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A well-established feature of speech production is that talkers, faced with either anticipated or unanticipated perturbations,
can spontaneously adjust the movement patterns of articulators such that the acoustic output remains relatively undistorted.
Less clear is the nature of the underlying processes involved, In this study we examined five subjects’ productions of the point
vowels /i, a, u/ in isolation and of the same vowels embedded in a-dynamic speech context under normal conditions and under a
combined condition, in which (a) the mandible was fixed by means of a bite block; (b) proprioceptive information was reduced
through bilateral anesthetization of the temporomandibular joint; {c) tactile information from the oral mucosa was reduced by
application of a topical anesthetic; and (d) auditory information was masked by white noise. Minimal distortion of the formant
. patterns was fournid in the combined condition. These findings are unfavorable for central (e.g., predictive simulation) or periph-
: eral closed-loop models, both of which require reliable peripheral information; they are more in line with recent work suggest-

ing that movement goals may be achieved by muscle collectives that behave in a way that is qualitatively similar to a nonlinear

vibratory system.

J

" The remarkable generativity of human movement is a
mystery that continues to resist explanation. Within lim-
its, people (and animals) can achieve the same “goal”
through a variety of kinematic trajectories, with different
muscle groups and in the face of ever-changing postural
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and biomechanical requirements. This phenomenon,
variously referred to as motor equivalence (Hebb, 1949)
or equifinality (von Bertalanffy, 1973), has been demon-
strated again quite recently by Raibert (1978), who
showed writing patterns to be characteristic of the same
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individual even when produced by structures (such as
the foot or mouth) that had never previously been used
for the act of writing.

Human language is generative in a qualitatively simi-
lar way. We seem to have a potentially infinite number
of ways of constructing sentences. Nor is it trivial that
language, even when stripped of its symbolic compo-
nent, is a creative or generative activity. Articulatory
maneuvers for producing speech sounds can be effected
in spite of continuously varying initial conditions. Often
' the same phonetic segment in different environments
can be achieved by very different movement trajectories
to different positions.

One commonly used experimental paradigm for exam-
ining equifinality in speech takes the form of placing a
bite block between the teeth, thus fixing the position of
the mandible. Under such conditions, so-called “steady-
state” vowels can be produced apparently without the
need for on-line acoustic feedback. Formant pattérns
typical for the speaker are obtained under bite-block
conditions even at the first glottal pulse (Gay, Lindblom,
& Lubker, 1981; Lindblom, Lubker, & Gay, 1979;
Lindblom & Sundberg, 1971). Moreover, speakers are
capable of such “compensatory articulation” with little
(if any) articulatory experimentation. Recent work on
bite-block speech has shown that the response times re-
quired to produce vowels of the same acoustic quality
under normal and bite-block conditions are nearly iden-
tical. In addition, the degree of “compensation” for the
bite block (as indexed by deviations from normal formant
frequencies) remained unchanged as a function of prac-
tice (Fowler & Turvey, 1980; Lubker, 1979). The evi-
dence, then, favors an interpretation that articulatory ad-
justments to novel contextual conditions created by a
bite block are essentially immediate.

What kind of control processes could account for the
adaptive, generative nature of speech production? An
open-loop control system in which commands for pro-
ducing a given vowel prescribe in detail the activities of
relevant muscles can be dismissed because, by defini-
tion, such systems are insensitive to changing contextual
conditions. On the other hand, closed-loop control offers
the advantage of adjustment to different initial condi-
tions. In peripheral closed-loop feedback systems, a sen-
sory goal in the form of a spatial (MacNeilage, 1970) or
auditory (Ladefoged, DeClerk, Lindau, & Papcun, 1972;
MacNeilage, 1980) target is paired with an appropriate
set of commands for accomplishing the goal. Resulting
sensory consequences are then compared with the sen-
sory goal so that corrections can be made. A potential
problem with peripheral closed-loop control is that the
corrective process requires time (at least one cycle
around the corrective loop). However, if the adjustment
to novel conditions is indeed immediate {thus excluding
the need for trial and error methods), then a closed-loop
mechanism tied to the peripheral motor system fails to
capture the phenomenon of interest.

An altemative account favored by Lindblom and col-
leagues (e.g., Lindblom et al., 1979) replaces the periph-
eral feedback loop with a central simulation process that
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derives the expected sensory consequences from a simu-
lated set of motor commands before the actual efferent
signals are sent to the periphery. An internal comparison
between the simulated and “target” sensory conse-
quences yields an error signal based on which new (and
correct) commands can be emitted. In this manner, ad-
justments to changes in context can be made in the
internal simulation without incurring erroneous effects
at the periphery.

Note that the models discussed thus far assume that
reliable peripheral information about the articulators” in-
itial conditions is available before motor commands
(simulated or actual) are generated. In the peripheral
closed-loop model, for example, sensory input must be
compared to the internal referent before the output of
command signals. In the central loop model, simulated
motor commands are generated for the initial conditions
that currently exist (Lindblom et al., 1979). It is not clear
in the latter formulation what would happen if contex-
tual conditions changed between the time that simulated
and actual motor commands were generated. A more ef-
ficient system would be continuously sensitive to, and
capable of modulation by, contextual conditions. For the
sake of argument, however, let us assume with Lindblom
et al. that one benefit of the internal loop is its speed of
correction; possibly the loop is so fast that appropriate
output can be generated before contextual conditions
have changed.

In any case, for both closed-loop models, elimination
or reduction of peripheral information about initial con-
ditions should affect the system’s ability to adjust to the
novel situation created by a bite block. There are only
limited data on this point. Gay and Turvey (1979) found
that a single subject (a phonetician) made several at-

‘tempts before producing a perceptually acceptable token

(with appropriate formant frequencies) of the vowel /¥
under conditions in which a bite block was combined
with topical anesthesia of the oral mucosa and a bilateral
nerve block of the temporomandibular joint. Although
this result has suggested to some (cf. Perkell, 1979) that
joint and tactile information are used to establish an
“orosensory frame of reference,” we believe there are
grounds for caution. One problem is that it is unclear
how, given the probably considerable reduction of pe-
ripheral information, Gay and Turvey’s subject was cap-
able of adaptive adjustment at all. One possibility, which -
we consider here, is that auditory information may have
played a potentiating role. Although auditory informa-
tion does not appear to be a necessary condition for
compensatory articulation (e.g., Lindblom et al., 1979),
the Gay-Turvey experiment does not preclude an audi-
tory contribution in “recalibrating” the speech system
when information from motor structures is reduced or
rendered unreliable.

The present experiment was designed to examine the
role of auditory and somesthetic information in accounts
of “immediate adjustment” by asking naive subjects to
produce vowels under normal conditions and under
bite-block conditions in which somatosensory informa-
tion -was reduced (if not eliminated) and audition was



masked by white noise. In addition we question whether
the so-called “‘steady-state” paradigm for bite-block
vowels reflects normal dynamic speech motor processes.
As is shown, the availability of normal peripheral infor-
mation from either auditory or peripheral motor struc-
tures does not appear to be crucial to immediate adjust-
ment. We take this result as nonsupportive for extant
models of the phenomenon. In their place, we offer a
class of model, emerging in other areas of motor control
(Bizzi, 1980; Fel’dman, 1966, 1980; Kelso, 1977; Kelso &
Holt, 1980; Kelso, Holt, Kugler, & Turvey, 1980; Polit &
Bizzi, 1978) as well as in the recent speech production
literature (cf. Fowler, 1977; Fowler, Rubin, Remez, &
Turvey, 1980), that identifies functional groupings of
muscles as exhibiting properties qualitatively similar to a
nonlinear oscillatory system. The bottom line of this
model and of the present paper is that the equifinality.
characteristic of vowel production may not be prescribed
by closed-loop servomechanisms of the peripheral or
central kind. Rather, we argue that it may be a conse-
quence of the parameterization of a dynamical system
whose design is intrinsically self-equilibrating—that is, a
design in which equilibrium points are a natural by-
product of the stiffness and damping specifications for
the vowel-producing system.

METHOD

Subjects

Four female adult volunteers were paid to participate
in this experiment. All were naive to the purpose of the
experiment. A fifth subject (male) was phonetically
trained and had prior experience in a similar experiment
(see Gay & Turvey, 1979). No subject had any known
neurological impairment.

Stimuli

The vowels /i, a, u/ were said in isolation and in a
Ip/-vowel-/p/ context. The /pVp/ syllables were spoken in
the carrier phrase, “A again.” Utterances were
produced in three groups of three tokens of a particular
vowel or phrase for each condition. The subjects were
instructed to produce all tokens of a given utterance in
exactly the same fashion, with a clear pause after each
token. They were also told not to talk between experi-
mental conditions or to practice the production task.

Conditions

The bite blocks were small acrylic cylinders with
wedges carved out of each end so that they could fit
snugly between the teeth. A 5-mm cylinder was used to
restrict the normally low jaw position for production of
/a/ and /pap/. Either a 17-mm or a 23-mm cylinder was
used (depending on the individual subject’s oral dimen-
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sions) for production of /i, u, pip, pup/, which normally
involve a high jaw position.

All anesthetic procedures were performed by Dr.
Robert Gross, a specialist in oral and maxillofacial
surgery who collaborated with us in earlier work (Tuller,
Harris, & Gross, 1981). Tactile information from the oral
mucosa was reduced by spraying the surface of the
tongue and oral cavity with a 2% Xylocaine solution. The
effectiveness of the topical anesthetic agent was tested
by pricking the surfaces with a needle. Spraying and
pricking were continued until the subject no longer re-
ported sensation. A few catch trials also were included in
an attempt to ensure honest reporting from the subject.
Information from mechanoreceptors in the jaw was re-
duced by injecting percutaneously a 2% Xylocaine solu-
tion directly into left and right temporomandibular joint
capsules to achieve auriculotemporal nerve blockage.
This procedure has been shown to impair perception of
joint position and movement (Thilander, 1961). This
condition is referred to as the TMJ block.

In order to restrict the availability of auditory informa-
tion, white noise was presented to the subject over
headphones at approximately 90 dB SPL. The subject
was prevented from increasing vocal intensity in the fol-
lowing manner. First, we determined how far the needle
on a VU meter was deflected during conversational
speech without the masking noise. The subject then was
instructed to monitor the VU meter and restrict the ex-
cursion of the needle to the same level or below when
speaking with the masking noise.

All subjects spoke with and without the bite block
prior to the application of anesthesia and under all sub-
sequent experimental conditions. Two of the four naive
subjects received the TMJ block before the topical anes-
thesia, and the other two subjects underwent topical
anesthesia first. In each of these pairs, one subject spoke
under conditions of auditory masking and the other sub-
ject was allowed normal auditory information. The pho-
netically trained subject received topical anesthesia be-
fore the TMJ block and spoke with masking noise in -
combination with these two procedures.

Measurement Procedure

Individual utterances were input through a Ubiquitous
Spectrum Analyzer to a Honeywell DDP-224 computer,
using a 12.8-msec window and a 40-Hz frequency resolu-
tion. The first and second formants of each utterance
were measured from a spectral section display. As in
previous experiments (e.g., Fowler & Turvey, 1980;
Lindblom et al., 1979), acoustic measures of the isolated
vowels were made at the first glottal pulse. For many
English speakers the isolated vowels may not be truly
static; that is, they may show some articulatory move-
ment and thus some shifting of formant frequencies.
Nevertheless, the procedure which was adopted was to
measure formant frequencies at the first glottal pulse.
For the /p/-vowel-/p/ syllables, F1 and F2 values were
taken from the point within the vowel at which F2 was
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most extreme. This point was chosen as the closest ap-
proximation to the “target” vowel formants.

RESULTS

The main interest of the present experiment rests on a
comparison of speech under normal conditions and
under conditions of reduced peripheral information. Be-
cause of the lack of any consistent acoustic change, we
have restricted our discussion to normal or auditorily
masked speech compared with the most extreme condi-
tion of sensory deprivation, omitting the intermediate
conditions. Figure 1 shows the mean.values for F1 and
F2 for each subject. The top half shows the mean for-
mant values for the isolated vowels and the bottom half,
the mean formant values for the /p/-vowel-/p/ syllables.

Each subject’s nine normal productions of a given ut-
terance were compared using ¢ tests with his or her pro-
ductions under the most extreme condition of sensory
deprivation. Four of the five subjects showed no dif-
ferences in formant frequency values between the nor-
mal and the extremely deprived conditions. This was the
case regardless of whether the vowels were spoken in
isolation or in a consonantal frame; #(8) values ranged
from .05 to 1.79, ps > .1. For Subject 1, a significant
mean difference occurred between masking only and the
most deprived condition for F1 and F2 of the vowel /u/.
It is difficult to account for this anomaly. The presence
of a bite block might be expected to raise all formant
frequencies for productions of /u/ because of possible
structural limitations on lip protrusion and constriction
or because of increased pharyngeal constriction with the
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jaw lowered. In contrast, however, this subject’s produc-
tions of /u/ with a bite block showed frequencies which
were 95 Hz lower F1 and 363 Hz lower F2 than when
there was no bite block. Neither can the effect be attrib-
uted only to masking, which might implicate higher for-
mant frequencies, because the formant values for com-
bined sensory deprivation conditions are very similar
with and without masking. It is also worth remarking
that Subject 5 in Figure 1 is the phonetically trained sub-
ject. His results conform to the general pattern shown by
naive subjects.

Before concluding that these results reflect immediate
adjustment in the deprived condition, it is necessary to
exclude the possibility that systematic changes in for-
mant values occurred over trials. We examined this
statistically for all subjects by performing linear regres-
sion analyses across trials of each subject’s productions
under normmal and deprived conditions. To determine
whether the slopes of the regression lines differed from
zero, t tests were performed. Of the 60 analyses per-
formed (5 subjects X 6 utterance types X 2 formants),
only two showed a nonzero slope; nonsignificant t(7)
values ranged from .00 to .84, ps > .1. One of the two
regression lines with nonzero slope occurred in the con-
trol condition for Subject 1’s productions of /pip/; t(7) =
2.92, p < .05. The other regression line with positive
slope is illustrated in Figure 2, which shows the F1 and
F2 values for individual tokens, in order, for the vowel /i/
produced by Subject 5 under the most extreme condi-
tions (i.e., topical anesthesia, TM]J block, a 23-mm bite
block, and masking noise). Also shown are the mean F1
and F2 values for this combined condition and for the
normal condition. The slope of the regression line for F2

Isolated Vowels
8, ) 8 )
3000 + ! 2 oy 3 $ o NORMAL
& oM
¢ AJTEB
2000 + g & 0J.TB8M
&
F_{H2) o
2 w004 %5 2 © =t
0 pptbd—y ——+—+——
- F‘(Hz)
pVp Sykables
3000 - 0 8 { -
@ 1
£ )
2000 pap + @&
R ® +
F(H2) o OO & &
2" Ti000 { e % 1 & &
neg O +————— +————— ——tt—t +——+—+—++
*nc00t O 500 1000 1500 o 800 1000 1800 o 800 1000 1800 ] 800 1000 1800 [ 300 1000 1800
F‘(Hz)

FIGURE 1. Mean values of F1 (x axis) and F2 (y axis) for nine repetitions of the indicated utterances. Data for the five subjects
arc presented separately, Top; Isolated vowels, Bottom: /pVp/ syllables, M = masking neise, ] = TM] block, T = topical
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FIGURE 2. F1 and F2 values for individual tokens, in order, of
the vowel /i/ produced by Subject 5 under the most extreme
experimental condition.

over trials is not significantly different from zero. Al-
though the slope of the line formed by F1 across tokens
does differ from zero [t(7) = 3.7, p < .01}, it does not
differ significantly from the line formed in the (non-bite
block) control condition. In general, there was little or
no evidence for any systematic leaming effect occurring
over trials in either the deprived or control conditions.

DISCUSSION

The present data are not easily explained by the con-
ventional models of movement control that have been
proposed to account for the remarkable context sensitiv-
ity of the speech production system. Closed-loop mod-
els, involving either central or peripheral comparisons,
entail the availability of reliable sensory information
about the initial conditions of the articulators. However,
our experiment shows that acoustically normal vowels
can be produced not only when the normal relationships
among the articulators are changed by a bite block, but
also when sensoty information from auditory, joint, and
tactile sources is reduced as well. Furthermore, and as
other recent work also suggests (cf. Fowler & Turvey,
1980), articulatory compensation appears to be achieved
immediately and with little or no practice. None of our
naive subjects” data provided any evidence of short-term
adaptation. In support of the latter claim, the data dis-
played in Figure 2 are actually from the same subject
who appeared to display motor learning effects in an ear-
lier study (Gay & Turvey, 1979).2

!Indeed, it was after observing the bite-block performance of
our naive subjects under reduced information conditions that
this person offered to participate in the present experiment.
This was a magnanimous gesture for which we express our
gratitude.
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Before offering an alternative interpretation of our data
in terms other than closed-loop models, two caveats may
be in order. The first is that our results do not necessar-
ily refute closed-loop control when the system is in its
normal mode, that is, when all sources of information are
available. The second is that our paradigm in all likeli-
hood does not completely eliminate peripheral informa-
tion; hence, a closed-loop simulation model cannot be
ruled out entirely. Nevertheless, given the reduction or
distortion of propriospecific information that was in-
duced in our experiment, we (and surely the proponents
of closed-loop models) might have expected much more
severe distortion of the acoustics than was observed
here.

In spite of these caveats, we believe that a more par-
simonious account of the phenomenon can be forwarded.
This account does not depend on whether sensory input
about the initial positions of articulators is available or
not. Thus, there is no requirement for one model when
sensory afference is available and another quite different
model when it is absent.

The view that we express for the present data has been
laid out in some detail elsewhere (Fowler et al., 1980;
Kelso, Holt, Kugler, & Turvey, 1980). In brief, it argues
that functional groupings of muscles, sometimes called
synergies (cf. Gelfand, Gurfinkel, Tsetlin, & Shik, 1971)
or coordinative structures (cf. Turvey, Shaw, & Mace,
1978), exhibit behavior qualitatively similar to a (non-
linear) mass-spring system. Such systems are intrinsi-
cally self-equilibrating in the sense that the end-point of
the system, or its “target,” is achieved regardless of ini-
tial conditions. Thus, in normal and deafferented ani-
mals (Bizzi, Dev, Morasso, & Polit, 1978), it can be
shown that desired limb positions are attainable without
starting position information, even when the limb is per-
turbed on its path to the target. Similarly, the localization
ability of functionally deafferented humans (Kelso, 1977;
Kelso & Holt, 1980) and of individuals with the metacar-
pophalangeal joint capsule surgically removed (Kelso,
Holt, & Flatt, 1980) is not affected by altered initial con-
ditions or unexpected perturbations. These data have led
to the view that the target of the system is not achieved
by means of conventional closed-loop control; rather, its
achievement is a consequence of the system’s dynamic
parameters (mass, stiffness, damping). In such a model,
the only parameters that need to be specified for volun-
tary movement are stiffness and resting length. Kine-
matic variations in displacement, velocity, and accelera-
tion are consequences of the parameters specified, rather
than controlled variables, and sensory ‘“‘feedback,” at
least in the conventional computational sense, is not re-
quired (cf. Fitch & Turvey, 1978; Kelso, Holt, & Flatt,
1980; Kelso, Holt, Kugler, & Turvey, 1980).

We do not wish to be interpreted as saying that pe-
ripheral information is unimportant; the question really
is how it is used in the regulation and control of move-
ment. As we have elaborated elsewhere (Kelso, Holt, &
Flatt, 1980), standard views of peripheral mechanorecep-
tors are that they provide feedback about variables such
as position, rate, and acceleration. Such feedback is ref-
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erential to a structural entity, typically a setpoint that the
system is trying to attain. Regulation and control are then
affected by means of error detection and correction pro-
cesses. There are good reasons to believe that this view
has been greatly overvalued for biological systems (e.g.,
Yates, 1979; see also Kelso, 1981). While it might pro-
vide an accurate description of a system possessing a
simple input-output function, it fails to capture the com-
plexity involved in the control of a dynamical system
composed of many muscles.

Multiple factors probably need to be considered in the
analysis of muscle ensembles, among which are the
geometrical properties of the different cooperating mus-
cles and their nonlinear and nonisotropic characteristics
(Titze, Note 1), We believe that a conception of informa-
tion is required which is unique and specific to the state
of the system’s dynamics (Kelso, Holt, Kugler, & Turvey,
1980; Kugler, Kelso, & Turvey, 1980). This may not be
given in terms of dimension-specific receptor codes but
rather geometrically in the form of gradients and equilib-
rium points in a potential energy function (e.g., Hogan,
1980; Kugler et al., 1980). Recently Fel’dman and Latash
(1982b) have presented a model emphasizing the intrin-
sic relationship between afferent and efferent signals in
postural control which they feel “is in good correspond-
ence with ideas [expressed here and elsewhere] about
the dynamic nature of motor control and with the general
concept that information in the nervous system reflects
different forms of dynamic state and intrinsic metrics of
control” (p. 188; see also Fel'dman & Latash, 1982a).
This view of information as topologically specified in the
system’s dynamic qualities is obviously novel (but see
Thom, 1972) and has yet to be fully explored, but it of-
fers an alternative to simplistic coding schemes in which
receptor signals on a single dimension are fed back to a
setpoint or a system comprised of multiple setpoints. In-
terestingly, the appropriateness of the concept of set-
point in biological processes is currently being ques-
tioned.2

With respect to the present experiment, the dynamic
view argues that the removal or reduction of any one af-
ferent source or even of all of them may not necessarily
disrupt the ability of a collective of muscles to achieve a
specified equilibrium state. Certainly the evidence pre-
sented here begrs this out. However, it is likely that the
stability of transition processes (as might be reflected in
the trajectory of tongue movement) could be affected, as
Fel’dman (1974) has pointed out in the case of deaffer-
ented limbs. In the absence of information about trajec-
tories, this remains an issue for further investigation.

It is worth noting that the view expressed above is
equally applicable to disruptions that are static and an-
ticipated (as in the present bite-block experiment) and to

2Although recognizing that setpoints can play a useful role in
certain engineering applications, Cecchini, Melbin, and Noor-
dergraaf (1981) stated with reference to biological control that
“there is no basis to conclude the existence of separate struc-
tural entities ... that define setpoints” and that setpoints are
better considered “an arbitrary convenience” (p. 393). (See also

Kelso, 1981; Kugler, Kelso, & Turvey, 1982; Yates, 1979.)
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those that are time varying and unanticipated. For exam-
ple, recent studies of the latter kind have shown that
“compensatory responses” of short latency are observed
in perturbed articulators as well as in others that con-
tribute to the same “vocal tract goal” (cf. Abbs, 1979, for
review). Current theorizing, however, offers two distinct
mechanisms to explain the system’s reaction to perturba-
tion: (a) a predictive simulation mechanism for antici-
pated disruptions (Lindblom et al, 1979) and (b) a
closed-loop peripheral feedback mechanism for unan-
ticipated disruptions (Abbs, 1979).2

The analysis offered here views such a distinction as
redundant. Immediate adjustment to either type of per-
turbation is a predictable outcome of a dynamical system
in which muscles function cooperatively as a single unit.
If the operation of certain variables is fixed, as in the bite
block, or unexpectedly altered, as in on-line perturba-
tion, linked variables will automatically assume values
appropriate to the constraint relation, as long as
biomechanical limitations are not violated. In short, dy-
namical systems—of which speech is an instance—
always operate in a mode that one can describe as “com-
pensatory.”

Although we cannot offer a detailed description of the
vocal tract muscles in terms of the style of control out-
lined above, we believe there are some grounds for op-
timism. Fujimura and Kakita (1979), for example, have
performed a three-dimensional simulation of the tongue
that uses quantitative control of contractile forces of the
muscles actually involved. By treating the tongue mus-
cles (in this case, the posterior.and anterior portions of
genioglossus) as a cooperative unit and maintaining the
relative magnitude of contractile inputs to each muscle,
it can be shown that the acoustic pattern for the vowel /i/
is obtainable with a wide variety of absolute force val-
ues. Thus, as long as the contractile balance among
linked muscles is preserved, the exact magnitude of
muscle contraction (beyond a critical value) does not
matter (see also Kakita & Fujimura, 1977). The general-
ity of this model is limited, at this time, to a single point
vowel. Nevertheless, the nonlinear relationship between
muscle forces and acoustic pattem allows, or rather pro-
vides for, a context-conditioned production system. As in
recent accounts of limb localization, invariant targets can
be attained with different stiffness specifications as long
as the balance in stiffness among relevant muscles is
preserved.

As a final point, the analysis offered here suggests a
commonality in function between the system capable of

3There are, however, recent data that also raise questions
about the requirements for distinctive mechanisms. Folkins and
Zimmermann (1981) found that the timing of EMG activity in a
jaw raiser (medial pterygoid) was similar in nomal and jaw-
fixed conditions for the syllable /p#/. If the closed-loop system
enables reorganization of articulators when initial conditions
are changed, why, Folkins and Zimmermann asked, is there
extra activity in a muscle no longer involved in the movement?
One answer consonant with the analysis offered here is that
medial pterygoid is a part of a constrained relationship among a
group of muscles and so performs in a roughly similar way for
the syllable /p2/, whether the jaw is fixed or not.



producing vowels and that involved in the attainment
and maintenance of limb postures. Both systems are
materially distinct from each other but may share be-
haviors qualitatively like a nonlinear mass spring. The
strategy of identifying functional organizations common
to structurally very different systems was central to
Rashevsky’s (1954) early attempts at formulating the
field of relational biology and remains at the core of dy-
namical systems theory (e.g., Rosen, 1970). The non-
trivial claim, then, is that speech and limb movements
are dynamically alike in sharing a common solution to
the equifinality problem.

ACKNOWLEDGMENTS

This research was supported by NIH Grant NS 13617 and
Biomedical Research Support Grant RR05596 to Haskins
Laboratories, NIH Grant NS17778 to Cornell University Medi-
cal College, and a NIH ‘Postdoctoral Fellowship F32N§ 06718-
02 to the second author. We thank Arthur Abramson for com-
ments on an earlier version of the manuscript, Thomas Gay and
the University of Connecticut Health Center at Farmington for
use of facilities. We are especially grateful to Bob Gross of Lou-
isiana State University Medical Center for performing anes-
thetization procedures.

REFERENCE NOTE

1. TrrzE, 1. Communication given at the Speech Motor Control
Conference, Madison, WI, April 1982.

REFERENCES

ABBS, J. Speech motor equivalence: The need for a multi-level
control model. Proceedings of the Ninth International Con-
gress of Phonetic Sciences, 1979, 2, 318-324.

Bizz, E. Central and peripheral mechanisms in motor control.
In G. E. Stelmach & J. Requin (Eds.), Tutorials in motor be-
havior. Amsterdam: North-Holland, 1980.

Bizzi, E., DEv, P, MORASSO, P., & PoLIT, A. Effects of load
disturbance during centrally initiated movements. Journal of
Neurophysiology, 1978, 41, 542-556.

CEcCHINI, A. B. P., MELBIN, J., & NOORDERGRAAF, A. Setpoint:
Is it a distinct structural entity in biological control? Journal
of Theoretical Biology, 1981, 93, 387-394.

FEL'DMAN, A. G. Functional tuning of the nervous system with
control of movement or maintenance of a steady posture, I1.
Controllable parameters of the muscles. Biophysics, 1966, 11,
565-578.

FEL'DMAN, A. G. Control of the length of muscle. Biophysics,
1974, 19, 766-771.

FEL’DMAN, A. G. Superposition of motor programs. I. Rhythmie
forearm movements in man. Neuroscience, 1980, 5, 81-90.

FEL'DMAN, A. G, & LaTAsH, M. L. Afferent and efferent com-
ponents of joint position sense: Interpretation of kinesthetic
illusions. Biological Cybernetics, 1982, 42, 205-214. (a)

FEL’'DMAN, A. G, & LATASH, M. L. Interaction of afferent and
efferent signals underlying joint position sense: Empirical
and theoretical approaches. Journal of Motor Behavior, 1982,
14, 174-193. (b)

FrrcH, H., & TURVEY, M. T. On the control of activity: Some
remarks from an ecological point of view. In R. Christina
(Ed.), Psychology of motor behavior and sports. Urbana, IL:
Human Kinetics, 1978.

FOLKINS, J. W., & ZIMMERMANN, G. N. Jaw muscle activity dur-
ing speech with the mandible fixed. Journal of the Acoustical
Society of America, 1981, 69, 1441-1445,

KELSO & TULLER: “Compensatory Articulation” 29

FOwLER, C. Timing control in speech production.
Bloomington, IN: Indiana University Linguistics Club, 1977.

FowLER, C. A., RuBIy, P., REMEZ, R. E., & TURVEY, M. T. Im-
plications for speech production of a general theory of action.
In B. Butterworth (Ed.), Language production. New York:
Academic Press, 1980. : .

FOWLER, C. A., & TuRVEY, M. T. Immediate compensation in
bite-block speech. Phonetica, 1980, 37, 306-326.

Fummura, O., & Kakrra, Y. Remarks on quantitative descrip-
tion of the lingual articulation. In B. Lindblom & S. Ohrnan
(Eds.), Frontiers of speech communication research. London:
Academic Press, 1979.

Gay, T., LINDBLOM, B., & LUBKER, J. Production of bite-block
vowels: Acoustic equivalence by selective compensation.
Journal of the Acoustical Society of America, 1981, 69, 802-
810.

Gay, T. J., & TURVEY, M. T. Effects of efferent and afferent
interference on speech production: Implications for a genera-
tive theory of speech motor control. Proceedings of the Ninth
International Congress of Phonetic Sciences, 1979, 2, 344-
350.

GELFAND, 1. M., GURFINKEL, V. S., TSETLIN, M. L., & SHIK, M.
L. Some problems in the analysis of movements. In L. M. Gel-
fand, V. S. Gurfinkel, S. V. Fomin, & M. L. Tsetlin (Eds.),
Models of the structural-functional organization of certain
biological systems. Cambridge, MA; MIT Press, 1971.

HEBB, D. O. The organization of behavior. New York: Wiley,
1949.

HocGAN, N. Mechanical impedance control in assistive devices
and manipulators. In Proceedings of the Joint Automatic Con-
trol Conferences (San Francisco), August 1980, Vol. 1, TA-
108.

Kakrra, Y., & FujiMugra, O. A computational model of the
tongue: A revised version. Journal of the Acoustical Society
of America, 1977, 62, S15. (Abstract)

KELsO, J. A. S. Motor control mechanisms underlying human
movement reproduction. Journal of Experimental Psychol-
ogy: Human Perception and Performance, 1977, 3, 529-543.

KELSO0, . A. S. Contrasting perspectives on order and regulation
in movement. In J. Long & A. Baddeley (Eds.), Attention and
performance IX. Hillsdale, NJ: Erlbaum, 1981.

KELsoO, ]J. A. S, & HoLT, K. G. Exploring a vibratory systems
analysis of human movement production. Journal of Neuro-
physiology, 1980, 43, 1183-1196.

KELso0,]. A. S, HoLT, K. G., & FLATT, A. E. The role of propri-
oception in the perception and control of human movement:
Toward a theoretical reassessment. Perception & Psychophys-
ics, 1980, 28, 45-52. _

KELso, J. A. S., HoLT, K. G., KUGLER, P, N., & TURVEY, M. T.
On the concept of coordinative structures as dissipative struc-
tures: II. Empirical lines of convergence. In G. E. Stelmach
(Ed.), Tutorials in motor behavior. New York: North-Holland,
1980.

KUGLER, P. N., KELSO, J. A. $., & TURVEY, M. T. On the con-
cept of coordinative structure as dissipative structure. I.
Theoretical lines of convergence. In G. E. Stelmach & J. Re-
quin (Eds.), Tutorial in motor behavior. Amsterdam: North-
Holland, 1980. ]

KUGLER, P. N,, KELSO, J. A. S., & TURVEY, M. T. On the control
and coordination of naturally developing systems. In J. A. S.
Kelso & J. E. Clark (Eds.), The development of movement
control and coordination. New York: Wiley, 1982.

LADEFOGED, P., DECLERK, J., LINDAU, M., & PAPCUN, G. An
auditory-motor theory of speech production. UCLA Working
Papers in Phonetics, 1972, 22, 48-75.

LINDBLOM, B., LUBKER, ]., & GaY, T. Formant frequencies of
some fixed-mandible vowels and a model of speech motor
programming by predictive simulation. Journal of Phonetics,
1979,7, 147-161.

LinDBLOM, B., & SUNDBERG, J. Acoustical consequences of lip,
tongue, jaw, and larynx movement. Journal of the Acoustical
Society of America, 1971, 50, 1166-1179.

LUBKER, J. F. The reorganization times of bite-block vowels.

Phonetica, 1979, 36, 273.203.



224 Journal of Speech and Hearing Research

MACNEILAGE, P. F. Motor control of serial ordering of speech.
Psychological Review, 1970, 77, 182-196.

MACNEILAGE, P. F. Distinctive properties of speech control. In
C. E. Stelmach & J. Requin (Eds.), Tutorials in motor be-
havior. Amsterdam: North-Holland, 1980.

PERKELL, J. S. On the use of sensory feedback: An interpreta-
tion of compensatory articulation experiments. Proceedings of
the Ninth International Congress of Phogetic Sciences, 1979,
2, 358-364.

PouIT, A., & Bizzi, E. Processes controlling arm movements in
monkeys. Science, 1978, 201, 1235-1237.

RAIBERT, M. H. A model for sensorimotor control and learning.
Biological Cybernetics, 1978,29, 29-36.

RaSHEVSKY, N. Topology and life: In search of general
mathematical principles in biology and sociology. Bulletin of
Mathematics and Biophysics, 1954, 16, 317-348.

ROSEN, R. Dynamical system theory in biology (Vol. 1). Stabil-
ity theory and its applications. New York: Wiley, 1970.

THILANDER, B. Innervation of the temporo-mandibular joint
capsule in man. Transactions of the Royal Schools of Den-
tistry (Stockholm & Umea), 1961, 7, 9-67.

26 217-224 June 1983

TaoM, R. Structural stability and morphogenesis (D.]. Fowler,
Trans., 1975). Reading, MA: Benjamin, 1972.

TULLER, B., Harris, K. S., & Gross, B. Electromyographic
study of the jaw muscles during speech. Journal of Phonetics,
1981, 9, 175-188.

TuURVEY, M. T, SHAW, R. E., & MACE, W. Issues in the theory
of action: Degrees of freedom, coordinative structures and co-
alitions. In J. Requin (Ed.), Attention and performance VII.
Hillsdale, NJ: Lawrence Erlbaum, 1978.

VON BERTALANFFY, L. General system theory. Ham-
mondsworth, England: Penguin University Press, 1973.

YaTEs, F. E. Physical biology: A basis for modeling living sys-
tems. Journal of Cybernetics and Information Science, 1979,
2, 57-70.

Received December 17, 1981
Accepted July 30, 1982

Requests for reprints should be sent to J. A. Scott Kelso, Has-
kins Laboratories, 270 Crown Street, New Haven, CT 06510.

Reprinted from Journal of Speech and Hearing Research
June 1983, Vol. 26, No. 2
Copyright © 1983 by the American Speech-Language-Hearing Association

INFORMATION ON REPRINTS AND PERMISSIONS

The appearance of the fee codes in this journal indicates the copyright owner's consent that copies of articles may
be made for personal use or intemal use, or for personal or internal use of specific clients. This consent is given on
the condition, however, that the copier pay the stated per article fee of $1.00 through the Copyright Clearance
Center, Inc., 21 Congress Street, Salem, Massachusetts 01 970, for copying more than one copy as indicated by
Sections 107 and 108 of the U.S. Copyright Law. This consent does not extend to other kinds of copying, such as

copying for general distribution, advertising or promotion:

al purposes, for creating new collective works, or for resale.

In these cases, requests for permission to reprint and/or quote from the journals of the Association must be obtained
from the American Speech-Language-Hearing Association and from the individual author or authors of the material

in question.

Consent is extended for copying articles for classroom purposes without permission or fee unless otherwise

stated in the article.



