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COORDINATION AND COARTICULATION IN SPEECH PRODUCTION*

CAROL A. FOWLER
and
ELLIOT SALTZMAN
Haskins Laboratories and University of Connecticut

In this article, we consider the concepts of coordination and coarticulation in speech
production in the context of a task-dynamic model. Coordination reflects the transient
establishment of constrained relationships among articulators that jointly produce linguis-
tically significant actions of the vocal tract — that is phonetic gestures — in a flexible,
context-sensitive manner. We ascribe the need for these constraints in part to the require-
ment of coarticulatory overlap in speech production. Coarticulation reflects temporally
staggered activation of coordinative constraints for different phonetic gestures. We suggest
that the anticipatory coarticulatory field for a gesture is more limited than look-ahead
models have suggested, consistent with the idea that anticipatory coarticulation is the onset
of activation of coordinative constraints for a forthcoming gesture. Finally, we ascribe
much of the context-sensitivity in the anticipatory or carryover fields of a gesture (variation
due to “coarticulation resistance™) to low-level (below the speech plan) interactions among
the coordinative constraints for temporally overlapping gestures.
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INTRODUCTION

Our topic is the relation between coarticulation and coordination in speech. We will
suggest that the two theoretical constructs reflect different perspectives on the same
characteristic organization of the vocal tract for speech. In elaborating this idea we will
depend on three central concepts that we define next: phonetic gesture, coordination
and coarticulation.

Phonetic gesture
Such terms as “phonetic gesture” (Liberman and Mattingly, 1985; Mattingly, 1990),
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“dynamically-defined articulatory gesture” (Browman and Goldstein, 1990) or more
simply “gesture” (Browman and Goldstein, 1986, 1991; Fowler, in press; Saltzman and
Munhall, 1989) represent a set of closely-related concepts. Essentially, phonetic gestures
are linguistically significant actions of structures of the vocal tract;! alternatively, the
term is restricted to the control structures that generate those actions. Linguistically,
gestures are hypothesized to be the primitives of a language-user’s phonological system
(see, especially, the research by Browman and Goldstein, cited above). Physically, they
are (or, under the alternative definition, they generate) coordinated movements of
the vocal tract that achieve a phonetically significant goal. In this paper, we adopt the
definition proposed by Saltzman and Munhall (1989) and use the term gesture to refer
to “a member of a family of functionally equivalent articulatory movement patterns
that are actively controlled with reference to a given speech-relevant goal (e.g., a bilabial
closure)” (p. 334). According to this usage, gesture and movement have different
meanings: Although gestures are composed of articulatory movements, not all movements
can be interpreted as gestures or gestural components. For example, when the vertical
distance between the upper and lower lips changes due to the active coordination of
the lips and jaw to produce a bilabial closure, the resultant movement pattern is
considered to be a gesture. However, when the interlip distance changes as the passive
consequence of the jaw’s active participation in a different gesture (e.g., an alveolar
gesture), the bilabial movement pattern would not be called a gesture.

Coordination

Pattee (e.g., 1976) suggests that, in living organisms, coordination creates macro-
scopic (i.e., coarser-grained) order in systems composed of components at a finer-grained
level of analysis. Coordination is achieved by the implementation of “‘constraints” linking
the finer-grained components and thereby creating dependencies among them. Because
of the dependencies they create, constraints reduce the overall degrees of freedom of the
system, but they reduce them selectively so that the remaining freedoms constitute
a select subset of those possible in the absence of constraint. The order observable at
a macroscopic scale of analysis of the system is shaped by this subset.

Consider a familiar example in a (nonbiological) human artifact, the automobile.
Cars are built with one steering wheel that controls the turning of both front wheels
and, therefore, of the car as a whole. There are constraints linking the two front wheels
and the steering wheel. The linkages prevent independent turning of the two wheels.
Cars could be built differently, with one steering wheel per front wheel, so that the
wheels could be controlled independently. This would restore degrees of freedom at
the finer-grained level of analysis of the car that the linkages eliminated, but it would
have counter-functional utility at the coarser-grained level of analysis in which goal-
directed movements of the car as a whole are specified. The selective loss of freedom

! We will use the term “vocal tract” more encompassingly than is commonplace to

refer not only to the supralaryngeal articulators, but also to the larynx and the
respiratory system.
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at the finer-grain permits only the subset of movements of the two front wheels that
ensures macroscopic functional utility in car motion.

In speech, as we suggest in more detail below, as in other kinds of action, the
coordinative constraints are not built into the body permanently as linkages are built
into a car; instead, the constraints are marshaled transiently (e.g., Turvey, 1990). We
propose that coordinative constraints implement phonetic gestures by establishing
dependencies among articulators. The dependencies reduce the degrees of freedom of
those articulators that are relevant to realization of the gesture by restricting the
articulators to the subset of possible movements that will jointly achieve macroscopic
order in the form of a phonetic gesture. Returning to the bilabial closing gesture, then,
we suggest that the lips close during speech production because, in a sense to be
elaborated shortly, speakers establish coordinative constraints among the jaw, the upper
lip and the lower lip that restrict those articulators to just that subset of movements
that eventuate in bilabial closure.

Coarticulation

Coarticulation refers to the fact that at any given point during an utterance, the
influences of gestures associated with several adjacent or near-adjacent segments can
generally be observed in the acoustic or articulatory patterns of speech. This central and
very important fact of speech production has received considerable attention in the
literature. However, there is no consensus on what coarticulation is. A common idea
is that it is an influence — largely assimilative — of one phonetic segment on another
(Daniloff and Hammarberg, 1973). According to this view, coarticulated segments
somehow change one another in a context-sensitive manner at the level of underlying
linguistic feature values. A different idea is that phonetic segments in a sequence do not
change one another in their linguistic essence. Rather their underlying linguistic identities
are defined context-independently, but there is temporal overlap (coproduction) in the
implementation of the coordinative constraints that instantiate the segments in the vocal
tract (Fowler, 1977; Hardcastle, 1985; Marchal, 1988). In this view, context-sensitivity
in acoustic or articulatory flows arises primarily from the dynamics of gestural
interaction during coproduction. Thus, understanding coarticulation entails addressing
the following two questions: a) What processes govern the time courses of coordinative
constraints for the gestures in a given utterance? b) When there is temporal overlap or
coproduction in these gestural time courses, how do their influences blend in shaping
articulatory and acoustic flows??

2 Whereas coarticulation generally has been taken to refer to the relative timing or

phasing of gestures for different phonetic segments, we will not distinguish here
between phasing of gestures for one segment (for example, phasing of bilabial closing
and laryngeal devoicing for /p/) and phasing of gestures for different segments.
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INTERARTICULATORY COORDINATION DURING SINGLE GESTURES

As noted already, the coordinations that create dependencies among articulators
in speech are not hardwired; rather, they are established transiently in the service of
phonetic goals. The strongest evidence favoring this claim is obtained from studies of
speech production in which an articulator is unexpectedly perturbed (e.g., Abbs and
Gracco, 1983; Kelso, Tuller, Vatikiotis-Bateson, and Fowler, 1984; Munhall and Kelso,
1985; Munhall, Lofqvist, and Kelso, 1986; Shaiman, 1989; Shaiman and Abbs, 1987).
For example, Kelso er al. (1984) applied a sudden downward force to the jaw of a
speaker on a randomly-selected 20% of his productions of a target syllable /bab/ or
foez/. The force was applied as the jaw began to raise for the final consonant in the
target syllable, and thus opposed jaw raising. As a consequence, the jaw attained a lower
position during closure for the final consonant than it attained on nonperturbed trials.
Within 20 msec of onset of the perturbation, a compensatory response began to be
observed. When the target utterance was /bab/, Kelso er al. found a lower position of
the upper lip on perturbed than on unperturbed trials. The lips did close on perturbed
trials, despite the considerably lowered jaw position, and the increased excursion of the
upper lip contributed to the successful achievement of closing. On /bez/ trials, a short-
latency compensatory response occurred in the genioglossus muscle of the tongue, and
z/s were perceptually normal. These results suggest that the extra tongue activation
permitted the tongue to raise more than on unperturbed trials and to achieve the close
constriction to the palate necessary for /z/ frication despite the unusually low positioning
of the jaw.

Two aspects of these findings are especially pertinent. First, responses to the
perturbation are compensatory in relation to the goals of the perturbed phonetic gesture.
Extra downward movement of the upper lip fosters the lip closing essential for the
production of bilabial closure; it would not foster the alveolar constriction essential to
production of /z/, and it does not occur when [z/ is perturbed. Extra activation of the
genioglossus muscle fosters achievement of an alveolar constriction when the jaw is
forced to a more open position; it would not foster lp closing, and it does not occur
when the final /b/ of /b=b/ is perturbed. Other evidence that compensation is
functionally specific to the goals of a phonetic gesture occur when the upper lip is
perturbed upward by a “lip paddle” during production of /p/ or [t/ (Shaiman and Abbs,
1987; Shaiman, 1989). When /p/ is perturbed, extra upward displacement of the lower
lip compensates for the unusually raised position of the upper lip. When the upper lip
is perturbed in /f/, in which it is not an articulator that contributes to achievement of
the labiodental constriction, no extra displacement of the lower lip is found. The second
important observation about these compensations to perturbations is that they occur
at very short latencies. In the research of Kelso er al (1984), compensations occurred
with latencies that ranged between 15 and 35 msec. This suggests that such compensatory
articulations are not consequences of any cognitive replanning of gestural trajectories.
Rather, the compensations appear to reflect the ongoing state of coordinative constraints
that serve to establish gesture-specific patterns of coupling or gating among the
articulators.
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We conclude, then, that coordinative constraints are established transiently to
implement phonetic gestures in speech. The constraints permit context-sensitive, flexible,
achievement by the articulators of their conjoint phonetic goal: lip closure for bilabial
consonants, a close alveolar constriction for /z/, etc. Although the particular way in
which the relevant articulators participate to achieve that goal can vary, the constraints
ensure that the goal achievement itself is relatively invariant. How might such constraints
be realized in the vocal tract? In the following section, we discuss the implementation
of interarticulatory coordinative constraints for the production of single gestures in the
context of a particular model of speech production, the task-dynamic model (e.g.,
Saltzman, 1986, 1991; Saltzman and Kelso, 1987; Saltzman and Munhall, 1989). In
later sections, we will also use this model to illustrate several issues pertaining to inter-
gestural coordination and the shaping of coarticulatory movement patterns.

Task-dynamic modeling: Mechanical perturbations

One of the major tasks in speech is to create and release constrictions locally in
different regions of the vocal tract, e.g., at the lips for bilabial consonants, or between
the tongue dorsum and palate for some vowels. In the task-dynamic model, such
constrictions are controlled by a dynamical system with two functionally distinct but
interacting levels. The level of intergestural coordination is defined according to a set
of activation coordinates; the level of interarticulator coordination is defined according
to both model articulator and tract-variable coordinates (see Figure 1). The architectural
relationships among these coordinates are illustrated in Figure 2. The linguistic identity
of each gestural unit is defined context-independently by its activation coordinate and
set of tract-variable and model articulator coordinates, and by its set of dynamical
parameters (e.g., constriction target position). The current value of each gesture’s
activation coordinate defines the strength with which the gesture “attempts” to shape
vocal tract movements at any given point in time according to its own phonetic goals.
The tract variables and model articulators associated with each gesture specify the
particular vocal-tract constriction (e.g., bilabial) and set of articulators (e.g., lips and
jaw) whose behaviors are affected directly by the gesture’s activation (see Figure 3).
The intergestural level accounts for patterns of relative timing and cohesion among
activation intervals for the gestures participating in a given utterance, e.g., for tongue-
dorsum and bilabial gestures in a vowel-bilabial-vowel sequence. The interarticulator
level accounts for the coordination among articulators that exists at a given point in
time due to the currently active set of gestures, e.g., the coordination among lips, jaw,
and tongue during periods of vocalic and bilabial gestural coproduction.

In task-dynamic simulations, each constriction type (e.g., bilabial) is associated with
a pair (typically) of tract variables, one that refers to the location of the constriction
along the longitudinal axis of the vocal tract, and one that refers to the degree of
constriction measured perpendicularly to the longitudinal axis in the sagittal plane.
Since constrictions are defined in the sagittal plane of the vocal tract only, they are
at most two-dimensional. The reason for this is that the simulations use the articulatory
geometry represented in the Haskins Laboratories software articulatory synthesizer
(Rubin, Baer, and Mermelstein, 1981). This synthesizer is based on a midsagittal view
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Intergestural
Coordination

(gestural activation variables)

Interarticulatory
Coordination

(tract variables;
model articulatory variables)

Fig. 1. Schematic illustration of the two-level dynamical model for speech production,
with associated coordinate systems indicated. The darker arrow from the inter-
gestural to the interarticulator level denotes the feedforward flow of gestural
activation. The lighter arrow indicates feedback of ongoing tract-variable and
model articulator state information to the intergestural level. (From Saltzman
and Munhall, 1989; reprinted by permission.)

of the vocal tract and transforms a given articulatory configuration in the sagittal plane
to a sagittal outline of the vocal tract, a three-dimensional tube shape, and, finally,
with the addition of appropriate voice source information, an acoustic waveform.
Modeling work has been performed in cooperation with several of our colleagues at
Haskins Laboratories as part of an ongoing project focused on the development of a
gesturally-based, computational model of linguistic structures (e.g., Browman and
Goldstein, 1986, 1991; Kelso, Saltzman, and Tuller, 1986a, 1986b; Kelso, Vatikiotis-
Bateson, Saltzman, and Kay, 1985; Saltzman, 1986, 1991; Saltzman and Kelso, 1987;
Saltzman and Munhall, 1989). For recent reviews, related work, and critiques, see also
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ACTIVATION

TRACT
VARIABLE

MODEL
ARTICULATOR

TONGUE
BODY

Fig. 2. Example of the architectural relationships defined among model-articulator,
tract-variable, and activation coordinate systems. BL and TD denote tract
variables associated with bilabial and tongue-dorsum constrictions, respectively.
Gestures at the activation level are labeled in terms of both linguistic identity
(e.g., /k/ and tract-variable affiliation (e.g., TD). (From Saltzman, 1991; re-
printed by permission.)

de Jong (1991), Edwards, Beckman, and Fletcher (1991), Hawkins (1992), Jordan
and Rosenbaum (1989), Perkell (1991), and Vatikiotis-Bateson (1988).

Compensatory articulation

The task-dynamic model displays gesture-specific patterns of compensatory
articulation to simulated mechanical perturbations delivered to the model articulators.
These patterns mirror those found in the experimental data described in the preceding
section. In particular, simulations were performed on perturbed and unperturbed bilabial
closing gestures (Saltzman, 1986; Kelso et al, 1986a, 1986b). When the simulated jaw
was “frozen” in place during the closing gesture, the system: a) attained the same final
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Tract variables Model articulators
LP lip protrusion upper & lower lips
LA lip aperture upper & lower lips, jaw
TDCL tongue dorsum constrict location |  tongue body, jaw
TDCD tongue dorsum constrict degree tongue body, jaw
LTH lower tooth height jaw
TTCL tongue tip constrict location tongue tip,body, jaw
TTCD tongue tip constrict degree tongue tip,body, jaw
VEL  velic aperture velum
GLO glottal aperture glottis

VEL

Fig. 3. Top: Table showing the relationship between tract variables and model articu-
lators; Bottom: Schematic midsagittal vocal tract outline, with tract-variable
degrees of freedom indicated by arrows. (From Saltzman and Munhall, 1989:
reprinted by permission.)

degree of bilabial closure in both the perturbed and unperturbed cases, although with
different final configurations for the articulators; and b) showed immediate “on-line”
compensatory responses in the upper and lower lips to the jaw perturbation, in the
sense that the system did not require replanning or reparameterization in order to
compensate. Compensation occurred through the automatic and rapid redistribution
of activity over the entire articulatory ensemble in a gesture-specific fashion, and the
processes of control and coordination were exactly the same during both perturbed and
unperturbed simulated gestures.
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INTERARTICULATORY COORDINATION DURING COPRODUCTION

Given the rarity of perturbing jaw brakes and lip paddles outside the laboratory,
however, we must ask why speakers establish coordinative constraints among articulators
that permit flexible achievement of phonetic goals rather than simply choosing one,
context-free, route to the goals. One important reason, we suggest, is the necessity of
coarticulation. For example, during the intended utterance /b=b/, when the syllable-
initial consonant /b/ is released, a more sonorant segment is produced necessarily as
the vocal tract opens up. The only way to ensure that the more sonorant segment
produced is the intended one, /=/, is to move toward the /=/ during closing and/or
closure for the initial /b/. Coarticulation cannot be avoided, with the result that there
are competing demands made on the jaw during the bilabial closing and/or closure. For
example, as the jaw closes for the /b/, the /e/ will tend to oppose this motion; a
following higher vowel, /i/, will oppose it less, and a following lower vowel, /a/, will
oppose it more. Therefore, bilabial closure must be achievable with context-sensitive
contributions of the jaw, the upper lip, and the lower lip during everyday coarticulated
speech. By hypothesis, the coordinative constraints allow the talker to select the same
/b/ in every context rather than having to select a different, context-sensitive /b/ to fit
each context. Coarticulation, then, can be viewed as a natural source of articulatory
perturbations, analogous to those supplied artificially by lip paddies and jaw brakes
in the laboratory. Context-sensitive compensation for perturbations are handled by the
same processes of articulatory coordination and control, regardless of the source of
perturbing influences.

Coarticulation resistance

Coarticulatory effects are themselves context-sensitive (e.g., Bladon and Al-Bamerni,
1976; Recasens, 1984a, 1984b; Keating, 1990), and it is clear why they must be. If
the goals of a given intended phonetic gesture are to be invariantly achieved, then
coarticulatory encroachments by nearby gestures must be limited to articulators that:
a) are not involved in producing the intended gesture, or b) are involved but will not
interfere with the achievement of gestural goals, due to coordinative compensation by
other nonperturbed articulators. In cases where the encroached-upon articulators are
centrally involved in producing the intended gesture, the intergestural interference
must either be eliminated or kept within tolerable (articulatory or perceptual) limits.

The ability of a given gesture to resist potentially disruptive encroachments by nearby
gestures has been termed “coarticulation resistance” by Bladon and Al-Bamerni (1976).
Systematic investigation of this idea has been carried out largely by Recasens (1984a,
1984b, 1987, 1991; see also Farnetani, 1990). For example, in one investigation,
Recasens (1984a) studied vowel-to-consonant coarticulatory influences in VCV
utterances with vowels /i/, /a/, and /u/, the dorsopalatal consonant /i/, alveolo-palatal
/n/ and /4/, and alveolar /n/. Using electropalatography, Recasens found that the
consonants require decreasing contact of the tongue dorsum with the palate in the
series as listed. He found also that the degree of anticipatory and carryover coarticulation
of the vowels with the consonants varied inversely with the consonants’ differential
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demands on the tongue dorsum, also a primary articulator for the vowels. Compatibly,
Farnetani (1990) showed a strong inverse relationship between degree of tongue/palate
contact for singleton and geminate consonants of Italian and degree of coarticulatory
influence from neighboring vowels. In her review of the literature on coarticulation
resistance, Farnetani (1990) observed that strong coarticulation resistance in the
production of a gesture was also associated with “coarticulatory aggression” in the
influence of that gesture on preceding and following ones: “[T}he sounds that block
or reduce the coarticulatory effects of the neighbour sounds are also exerting the
strongest effects, in other words they exhibit the least contextual variation and induce
the greatest” (p. 106).

These findings are just as expected if, in some way, talkers protect phonetic gestures
against coarticulatory influences that would interfere with achievement of the gestures’
phonetic goals. However, there are at least two alternative means by which that
protection might be implemented. It might be achieved intentionally in a *“‘speech plan”
by adjusting the time courses of coordinative constraints for coarticulating gestures to
their context, in order to prevent those gestures from interfering with the achievement
of an ongoing gesture’s phonetic goals. For example, talkers might choose to delay or
weaken the anticipatory onset of an upcoming gesture to minimize coarticulatory
encroachment upon the ongoing gesture. Alternatively, the plan for a gesture and its
phasing with respect to others may be relatively context-free; the contextual variation
observed in articulatory and acoustic flows would be shaped primarily by the manner in
which the coarticulating gesture blends its influences on the vocal tract with those of an
on-going one. In other words, the attempted influence of a gesture on the vocal tract
would be relatively invariant, but it would meet differential resistance, depending on
the demands placed on vocal tract structures by an on-going phonetic gesture. A simple
analogy might make this second idea clearer. Imagine an actor planning an invariant
squeezing gesture of the hand. On different occasions, the closing fingers encounter a
rock, a solid rubber ball, a foam rubber ball, or nothing at all. The extent to which the
fingers close for the same planned squeezing event will vary depending both on the
intended strength of squeezing and on the resistance encountered by the fingers at the
surface. Similarly, whether a coarticulating gesture exhibits strong or weak influences
on vocal tract shape depends both on its own degree of coarticulatory aggression, and
on the degree of coarticulatory resistance displayed by the on-going gestures.

These two alternatives are not mutually exclusive. However, there is one indication
in the literature that at least some sources of context-sensitivity in coarticulation are
not explicitly planned. In an extension of his research on coarticulation resistance in
vowel-consonant production, Recasens (1984b) looked at electropalatographic evidence
of transconsonantal vowel-to-vowel coarticulatory influences in the same VCV set. He
reported instances in which vowel-toconsonant coarticulatory influences were blocked
both in an anticipatory and a carryover direction by a consonant, /£/, that places strong
constraints on the tongue dorsum; in the instances in question, however, statistically
significant evidence of anticipatory and carryover vowel-to-vowel coarticulation was
observed. That is, coarticulatory influences of the vowels were discontinuous, jumping
over the consonant, as it were.> It seems to us implausible that talkers plan for

3 To our knowledge, Recasens’ findings are unique, and he did not encounter them
everywhere that he might have (in the context of /j/, for example). We mention the
finding only because it is suggestive and needs to be pursued further.
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discontinuous coarticulatory influences. That is, in the anticipatory direction, why
start producing a vowel, stop, then start again; or, even less plausibly in the carryover
direction, if a consonant puts an end to carryover coarticulation, why should the talker
revive the vowel thereafter? It appears more plausible that talkers plan to phase a given
vowel in a way that is relatively insensitive to its context, and the context-sensitivity
arises primarily when the influences on the vocal tract from the vowel encounter other
influences on the vocal tract from other ongoing segments. In fact, the task-dynamic
model provides an account of coproduction that is consistent with this viewpoint.

Task-dynamic modeling: Intergestural blending

In the task-dynamic model, the articulatory effects of gestural coproduction vary
as a function of the degree of spatial overlap on the gestures involved, i.e., the degree
to which the gestures share articulators. As long as the spatial overlap is incomplete,
there is minimal interference among the coproduced gestures and each can attain its
own phonetic goals. In the model, this situation is one in which the gestures are defined
along different sets of tract variables, and the gestures have no, or some but not all,
articulators in common (see Figure 3). Figure 4A illustrates the operation of the model
for two VCV sequences in which symmetric flanking vowels, /i/ and /=/, vary across
sequences, the medial consonant is the alveolar /d/ in both sequences, and the time
courses of vowel and consonant activation waves are identical in both sequences. Here,
the vowels are defined along the tract variables of tongue-dorsum constriction location
and degree, which are associated with the jaw and tongue-body articulators; the alveolar
is defined along the tract variables of tongue-tip constriction location and degree, which
are associated with the jaw, tongue-body, and tongue tip articulators (see Figure 3).
Hence, the vowel and consonant gestures share some but not all articulators, and the
alveolar’s tongue-tip constriction goals are identically met in both cases, with contextual
differences in articulatory positions induced by corresponding differences in flanking
vowel identities. (See Figure 4C for comparisons with the tract shapes associated with
simulated steady-state production of /i/ and /=/, unperturbed by consonant super-
position.)

In cases where coproduced gestures are defined along the same sets of tract variables,
however, all articulators are shared, and the potential for mutual interference in attaining
completing phonetic goals is created. Figure 4B illustrates the operation of the model
for two symmetric VCV sequences that are identical to those shown in Figure 4A, except
that the medial consonant is the velar /g/. Here, the consonant and vowels are defined
along the same tongue-dorsum tract variables and are associated with the jaw and tongue-
body articulators. Hence, the gestures compete for control of tongue-dorsum motion
during periods of coproduction. The result in that contextual variation is now seen
even in the attainment of the constriction target for /g/. The velar’s place of constriction
is altered by the identity of the flanking vowels, although the degree of constriction
is not. Importantly, the behavior displayed by the model in both Figures 4A and 4B
mirrors the patterns observed during actual speech production (Ohman, 1967).

Within-tract-variable conflict is resolved in the model by a process of intergestural
blending that is specified according to competitive-dynamics network equations (see
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C

Fig. 4. Simulated vocal tract shapes. A: First contact of tongue-tip and upper tract
wall during symmetric vowel-alveolar-vowel sequences; B: First contact of
tongue-dorsum and upper tract wall during symmetric vowel-velar-vowel
sequences; C: Corresponding steady-state vowel productions. In all cases, /=/
and /i/ shapes are shown using grey and black outlines, respectively. (From
Saltzman, 1991; reprinted with permission.)

Saltzman and Munhall, 1989, for details). The tract-variable components of a given
gesture are endowed with their own characteristic degrees of blending strength, according
to the context-independent sets of blending parameters assigned to these gestural
components. Roughly speaking, blending strength varies inversely with gestural sonority
— stops are strongest and vowels are weakest. Blending of gestures with similar strengths,
e.g., two vowels, results in a simple averaging. This result is consistent with data on
laboratory-induced speech errors during vowel production (Laver, 1980), in which
blended vowel forms were produced that were intermediate between canonical forms.
On the other hand, when the tract-variable components of coproduced gestures differ
in blending strength, the stronger gestural component suppresses the weaker component.
This is the case previously discussed and shown in Figure 4B, in which the stronger



CA. Fowler and E. Saltzman 183

velar consonant suppresses the weaker vowel, with the degree of suppression being
stronger for constriction-degree than for constriction location. Blending strength,
therefore, captures in a formal sense both the coarticulatory ‘resistance” and
“aggression” of phonetic gestures observed in actual data.

Finally, it should be noted that many coproduced gestures seem to display a simple,
additive form of blending (e.g., Lofqvist, 1990). Interestingly, additive blending seems
to be displayed only by gestures that would be characterized in the task-dynamic model
by a single tract variable. For example, Boyce (1988, 1990) showed that for three of
four English speakers, lip protrusion movements in utterances such as /kuktluk/ can
be closely approximated by adding t