ]

Approaches to systematization.
After the earliest production
period we identify two characteristic strategies for
systematizing the lexicon; "mixed systems" are also found and
will be i llustrated he r e.
I. Controlled expansion: Constraints on production patterns
are gradually relaxed, with a p ar al l el broadening of attempted
adul t word shapes.
Relational rule::; ("phonological processes")
emerge when the relaxation of selection constraints outpaces the
relaxati o n of production constraints.
I I. Crystallization: A v ari e ty of production patterns are
explored; increasingly c ontr oll e d selection of adult words is
evid ent as the range of production patt erns is reduced, combining
elements of the child's early vocal motor schemes to achieve a
more complex "canonical form" or production routine.
"\::!ontrolled expansion!! may be production-driven. while
"crystallizationlf is driven by repre sent ati on . Al:so, a phonetic
g es ture of variable size - sometimes more, sometimes less than a
syllable - may best fit the crystallization data, while a CV-
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syllable b ase underlies controlled expansion.
developmental patterns follow.

Examples

of each of

t h ese

I.

Controlled expansion

Example 1: Virve (Vihman, 1976: E s t. o nian [ glossed]
w o rd s numbered as f ir s t recorded; age in months).

1
2
3
( 11 ) 4:
5
(13 ) 6
7
( li} ) 8
9
10
11
(10 )

hi
tere 'hi'
see ' th is '

( 15 )
( te J
[se]
isa 'daddy' [sa]
a i t ah 'thanks' [aida]
pal 'nice'
[paiJ
[ao]
al l o
kikerikii
[titi: ]
h a b e ' beard I [apz]
cookie
D:;:jJo)
0
•
kinn; 'closed' [tin]
[hai]

12
13
li}
15
16
17

t a d i 'auntie'
pah 'yuck'
pe e b i 'baby'
'kitty'
ki i s u
ki i g u 'swing'
uppy-do

and English;

[ t ata]
[pae ]
[pepiJ
[tiJ
[ tiJ

[ap:i]

21 tantsi 'dance' [ta / si]
[asiJ
28 isa 'daddy'
[ a t i)
29 liha 'meat'
'
'
[ami]
30 ema mommy

These data are highly systematic and production and
selection are in close balance.
As the child builds her
repertoire of syllables and of phonotactic shapes she appears to
control her word -targets carefully; th e re is no more t.han one new
e l eme nt in ea c h new word.
This c h i ld makes parsimonious use of a
cons tra i ne d repertoire, w ith the vowel [a ] , the diphthong [ a i ] ,
the d e n t al stops and [s) ea c h occurring more th an once in the
firs t five w or d s .
At 13 months a labial stop is added (pai), and
the child explores the problem of producing [k] through a s e ri es
of imitati o ns produced over a two - week period (kokku 'together',
kalli-kalli 'hug', e t c ., all produced as [k�) or [k"k"'J). At 14months she begins to make s pont an e o us use of k-words ([k,] for
back-vowel word s : cookie, [ti) for fro n t - vowel words: ki;ni).
The CV syllable base seems evident here, as does the bio
mechanically natural co-articulation (Davis & Ma cNe i l age , 1990).
A consonant h armony constraint is o bse rv ed in the ea r lies t
words attempted as well as in the word shapes produced. It is
firs t relaxed, for manner only , in tantsi.
Evidence of creative
"rule use" obtains in the production of the word s isa, liha, and
ema, which violate the phonotactic restriction allowing only
se que n ce s of low vowel followed by high: Through metathesis th e
child brings the adult w ords into her production range.
Example

(10)
(11)

2:

ball,
car,

Timmy

(Vihman,

in press;

block

k i t ty ,
<ja>

age

<ba>;
guack-guack

( 1 5)

in

months. )

[pa), [bae) , [bwaeJ, [ p'aeJ, .. .
[ka], [kaka], [ak:a], [gaga) .. .

<ga>:

Ruth
light
I-Ii E',5
moo,

given

moon

<�a>

<ja>
<no3.>
[s]
I
[mu:

:

]
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He is restricted
strikingly "production driven".
from
realizations,
honetic
stop <big> + <a>, with a range of p
1�
At
months).
13
at
<gaga>
to 15 months (including Teddy as
Timmy

to

is

10
month:::; he reverses the diphthong of eye to yield an "acceptablell
At 15 months he produces his first new
production shape, (ja).
by
supported
shapes,
onomatopoeia (hisf'. , m')o). A "l--rhole
word
syllable production unit is the limiting factor here. Instead of
consistent substitutions or the application of whole-word
processes slJ.ch a5 consonant harmony, we find idiosyncratic
Ruth becomes [�a] (retaining in Timmy's consonant
assimilations:
s l o t both ·the initial labial i ty and the f inal frication), dog and
duck are both imitated as [ga]. liJord-based phonology domina·tes
the child's advances.
I I.

Crystallization

Example 3:

Alice (Vihman, in press; see also Molly, in Vihman &
1989.). Alice's earliest words (Table 1) show a
production preference for a palatal gesture. In the next three
months she continues to explore palatal gestures in production,
including front rounded vowels in baby and bottle and palatalized
[nj) in no.
At 1� mont.hs, when the number of spontaneous
productions jumP5 fr om 4: to 16 word5, a more stable product.ion
pattern has been established, with 11 of the 16 words exhibiting
the shape (C)V(C)i.
Two of these words require re-working of the
adult model to achieve it (blanket [bae'}:i) , bottle [badi)).
Velleman,

III.

Mixed systems

Example 4::
(10)

( 14: )

Laurent (French;

age in months)

allo

[ ( h) ail 0),

1010 'bottle'
donne � 'give
tiens 'here'
non
'no'

[ljoljo]

C1

(it)'

'hen'

coucou

Eoki

ouah-ouah

maman

, bOWWQ"YT'

'mama'

miam 'yum'
pet.i ts trous

[ldE) ,

[al 0 ]

[heldo]

Ene]

C2

=

bebe/poup�e 'baby'
cocotte

[d(1)3),
eta]

[( h ) al j 0),

C2
Cbaha]
[gogo)
[kukku)
[kokko]
[wawa)
[mame]

:::

1

allo

[�12} ]
[(lalla)
b all e
[bala]. [wila),
[b�ju)
pas la 'not there' [pala]
2£rti 'gone'
[p3dli]

� )la

'here'
'ball'

[m�J

'little holes'

[t.ito: )

This French child shows a preference for lateral production.
By if,. months, when he begins to produce larger l:1..unbers of 'dords,
two different production plans have "crystallized".
One exhibits
CV-syllable-based consonant harmony (C1
C2). The other is based
on [1) production.
In both cases adult words are selected to
=
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the child's production patterns, but some words have begun
to be adjusted to these patterns (miam, balle).
match

Exam ple 5.

Raivo (Vihman,

1981,

19 85;

Est-onian and English).

child's first words in c lud e syllabic
ve�i 'water'
sho�
[s J ) . The preference for m1n1mal Jaw open1ng lS st1ll apparent.: at
15 month s when muts 'ha-t' and musi 'kiss' are both imit ate d as
[m�sJ.
Of 55 words recorded in his first two months of
production, 23 are monosyllables with a reduced vowel and final
Several

of

this

consonants ( 13 months;

� p; -:iska 't�row:,

consonant, usually a nasal or [ s]. Another one-third show the
The parallel
common child syllable pattern «C)a> (19/55).
development of tw
different patterns make emergent systematicity
more difficult to detect here.
Interestingly, the two patterns
"crystallize:! at the same time i nt o production routines strong

more

o

enough to affect the treatment of susceptible adult words.
The
first use of consonant harmony in the produc t ion of adult C-VCV
words appears at 15.5 months wi-th the words head a ega 'bye-bye'
[ dad a] and muna 'egg' [muma].
The selection-based "clustering"
of similar sounding adult words ("homonym strategy "; Vihman,
1 981) begins at the same time, with the production of four words
lind 'bird', rind I breast I, king I shoe I and kinni I closed' as
[n2n(n2n)].
The reduced vowel/closed syllable productions
seem to r e f le c t "gestural c o n s i s t e ncy " , namely, maintenance of a
near-closed jaw position throughout production, whil e the CV
product i ons suggest p ar allel development of the more "classic"
CV-syllable, wi th open/closed j aw alternation.
The close timing in Raivo's crystallization of a p roducti on
pattern and the a pplica tion of his first re l ational rules
c onst i tute s a " coincidence " repeated in the case of Laurent and
ref l ecte d in our o th e r d a t a insof ar as either rule use or
production-pattern-based ad j ust m e n t s of adult forms c o i n cide for
all of the children with the first lexical spurt. The nL@ber of
words used before the spurt is typically smal l (about 30 ). It is
unlikely that the f irst phonological orga n i z atio n has " f al l e n
out" under pressure of overlapping gestural patter ns in a growing
What else might e xp l ain the change r e f l e c t e d in the
lexicon.
c hil dren ' s more focussed and more con s i s tent phonological
re s ponse to the chall eng e s presented by the adult lexicon?
Re-evaluation of the analyses cited above suggests that the
qualitative change occurs at the time of emergence of the f ir s t
"flexible"
or "referential" wo rd use,
as wel l as of o ther
behavioral signs of transition into the cognitive stage of
internal representation.
Virve's l exicon ,
for e xample ,
increased dramatically at 14.5 months, when she discovered that
different exemplars have the same name (the classic "nominal
insight"; Vihman, 1976).
Similarly, McCune (in press) has
doc1..ur.ented the emergence of a new stage of representation for
Alice at it!- months, when a lexical increase was also accompanied
Raivo showed no
by a new level of consistency in phonology.
lexical spurt, bu-t did show behavioral evidence cr symboli:::
repre:3entation at- 15 months, '",hen he made his first pret.end uses
of substitute objects (combing hair with a wooden block, brushing
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teeth with

finger). This was follo·...,ed within days by ·the new phonological systematicity. Final ly , we find relative
systema.ticity from the beginning only in the case of Stig, who
entered word use later than any of the other children.
a

-

two-fold

We suggest that the development of a more solid
for menta.lly representing lexical forms allows the child
to perform t.he first comparisons between lexical items, leading
In the case of "crystallization",
to more systematic production.
advances in representation are reflected in the increasingly
systematic or focussed selection of ad ult words, while
"controlled expansion" reflects ·the effects on production of a
loosening of selection restrictions.
In both cases there is
evidence of growing relatedness between word forms, as produced
and as represented by the child.
Conclusion.

capacity
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In Defense of the Motor Theory
Ignatius G. Mattingly
University of Connecticut, Storrs, CT, USA
Haskins Laboratories, New Haven, CT, USA
Abstract
MacNeilage (1991) criticizes the Motor Theory of Speech Perception as untestabte and
in conflict with what is known about language acquisition. To this it is responded that
the theory indeed needs a more specific definition of a phonetic gesture, and proposals
for this definition are made. However, the theory is certainly testable, and has in fact
been tested. A genetically determined capacity for phonetic gestures is not improbable
if the gestures are seen as constituting a system. The fact that it is some time before
phonetic gestures are properly executed by a child is not inconsistent with such a
capacity, when the asymmetry between production and perception are taken account
of On the contrary, the evidence suggests that phonetic capacity unfolds according to
a biologically predetermined schedule.

In 1985, Alvin Liberman and I published "The motor theory of speech
perception revised," in which we claimed, first, that speech perception and
production were the business of a biologically distinct system -- the language
module -- and, second, that the units of of this system were phonetic gestures.
Since then, a number of objections to both our proposals have been advanced.
Here, however, I consider only some objections to the second of our
proposals, raised by Peter MacNeilage (1991)1.
The criticism from MacNeilage that I take most seriously is his
assertion that "the concept of gesture is not yet adequately defined." (p. 61). He
continues:
The lack of explication by the authors of the claim that there are invariant underlying
gestural control signals makes the theory untestable ... This is particularly serious,
because Liberman and Mattingly themselves point out that they see no straightfoward
relation between the underlying level and the level of programmed contextual
variation. (p. 63).

This is surely very hard. One might have thought that the various
experiments that we have adduced to show that the objects of perception were
not acoustic but articulatory were tests of the Motor Theory. In each of these
experiments there was, to borrow MacNeilage's words, "a choice between
gestural theories of perception and more orthodox theories based on
conceptions of auditory function."(p. 66).
Nevertheless, it would certainly strengthen the Motor Theory to be
more specific about gestures. In our 1985 paper, we said that a gesture was a
distinctive deformation imposed on the current vocal tract configuration,
that instances of the same gesture have invariant topological properties, and
that these properties correspond to the speaker's intentions. I still think these
I

My responses to the objections raised to our first proposal by Kluender, Diehl, & Killeen

(1987),

Lindblom

(1991), and Fowler & Rosenblum (1991), were presented in the oral version of

this paper. but are not included here for lack of space, and will be published elsewhere.
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statements are correct, but some elaboration is called for.
The gestures must be necessarily be defined in a linguistic context. To
say this does not dispose of the problem of specifying the set of gestures; there
are numerous phonological issues. But I don't see why one would hope, as
MacNeilage does, to define the gestures "independently of what we already
know from linguistic analysis."(p.64). Surely, our object should be to account
for the intuitions of speakers and listeners about their productions and
perceptions that linguistic analysis formalizes. If we can manage this, we
shall be doing very well.
A gesture, as we Motor Theorists use the term, is an event that
happens to the vocal tract. Cavities of the tract are shortened or lengthened,
widened or narrowed, closed and then opened. The aerodynamic state as well
as the configuration of the tract may be affected. The gesture is a
"coordinative structure," in Turvey's (1977) sense, in general accomplished by
the movements of more than one articulator. These movements are not
ends in themselves, but rather the means of bringing about the vocal tract
event (For an elaboration of this point, see Mattingly, 1990).
Instances of a particular gesture may differ in two ways. First, the
contribution of a particular articulator to the gesture may be variable. This
may come about because gestures overlap, and a particular articulator may be
required to contribute to some other gesture at the same time. But the effect
on the vocal tract of the gesture in question remains the same, because some
other articulator compensates for the first. Thus, the jaw and the lower lip
may make varying and complementary contributions to the achievement of
the same lip height.
The more interesting sort of variation, however, is when instances of a
gesture differ spatially or temporally in their effect on the vocal tract. Thus,
bilabial stops can be made with considerable variation in lip height and
degree of protrusion at closure. But they have in common the property of
closure at the lips, wherever the lips happen to be. It is examples of this sort
that led us to use the term "topological" to refer to the properties of gestures
(Liberman & Mattingly, 1985). Of course this is somewhat metaphorical; what
we were trying to say was that despite obvious within-category variation,
categories such as bilabial stop and alveolar stop have invariant phonetic
properties that distinguish them from one another, just as spheres and
toruses have invariant geometrical properties that distinguish them.
We are not saying that the listener recovers actual articulator
trajectories; to what extent this may be true is an open question. If we were,
the lack of a theory accounting for the relation between the intended gestures
and the observed trajectories would indeed be a problem. We are saying,
rather, that it is these topological properties of the effects of a gesture on the
vocal tract that are "intended" by the speaker and recovered by the listener.
These properties, or features, we take to be the basic invariants of speech
perception (Cf. Halle & Stevens, 1990). They may not necessarily be patent in
limited physiological data. But they are hardly abstract and do not render the
Motor Theory untestable.
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It has also been argued that the Motor Theory conflicts with what is
known about infant language acquisition. In the 1985 paper, we had said:
Perhaps, then, the sensitivity of infants to the acoustic consequences of linguistic
gestures includes all those gestures that could be phonetically significant in any
language, acquisition of one's native language being a process of losing sensitivity to
gestures it does not use. (Liberman & Mattingly, 1985, p. 24).

This proposal has been criticized on several grounds by MacNeilage. He
says, first:
The problem is that the neonate is given a considerable capacity to do not only things
that any one speaker is never called on to do, but also things that the ancestors of any
one speaker were presumably never called on to do. That is, it includes a capacity to
perceive and produce a large family of specific nonuniversal sounds. The question is,
therefore, how could such capacities have been selected for, when no single line of
descent ever exhibited them all? (p. 63).

But, contrary to what this comment implies, we do not propose that
each of the various gestures found in the world's languages has a separate
evolutionary history. What we propose is a genetically founded capacity to
perceive and produce a particular class of gestures -- phonetic ones. These
gestures are far from being a miscellany of different articulatory events; they
form a system, as is obvious from the IPA chart. Just how this system evolved
is unknown; but clearly, the sort of question we should ask of evolution is
not: " How did the capacity to perceive and produce, e.g., [b J, evolve?" but
rather, "how did the capacity to perceive and produce stops evolve?" or "How
did the capacity to produce bilabials evolve?"
MacNeilage continues:
If we indeed possess such an efficient set of presumably equipotential capacities, why
does it take the typical child 3.5 years to successfully produce the sounds of the
language, and why are most. .. universal sounds mastered before nonuniversal ones? In
addition, why does perceptual ability seem to develop so much more readily than

production ability in infants? (. p 64).
These questions are well-taken, and suggest that our account of the
psychological status of phonetic gestures needs to be amplified in certain
respects. It is necessary to distinguish the role of the linguistic module from
the roles of the motor subsystems that control the various moveable organs,
each of which has one or more nonphonetic functions in addition to its
phonetic function, and to call attention to an assymetry between speech
production and speech perception. As I have just argued, each phonetic
gesture in the universal inventory is defined by certain anatomical, dynamic
and aerodynamic properties. In the case of the listener, the language module
detects these properties, specifying the gesture perceptually. In the case of the
speaker, the module requires that the articulators move so as to instantiate
these properties, and so implement the gesture. But what the module
probably does not do is to specify the actual muscle commands that will meet
these criteria. It plans the utterance, and issues a series of demands that result
in the execution of the gestures. The execution itself, however, is
accomplished by the organ-specific motor subsystems, which do the best they
can to satisfy the demands of the module, as well as demands from other
quarters that may be even more imperative.
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Various reasons for this arrangement suggest themselves. On the one
hand, only the language module is in a position to organize the activities of
the several articulators; there is no other single system available that can
coordinate the behavior of organs as disparate as the lips, the larynx and the
velum. On the other hand, while the module knows about the architecture
and mechanics of vocal tracts in general, it probably does not know about the
specific, changing dimensionalities of the articulators and fixed structures of
the particular speaker's tract. Moreover, it would be maladaptive for the
module to have complete control of the vocal tract during speech, to the
exclusion of other reflex systems, such as breathing, swallowing and gagging.
Thus, there is competition for the services of the articulators that can be
resolved only by the organ-specific control systems, and the language module
does not have the highest priority.
In the case of the listener, on the other hand, no comparable problem
arises. There are no organs to be moved. There is competition between the
language module and other auditory modules for auditory information, but
the language module always wins the competition. As a consequence, there
is an assymmetry between production and perception.
On this view, it is not surprising that while speech perception begins
very early, it takes time to become a fluent speaker. The inventory of gestures
may be genetically specified, but the actual execution, by the speaker's own
articulators, of the gestures used in the language being acquired must still be
practiced to become automatic. (Something like this must be true even in the
seemingly much simpler case of walking, which though patently genetically
determined but, in contrast to speech, requiring no input from other walkers,
does not emerge instantaneously).
In this respect, speech production resembles other skilled behavior. In
fact, considering the complex articulatory patterns observed in speech
production, one might well ask: Why does it not take a lot longer to learn to
talk? and: Why do all normal children do a pretty good job of it?
We can arrive at a possible answer by considering an implication of
MacNeilage's question, quoted earlier: "Why are most ... universal sounds
mastered before nonuniversal ones?" The implication is that the all infants
acquire the sounds of their native language in more or less the same order.
Yet one might have expected, on the basis of what has been said so far (and
even more so on a ordinary behaviorist account), that the order in which
gestures were acquired by a particular infant would be heavily influenced not
only by factors that might indeed favor a constant order, such as the amount
of effort required to produce the gesture or its relative perceptual salience, but
also by factors that would be likely to result in variability in the order, such as
the relative frequency of the gestures in the particular infant's linguistic
input. It would also be probable, given the variability of this input, that the
infant would make unwise decisions about which sounds to work on first,
wasting a lot of time on difficult sounds because it had overestimated their
frequency. The infant might even fail to practice other sounds at all. If what
we actually observe, on the other hand, is a definite regularity in order of
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acquisition of sounds, independent of particular languages and particular
speakers, this would seem to be very strong evidence that the language
module is firmly guiding the infant's phonetic development, just as it is
assumed to guide other aspects of its linguistic development. What gets
worked on when is not determined by the whims of the child, but is
scheduled by the module in a way that has proved to be adaptive for
languages generally. Evidently, language acquisition is too important to be
left to children. As for MacNeilage's question itself, universal sounds can be
worked on before non-universal ones because their presence in the phonetic
inventory can be assumed; no need to wait for a phonetic analysis of the
linguistic input.
This view of the relation between the module and the motor systems
that controlt he articulators also suggests an interpretation of the patient
described by MacNeilage, Rootes and Chase (1967). This patient had severe
congenital impairment of somesthetic perception and articulatory control.
She could not organize the movements of her tongue or lips and had severe
deficits in speech production. Yet she was able to understand speech and
perceived it categorically. Contrary to MacNeilage's assertion, the perceptual
abilities of this patient pose no problem for the Revised Motor Theory. The
Motor Theorist would say that although her somesthetic system was disabled,
and her motor-control systems therefore functioned poorly, her language
module, and so her ability to perceive phonetic gestures, were intact. Of
course, MacNeilage's interpretation of this case is that speech perception does
not deal in gestures at all.
I believe that those who find it implausible that the units of speech
perception should be motoric, fail to appreciate fully the significance of the
fact that speech is part of a biological communication system in which the
same individuals are senders and receivers. Speech production and speech
perception evolved together, as the output and input sides of the system. It
makes little sense to consider them apart from each other, as if they were
simply special cases of motoric behavior and perceptual behavior. Certainly,
we need to understand what speech production owes to more general motoric
processes, and what speech perception owes to more general perceptual
processes. But the central question has to be, how do speech perception and
production fit together?
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Abstract

Studies of speech production and studies of speech perception
are seldom theoretically coordinated.
As a result, we have no
common
vocabulary
(other
than
that
of
abstract
linguistic
description) for referring to what speakers produce in terms of
what they perceive, and vice versa.
The lack is obvious when we
ask how a child learns to speak.
What are the physical units into
which a child analyzes the words it hears,
and from which it
builds the words it speaks?
The paper briefly considers four
possible units:
syllable,
phoneme, feature,
and gesture.)
Drawing on examples from the variable forms of words spoken by a
two-year-old child, the paper concludes that only the gesture can
be given both an articulatory and an acoustic definition as an
irreducible unit of perception and action that can account
coherently for the continuous transition from
prelinguistic
vocalizations through babble to speech.

1 .

Intro duction

Studies of speech production and studies of speech perception
are typically carried on within different theoretical frameworks,
by different people, in different laboratories.
One consequence
of this di vis ion
of labor
is that we still lack a common
vocabulary (other than that of abstract linguistic description)
for referring to what speakers produce in terms of what they
perceive, and vice versa.
We see this lack with particular
For while
clarity when we ask how children learn to speak.
children,
like
adults,
no
doubt
speak
to
be
h eard
to
be
understood, they must also, unlike adults,
listen (they do not
have to understand) in order to hear in order to speak.
But what
do they hear that enables them to speak?
Into what units
(elements, primitives) does a listening child analyze the sound
pattern of a word?
What units of articulatory action correspond
to these units of sound?
We cannot answer such questions as long
as we have no conceptual vocabulary responsible at once to
perception, action and potential linguistic function.
By turning to the child, we are forced to confront the processes
of listening and speaking without regard to their eventual
linguistic function.
We cannot evade the issue of how the
physical structure of speech sounds relates to the physical
to
" top-down
actions
that
give
rise
to
them
by appealing
knowledge", "relational invariance", " phonetic discriminability" ,
The child has no top-down knowledge, and in trying to
and so on.
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reproduce an adult word, it is not trying to make a sound pattern
that is sufficiently discriminable from other sounds in the same
"lexical neighborhood":
its lexicon is too small to have any
neighborhoods.
Rather,
the child is simply trying to do what
someone else has done.
All these relational notions come into
play -- and, no doubt, very important play -- only as the lexicon
grows and takes on the systemic properties that it is the task of
phonological theory to explain.
I am not, of course, denying that the child may be "motivated"
in its communicative endeavors by processes of mutuality and
social accommodation character istic of it s specie s
(Locke,
in
press).
Surely, the child wants to be understood.
I note merely
that,
in the beginning,
all the child has are its developing
capacities for analyzing a complex act of a conspecific into its
parts,
and for putting those parts together again in its own
behavior.
In this respect, speech acquisition is a special case
of the imitation of conspecific acts, no different in principle
than, say, imitating a hand wave or a head shake.
Accordingly, we
would do well to shed, like good embryologists, all our knowledge
and beliefs as to how the system will end up.
In what follows I will briefly consider four possible units of
speech perception and speech action:
syllable, segment, feature,
and gesture.
I will conclude that only the last can be given both
an articulatory and an acoustic definition as an irreducible unit
of perception and action that can deal coherently with the
continuous transition from prelinguistic vocalizations through
babble to speech.

2 .

Syllable

Let us begin with the syllable,
defined at this meeting by
MacNeilage as an articulatory event, originating in the mechanics
of mandibular oscillation,
by Sussman as a trajectory through
formant space.
The two definitions are complementary, the first
defining the act itself, a relatively abrupt opening of the mouth,
(given an appropriately modulable source of sound
the second
In this respect, the
energy) its necessary acoustic consequences.
syllable might seem to be just the unit we need:
an objectively
defined act, readily accessible to a listener by virtue of salient
spectral
contrast
between
onset
and
offset,
and
of
its
characteristic amplitude and/or fundamental frequency contour.
Moreover,
it
is
precisely
integral,
reduplicated
w ith
the
syllables of canonical babble that the child begins to speak.
Nonetheless,
the syllable will not do,
because it is not
irr e d u c ible,
either
l i n g u i stically
or
articulatorily.
Linguistically, the babbling child soon begins t o differentiate
the syllable
into
its independently controllable onset and
nucleus, precursors of consonant and vowel (Davis and MacNeilage,
1990).
Articulatorily, despite its apparent ballistic unity, the
syllable is
a complex structure,
the
temporally
formed by
distributed,
coordinated actions of independent articulatory
subsystems:
laryngeal, velic, oral (jaw, tongue, lips).

175

3.

Phoneme

The status of the phoneme-sized phonetic segment is generally
agreed to be uncertain.
On the one hand, its functional reality
is attested, if not by such oddities as speech errors and backward
talking, at least by the alphabet, by the fact that a spoken
utterance can be transcribed into segmental symbols by a writer,
and recovered from the transcription by a reader.
On the other
hand, the interleaving of articulatory and acoustic patterns, both
within and across syllable boundaries, commonly precludes the
isolation
of
phoneme-sized phonetic segments in
either the
Not
articulatory or the acoustic records of a spoken utterance.
surprisingly, the phoneme has been, and often still is, viewed as
an abstraction, with no physical reality:
for example, as an
intention in the speaker's mind (e.g.
Liberman and Mattingly,
1985), as a family or class of phonetically similar sounds (e.g.
Kluender,
Diehl
and
Killeen,
1981),
as
an
ephiphenomenal
consequence of alphabetic writing (e.g.
Faber, in press), and so
on.
(See Jakobson and Halle, 1956, pp.11 17 for a brief review of
these and other approaches, as expounded by earlier writers.)
-

4 .

Feature

Jakobson and his colleagues (Jakobson, Fant & Halle, 1952/1963)
brought the phoneme down to earth by defining it as a " bundle" of
features and by locating " ... the distinctive features and their
bundles within the speech sounds, be it on their motor, acoustical
or
auditory
level ... "
(Jakobson
and
Halle,
195 6,
p.8,
my
emphasis).
Thus, the phoneme was defined as a physical entity, at
once articulatory and acoustic.
In practice, despite the switch
to an articulatory nomenclature in Chomsky and Halle (1968), it is
the acoustic specification of features that has been elaborated
since P reliminaries,
largely through the work of Stevens (e.g.
1989).
On the motor side, specification has only gone beyond the
schematics of traditional articulatory phonetics to the extent
that, following Jakobson' s program, it has reduced continuous
dimensions
of description to sets of binary oppositions.
The
bias toward acoustics is consistent with Jakobson' s abiding
interest in poetic form and in the sound patterns of language, but
is perhaps largely a scientific and technological accident:
we
have a well-founded acoustic theory and sophisticated devices for
spectral analysis, but relatively little understanding of the
principles of motor function.
In any event, since the feature has
become
a central
concept
in
many
(though
not
all) modern
phonological
theories
and
is
often
invoked
in
studies
of
perception,
if not
of production, it is important that we
understand its relation to the act of speaking.
Here I have two points to make.
First, features are properties,
or attributes, a fact implicit in the adjectival terminology of
all feature theories.
Referring to features, Jakobson and Halle
(1956) write:
" Phonemic analysis is a study of propert i es,
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In
invariant under certain transformations" (p.13, my emphasis).
other words, phonetic features, as customaril y conceived, are not
They cannot
move or " spread" across an
independent entities.
utterance, as they are often said to do, because they are not l ike
facial features - eyes, nose, mouth - each of which can, at l east
in principle, be removed from one face and transferred to another.
Rather, phonetic features are l ike the size and shape of a nose:
we cannot remove either without removing the nose in which they
are embodied.
In short, and to repeat, features are attributes,
not substantive entities.
Of what substantive object or event,
then, is the feature an
attribute?
As we have seen,
the customary answer,
given by
Bl oomfiel d and adopted by Jakobson and Hal l e (1956, p.8) is that
" ...features occur in l umps or bundles, each one of which we cal l
a phoneme" (Bl oomfiel d, 1933, p.79).
In other words, a feature is
a property of a " bundl e", and the bundl e is a phoneme or phonetic
segment.
But this will hardl y do, because segments are defined by
their features.
The answer is circul ar as l ong as we have no
independent (and no substantive) definition of a segment.
In a
moment,
I wil l suggest that we might ground the phoneme in the
physical
worl d
(as Jakobson original l y intended) by viewing
features as properties of gestures, and gestures as the el ements
from which phonemes are formed.
Features are static
I wish to make a second point.
First,
(paradigmatic, synchronic), not dynamic (syntagmatic, diachronic)
descriptors.
The featural terminol ogy of Preliminaries and SPE
refers to ideal ized points in the speech stream,
not to the
trajectories of articulator movements and spectral change that
l ink those points.
Simil arl y, al though the autonomous features of
autosegmental
and other forms of non-l inear phonol ogy
(e.g
1990)
may
be
ordered
in
time,
they
too
are
Gol dsmith,
ideal izations, the temporal anal ogs of points in Eucl idean space,
admitting of sequence, but not of extension.
The importance of
movement in speaking, and therefore by impl ication of time no l ess
than of space, may be acknowl edged;
yet just how static features
are to be derived from, or understood in rel ation to, movement
through space and time is never addressed.
Thus,
Jakobson and
Hal l e
(1956) write:
" The speaker has l earned to make sound
producing movements in such a way that the distinctive features
are present in the sound waves, and the l istener has l earned to
extract them from these waves" (p.8).
But how does the
No doubt.
l istener, the chil d, l earn to do these things?
We may reasonabl y
wonder
whether
the
acoustic
equival ent
of
an
intermittent
succession of stil l photographs woul d convey enough information
for a chil d to discover the l ocus, ampl itude, duration and timing
of the movements necessary to reproduce the utterance it has
heard.
" ... phonol ogical
In fact,
Ladefoged
(1980) has remarked:
features are certainl y not sufficient for specifying the actual
sounds of language" (p.4 5).
They can hardl y therefore serve the
Ladefoged
turn of a chil d, striving to sound l ike its companions.
went
on
to
propose
a
tentative
l ist
of
17
" articulatory
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parameters", that he judged necessary and sufficient to specify
the sounds of a wide range of languages.
But he did not develop
them into a functional model.

5.

Gesture

5.1

Articulatory

phonology.

So we come to a " sound-producing movement" , the gesture.
The
term is often used intuitively to refer to intentional movements
of the speech articulators, but recently has been given a precise
(if pre liminary) def init ion in the " articulatory phonology" of
Browman,
Goldstein,
Saltzman and their colleagues at Haskins
Laboratories
(Browman and Goldstein,
1986,
1987,
1989,
1990;
Saltzman,
1986;
Saltzman
and Munhall,
1989).
They
have
incorporated the gesture as the basic phonetic and phonological
unit of articulatory action into what is, so far as I know, the
most explicit model of speech production currently available.
What follows is a brief sketch of the framework of articulatory
phonology.
If we watch, or listen to, someone speaking, we see, or hear,
the speaker's mouth repeatedly closing and opening, forming and
releasing constrictions.
In
the framework
of
articulatory
phonology,
each such event,
each formation and release of a
constriction is an instance of a gesture.
Constrictions can be
formed
within
the
oral,
velic
or
laryngeal
articulatory
subsystems;
within the oral subsystem, they can be formed by the
The function of
lips, the tongue tip (blade) or the tongue body.
each gesture, or act of constriction, is to set a value on one or
more vocal tract variables that contribute to the shaping of a
vocal tract configuration, by which (in conjunction with pulmonic
action) the flow of air through the tract is controlled, so as to
produce a characteristic pattern of sound.
Presumably,
this
pattern of sound specifies for a child (or an adult) the gesture
that went into its making.
Figure 1 displays
the
tract variables
and
the effective
articulators of a computational model for the production of
speech, at its current stage of development (Browman & Goldstein,
1990) .
The inputs to the model are the parameters of sets of
equations of motion for gestures.
A gesture is an abstract
description of an articulator movement, 20r of a coordinated set of
articulator movements, that unfolds over time to form and release
a certain degree of constriction at a certain location in the
tract.
Settings of the parameters permit constriction degree to
vary across five discrete values (closed, critical, narrow, mid,
wide), and constriction location for oral gestures to vary across
nine
values
(protruded
(lips),
labial,
dental,
alveolar,
postalveolar,
palatal,
velar,
uvular,
pharyngeal).
These

2 The term "gesture"
concrete

instance

of

refers

either to

a gesture

an

activated

u nderly ing abstract
by

this

structure.

control structure,

or to

a
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categorical values, axiomatic within gestural phonology, may have
and may still emerge ontogenetically,
emerged evolutionarily,
through auditory and articulatory constraints on individual
gestures (Stevens, 1989), and on the entire set of gestures within
the child's developing lexicon (Lindblom, 1986; Lindblom, et al.,
1983).
Here we may note that the degree and location of a constriction
roughly correspond to the manner and place of articulation of a
segment in standard terminology.
Accordingly,
much of the
descriptive apparatus of a feature-based phonology might be
accommodated within an articulatory framework.
On this approach,
a feature would be
a property of a gesture,
a
physically
observable event.
The gestures for a given utterance are organized into a larger
coordinated structure, represented by a gestural score
The score
specifies the values of the dynamic parameters for each gesture,
Figure 2
and the period over which the gesture is active.
(center) schematizes a stripped-down score for the word n u t
([nAt]), as a sequence of partially overlapping gestural activation
intervals; possible free variation in the duration of the velic
gesture, and the resulting nasalization of the vowel, is indicated
by extending the velic activation interval with a dashed line.
r cannot here go into detail on the workings of the model
(for
which the reader is referred to the papers cited above).
r note
only the following further points that, taken with the preceding
sketch,
may suffice for an intuitive grasp on how a gestural
framework can contribute to an understanding of how a child learns
to speak.
1.
An instance of a gesture is an objective, observable event.
We can observe a gesture by ear, and this is the usual basis of
both imitation and phonetic transcription.
We can observe a
gesture by eye, either unaided, as in lipreading, or with X-ray
cinematography.
We can observe a gesture by touch,
as in the
Tadoma method of speech perception.
Finally,
we can observe a
gesture by sensing our own movements.
However,
if gestures
overlap in time, the individual gestures may merge, so that we can
observe only the resultant of their vectors.
(Presumably, such
overlap is the source of correlations between F2 onset and F2
offset in CV syllables, as described in the locus equations of
Sussman at this meeting.
For evidence that listeners can resolve
such formant trajectories into their gestural components,
see
Fowler and Smith, 1986.)
2.
The articulator sets and their dimensions given above are
not exhaustive.
For example, the tongue root must ultimately be
included in the model to handle variations in pharynx width.
Also, constriction shape will have to be included, to handle the
tongue
bunching,
narrowing
or
hollowing,
necessary
in
the
formation of certain complex gestures (cf. Ladefoged, 1980).
Even
the definition of the gesture itself may have to be revised to
permit independent control of the formation and release of a
constriction.
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3.
A gesture is larger than the properties of constriction
location, degree and shape that describe it, but smaller than the
segment.
Several independent gestures are required to form a
segment, syllable, or syllable string.
4.
Each gesture has an intrinsic duration that varies with rate
and stress.
Correct execution of an utterance requires accurate
timing of the gesture itself,
and accurate phasing of gestures
with respect to one another.

5.2

Gestures in a child's speech.

To illustrate the application of gestural phonology to a child's
utterances,
consider the attempts of a two-year-old girl to

execute the syllable [nAt] in the words doughnut and peanut3.
This
syllable elicited quite different patterns in the two contexts and
in a given context on different occasions, often including more
apparent segments and different apparent segments than the target
syllable.
Such variability would not be expected on a featural
account,
because a given segment carries the
same featural
predicates regardless of context, and so should be subject to the
Moreover, much
same perceptual or motoric errors in all contexts.
of the variability seems to arise from errors in timing and
duration that are excluded by definition from a featural account.
The child's first attempt at doughnut was ['di: 'da' du: 'dAtI] ,
later shortened on the same day to ['du: 'dAtJl and ['do: 'dAtJl.
The
final critical alveolar constrictions added apparent segments not
present in the model.
They were not attempts at the plural,
because the child was given only part of a doughnut to eat, only
heard the word in the singular, and did not yet command the plural
morpheme.
Rather, they seem to have resulted from a relatively
slow release of [t], making the fricative portion of the release
(Fant,
1973,
p. 1 12)
more salient.
Subsequent attempts at this
word varied over forms as diverse as ['du: dg] and ['du:n'dAnt].
The consonantal pattern of the latter seems to result from
prolongation of the alveolar closure for medial [n] after velic
release, giving an unwanted [d], combined with prolongation of the
al veolar closure for final
[t] and a shift in
(or harmonious
repetition of) the medial velic gesture, giving the unwanted final
cluster.
Figure 2
(top)
displays a schematic gestural score
illustrating the errors in alveolar closure duration and in
phasing of velic action required to make the shift from ['nAt] to
and Table 1 lists in chronological order some of the
[ 'dAnt],
variations on nut
by peanut.

3 These

for comparison with those elicited

data were collected by Elizabeth W.

Studdert-Kenncdy
report

in doughnut

the

child's

independent

and

Goodell

utterances

control

of

(in

should

segments

Goodell and are discussed more fully in

preparation).
not

in

be

The

interpreted

speaking.

use
to

of

phonetic

mean

that

transcription

she

had

to

180

For peanut the child first tried ['pe: 'dg],
omitting velic
action, and a few days later,
['pe: n'tg], where prolongation of the
medial alveolar closure, combined with a shift in the phasing of
the final glottal opening,
relative to velic closure and the
tongue body gesture,
gives rise to an apparent shift in the
ordering of the target consonant-vowel-consonant sequence.
Later,
she offered ['pi: 'pAp], omitting the velic gesture and succumbing
to

labial

harmony,

and

['pe: m'pAmp].

The

latter,

formally

analogous to
['du: n'dAnt],
d o ughn ut ,
with its velic harmony,
mistimed velic action and resulting unwanted segments, is further
complicated by the substitution of harmonized labial closures for
the alveolar closures called for by the target.
Figure 2 (bottom)
illustrates the errors of gestural location and duration and of
the phasing of velic action required to make the shift from ['nAt]
to ['pAmp]. . My point in these examples is that a featural account
may well describe the form of the errors, but can give no account
of the process by which the errors came to be made.
By contrast,
a gestural account offers a simple description of both the process
and the outcome.

6.

From

gesture

to

phoneme

By adopting the gesture as the basic phonetic and phonological
unit,
we rationalize a continuous line
of development from
prelinguistic
mouthings
and
cries
through
the
reduplicated
syllables of canonical babble into the articulatory patterns of
early words.
Three steps in this hypothetical progression are of
particular interest.
First is the shift in temporal organization
associated with the integration of prebabbling oral and laryngeal
movements into the canonical syllable, usually around the seventh
month
(Holmgren,
Lindblom,
A urelius,
JaIling and Zetterstrom,
1986;
Koopmans van Beinum and van der Stelt,
1986).
Earlier
vocalizations,
termed "marginal babble" by Oller
(1980),
are
commonly longer than adult syllables,
but display adult-like
properties of resonance,
intensity and fundamental frequency
contour.
Canonical babble is marked by integration of a resonant
nucleus with rapid (25-120 msec) closing movements at its margins
to form a syllable with adult-like duration (100-500 msec)
(Oller,
1986).
Integration of prebabbling vocal movements into the canonical
syllable
is
a
necessary
condition
of
a
second
step:
differentiation
of
the
syllable
into
independent
gestural
components.
Differentiation gives rise to what Oller ( 1980) terms
"variegated babble" in which the consonant-like syllable onset and
the vowel-like nucleus, or both, differ in successive syllables.
The process may begin soon after, or even at the same time as, the
onset of canonical babble, but typically comes to predominate in
the fourth quarter of the first year,
and continues over many
months in both babble and early words (Davis and MacNeilage, 1990;
1985).
Learning to
Vihman, Hacken, Miller, Simmons and Hiller,
speak is then initially a matter of learning to control the locus,

181

degree,
shape and timing of
gestures so as to reproduce a
transposed pattern of sound corresponding to adult words.
The final step in the hypothetical progression comes as patterns
of sound and gesture repeatedly recur in the child's growing
lexicon.
These recurrent patterns are the first step in the
formation of gestural routines with a narrower domain than the
word,
namely, the encapsulated patterns of precisely phased
laryngeal, velic and oral gestures that we term segments (cf. Menn,
1986; Studdert-Kennedy, 1987, 1991a,b)
Thus, the phoneme takes
on
the
acoustic
and
articulatory
existence
that
Jakobson
originally conceived.

7.

Concluding

remarks

To forestall misunderstanding, let me remark what I have not
proposed.
I have not proposed a perceptual mechanism (neither a
motor theory, nor a theory of direct perception, although the
latter would be fully compatible with Jakobson's insistence that
features
(and
so,
on
the
present
account,
gestures)
are
"immanent", that is embodied, in both the act of articulation and
the resulting acoustic signal).
Nor have I proposed a theory of
speech invariants--not because there are no invariants (there may
or may not be), but because, in my view, they have no function:
invariants qua invariants play no necessary role in the child's
Whether acoustic, articulatory or
acquisition of its early words.
both, invariants are classificatory concepts that emerge, much as
the segment emerge s,
from the "cros s-fi ling" of words in the
growing lexicon.
One perhaps controversial issue on which I have taken a stand is
the conversion of the dynamic speech signal to a unique sequence
of vocal tract configurations.
As is well known, some static
vowel formant patterns can be achieved by more than one tract
shape.
But it is an empirical question whether a similar
A central
ambiguity holds for trajectories through formant space.
assumption of my argument is that it does not.
The gesture is a
viable unit of speech production and speech perception
(and
children can learn to speak)
precisely because the acoustic
trajectory of a gesture specifies its articulatory form.
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Table 1. Variability within and between words spoken by a two-year-old child: The same target
syllable executed differently in different phonetic contexts and on different occasions. The
utterances are listed chronologically, but the columns for doughnut and peanut are not
synch roni zed
.

Nut

doughnut ['do:nAtj

-------

>

as

in doughnut and peanut

nut

nut

<------

peanut ['pi:nAtj

['dutdg]

dg

dg

['perdg]

[,dU!Il'dAnt]

dAnt

tg

['pe:n'tg]

['do:'di!dAt]

dAt

de :

['pe:'de:]

['dutdAtJ]

dA tI

pAmp

['pe:m'pAmp]

['dutdAts]

dA ts

pAp

['pirPAp]

['d O : nAt]

nAt

nAt

['pirnAt]

'
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tract variable

articulators involved

LP
LA

lip protrusion
lip aperture

upper & lower lips, jaw
upper & lower lips, jaw

TICl
TIC 0

tongue tip constrict location
tongue tip constrict degree

tongue tip, tongue body, jaw
tongue tip, tongue body, jaw

TeCl
TeCD

tongue body constrict location
tongue body constrict deg ree

to n gue body, jaw
to n gu e body, jaw

VEL

velic aperture

velum

�

tongue
body
center

+

upper lip

..

lower lip

jaw

tongue root

Figure 1. Tract variables and associated articulators used in the computational
model of phonology and speech production discussed in the text. (Adapted from
erowman & Goldstein, 1990. )
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Figura 2. Schematic gestural scores for the target word nut, ['IlAt] (center), and for nut as spoken
by a two-year-old child in doughnut, ['dAnt] (top), and peanut ['p.unp] (bottom). The extensions of
the velie activation intervals by dashed lines indicate possible free variation in the duration of the
velic gestures; the unmarked state of the glottis is narrow, for voicing.

