SiqneJ and Spoken Language: Biological Constraints on Linguistic Form,
.eds. U. Bellugi and M. studdert-Kennedy, pp. 41-56. Dahlem Konferenzen 1980.
Weinheim: Verlag Chemie GmbH.

Clues from the Organization of
Motor Systems

M.T. Turvey :

Department of Psychology, University of Connecticut
Storrs, CT 06268 and Haskins Laboratories, New Haven,
CT 06510, USA

Abstract. Understanding the organizational style of motor
systems is largely a matter of understanding the means by

which very many degrees of freedom are systematically regulated
to yield behaviors, appropriate to the circumstances, of very
few degrees of freedom. The tendency for movements to be
fashioned in a way in which most variables are held constant
provides a motoric restriction on the formational aspects of
spoken and signed language. There are reasons for supposing
that a formal theory of language and a formal theory of the co-
ordination and control of movement would be qualitatively in-
distinguishable. The form of both movement and language may
rest with common physical principles. The machine conception
and dynamics are contrasted as perspectives on the form manifest
by biological systems and expression is given to the need for
examining contemporary physical theory as a sourxce for vnder-
standing the formational aspects of movement and language.

INTRODUCTION

Whether spoken or signed, language is activity and might, there-
fore, reflect the organizational style that characterizes the
control and coordination of acts. The question to be pursued
here is the degree to which the form of language is constrained
.by the form of movement. I begin with two prominent conceptions
that oppose relating linguistic and motoric form - the cognate

conceptions of language as autonomous and unique.
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Clues from the Organization of Motor Systems 43

Beyond the methodology of linguistics, the autonomy of language
is expressed in another way with potentially larger implications.
The symbol/matter Or linguistic/dynamic dichotomy in physical
theory expresses the contrast between rate-independent rules

and rate-dependent laws. Arguably, complex biological systems
execute in two modes, the linguistic (informational) and the
dynamic, that are complementary and irreducible, one to the
other (20,32).

. Related to the conception of language as autonomous is a strong
historical tendency to regard language as a unique and greater
achievement than movement. Movement is probably encompassed
by physical and biological law, but language is a different
kind of entity, a special cognitive process involving special
principles. Language is peculiar to humans {although some
other species may have a capability that is crudely analogous)
whereas movement, as a systematic adjustment to significant
particulars of an environment, is general to animals. The
features of language that collectively define its unique status
were delimited in the Port-Royal theory and related by Chomsky
(7): In normal use language is innovative, potentially infinite
in scope, free from stimulus control, coherent, and appropriate
to the situation. I doubt, however, that these features are
sufficient to distinguish formally language as a goal-directéd
activity from goal-directed activity in general (25). A more
reasonable claim might be that language is a unique facility
for communicating new information; a less reasonable claim,
however, is that language is unique in terms of the principles
by which it does so.

Language as a process is often defined as a mapping between
meénings and sounds. A belief that to greater or lesser degree
has gdided thinking about linguistic performance for more than
two decades is that the processes by which meanings become sounds
and vice versa are captured in grammatical description. A strong
equivalence is sometimes assumed between the processes of pro-
ducing and comprehending utterances and the structural descrip-
tions th?t a grammar (adequate to the demands of linguistic
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Clues frcm the Organization of Motor Systems 45

unite bones, cartilages, or bones and cartilages. Joints dis-
-tinguish in their design and in the number of axes on which
they can change. For example, hinge joints vary on one axis
(e.g., the elbow), ovoid joints vary on two axes (e.g., the
wrist), and ball-and-socket joints vary on three axes (e.g.,
the shoulder). The division of muscles acting at a joint into
agonist and antagonist groups is generally functional and tem-
porary rather than anatomical and fixed. The division depends
on the kind of joint trajectory required.

On the simplifying assumption that the human body is an ensem-
ble of hinge joints, it follows that the human body is mini-
mally a system of 100 mechanical degrees of freedom. We know
little for certain about the resolution of coordination and
control in systems of such complexity. Regulating a function
of, say, twenty variables is not just a matter of individually
instructing twenty processes -~ the "curse of dimensionality”
(3) or the "problem of degrees of freedom” (5) is presumably
addressed in more subtle ways. Ideas are accumulating about
the necessary design of a (motor) system expressing coordina-
tion and control of very many variables. The following inven-
tory identifies some of the more significant notions;'it is
not exclusive. ‘

Special Purpose Solutions Cavitalizing on the Features of Real-
World Complexities

For a system of very many variables, little is to be gained‘by
being able to control individually all variables. Natural
systems operate in restricted, not universal, contexts. They
do not need to do everything; they are special-purpose not
general-purpose in their design. What generality they do ex-
hibit is a conseguence of "smart", perhaps non-computational,
solutions (23) to real-world problems gathered into a coherent
style of organization (12). o N

Complementation of a System by Its Context of Constraint

It is meaningless to say that any complex system, by itself, has




*(82) walsis
®Y3 3O ubysap BY3 UT T® 0] pue 55UO paalos 2q Aew uot3zRI®d0O)

‘pe3eaaush aq 03 sey jeym 0 3uspuadepur ST 3Tyl uoTzeIadood

JO poylaw ® 3q Aew aI9ylL ‘oS Butop sxe Zays Ieyz , buimouy,
INOYITA SITRII® JO S93IBIS ,PIITSep, 93eIdULB 03 a3evxadood
‘3usTpadxa Ted0T 03 BuTpaocoow Butysz umo s3T Sutop yoeo ‘swe3sis
-qns  "uoT3IdEISIUT TRwruTw ‘arduwexs o3 ‘3uatpadxs o1duts pue
paurzep ATTe207 ® o3 Hurpaoooe sus3isdsqns Burtpunozans jo LUTTP
—-duW TrUISIXI, BY3 03 BUTILTSI Yoes ‘snowoucine aze swa3lsdsqng

S3TOoUSTpaaxd [eo0q

'suoxzém Ten3oe 03 zou s3iaed Apoq Isy3TaU O3 burxaszex

PUTY 3O®i3sqe axow e 3o s93edTpsad uy 3ng s33eoTpexd IeTnosnu
~03I8T®YS UT ,uUdIITIM, 30U 912 SIDE I07 sueld -sosodind juaxay
-3TP @a3Tyoe 03 siem IUSIBIITP UT WOPIIII JO $991H9p swes ayy
I2y3sbol Ind 03 (q) pue ssodand sues SU3 2a31yYO®R 03 Lem swes ayz
UT Wopas1z O s931563p JULISIITP I9Y3Isbo3z 3nd o3 (e) se13TTIIqQE
943 pue T0I3uU0D Pe3INQTAISTP jOo aTdtoutad sy3l woxg SMOTTOF STYL

SURTd UOT3DVY JO SSoUS3TUTISPUT

c{ez’tLe‘zt)

s3exado Asy3l yoTUM Y3TM sajestpaxd wI030W, dY3 3O 92TS uread

8y3 zo/pue adA3 sy3 Aq pPaysINBUTISTP pue SUOTIETaI 3DURUTWOD
3Tqe3nu Aq pajyuil swezsAsqns Aq AlTenpeaf paanqrIzuco sie sTIe3I9p
Yl -uw9dlsisqns o7BuTs e Aq de3zs sTburs ® UT ‘38s53no 3y3 3e
PRUTWISISP 30U 212 JUSWOAOW B JO STTe3sp Terodwsioraeds U3z 11V

SIUSWSAOK JO UOT3IONIISUOD POINGIIISTQ]

*(0€) wopsday 3O s82363DP S5,18Y30 yoes ATTen3inu UTRIISUOD O3 Iay30o
yoes JuswaTdwod ISNW IUSWUOITAUS STqeTIRATITIW $3T pU®R WA3ISAS
STAeTIRATITOW ¥, A3TTRUOTSUSWIP JO 3SIND, 2Y3 33BGISOPXD pInom
FUSUWUOITAUS pue WalsAs 3o HBuridnod ay3 usysz ‘s3TqeTaeAa 3O 3I8S
abxel asyzoue 3snl sem waysis 9IORTILPATITRW © JO JUSWUOITAUD DY
JI  "3Tun 3TBUTS B SP JUSWUOITAUS pue wa3IsAs sy3 30 ST uoT3y
-ezTURbIO B2y3z ‘BuTyesds Atisdozg *319S3T we3~3Is ay3z o3 ST 3T se
SOIBTII 3IT UDTYM O3 JUSWUOITAUD 3Y3 03 BUTMO yonw se ST UOTI
-e2TUebI0 s,we3IsAs ¥ °(zz) PUTY 3IBYI 20 STY3 3O uoTivzTuRbiO UR

Aeaxng ‘LW 9P



v

Clues from the Organization of Motor Systems 47

Separation of Activation and Tuning

Subsystems have standard behaviors or generate standard func-
tions. Activating a subsystem establishes a "ball park" of
states, a family of functions. Adjustments within the ball
park to fit current circumstances are achieved by a tuning
operation logically separable from activation (11) .

Executive Ignorance and Eguivalence Classes

In a system of distributed control, any subsystem (or set of
subsystems) assuming executive status will not know the actual
outputs'of the subordinate subsystems from which it composes

an act. This follows, in part, from the ballpark/tuning dis-
tinction. The executive might .activate a subsystem ignorant

of its tuning; executive knowledge is approximate (of the family
of functions) not precise (of the actual function). Moreover,
the outputs of subsystems are coincident over various ranges

of the executively specified function and can be interconverted
according to a local expediency of simplicity. A number of
subsystems will therefore seem equivalent to the executive.
Perhaps these equivalence classes of tunings, of subsystems,

of transitions (among subsystems as they are woven together),
etc., identify the systematically behaving predicates over .
which is defined the formal structures of the "transformational™
relation between intentions and skeletal motions (11).

Reducing Mechanical Degrees of Freedom Through Muscle Linkages
(or Svnergies, or Coordinative Structures)

Relatively independent muscles often spanning several joints

are functionally linked so as to behave as a single unit. Such
linkages may comprise the most primitive independently govern-
able actuators of movement (5). They are marked by a pro-
nounced standardizatioh. During a movement most of the internal
degrees of freedom of a muscle linkage relate among themselves
and with respect to the time frame in a fixed fashion (16,19,24).

Effectivities Relate Muscle Linkages

Muscle linkages comprise an equivalence class by expressing a
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Clues ‘from the Organization of Motor Systems 49

mind than the other - if that statement has any meaning at all.
Rather, both structures may be the same window onto physical
principles that shape things biological.

CONSTRAINTS ON MOVEMENT AND NATURALNESS IN LANGUAGE
An aggregate of very many degrees of freedom is chaotic, not
coordinated and controlled. Coordination and control imply

constraints - a reduction in degrees of freedom. But that is
not all, for constraints and degrees of freedom relate para- )
doxically: Constraints reduce degrees of freedom and enrich
qualitative distinctions. For example, Euclidean-metric geo-
metry is more richly endowed with concepts than topology from
which it is derived through the adding of very many auxiliary.
conditions (constraints). Convention identifies the fixed
constraint that permanently limits degrees of freedom and the
time-dependent constraint that alters the trajectories (through
phase space) of selected degrees of freedom in variable but
regular ways. The material specifications of muscles and nerves,
bones and joints - the anatomy ~ are fixed constraints, while
many of the items of the above inventory refer to time-depen-
dent constraints and their formal consequences. In part, under-

standing movement is identifying these constraint types and their
interrelationship.

The fixed constraints cannot be underestimated. Vertebrates move over
the ground in many ways - they walk, amble, trot, pace, canter, gallop,
and hop -~ and they do so on two or four legs. Yet vertebrate limbs,
superficially distinct, are of a common morphological design

that allows for two general mechanisms - one pendulum like and

one spring like ~ by which energy can be alternately stored

and recovered within each stride. All modes of locomotion are
understandable in terms of either one or both of these mechanisms
(6). The fixed constraint of limb design is significant in a

more general way. The possible mechanical designs permitting a
given trajectory would distinguish in terms of what is reqﬁired,
by way of control through time-dependent constraints, to effect
the trajectory. Some designs would require detailed control to
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Clues from the Organization of Motor Systems 51
THE MACHINE CONCEPTION VS. DYNAMICS

The structure and orderliness of movements are interpreted
most generally (as intimated above) through modern-day vari-

ants of Descartes' "machine conception." Control of the mechan-
ical degrees of freedom is based upon preestablished arrange-
ments among components (the negative feedback machines of cy-
bernetics) and/or preestablished ordered arrangements of specif-
ic instructions (the algorithmic machines of Artificial Intel-
ligence). There are, however, noticeable trends in biology,
physioclogy, and systems theory to question the original apothe-
osis of feedback (4,32), the reality of set-points or referent
signals as causally antecedent to behavior (9,31), and the pro-
priety of formal machine approaches (20,33). It should be
underlined that a gocd many of the properties identified above
for the control and cocordination of a multivariable system have
their origin in the machine conception: Given an artifact of
very many variables how might it be regulated? In this concep-

tion, many dimensions is a curse, many degrees of freedom a
problem. : ’

Dynamics is the commonly touted alternative to Descartes' con-
ception: The regularities - the classifications of degrees of
freedom - arise from tendencies in dynamics.  That is, forces
freely at play among mutually interacting components are con-
figured in the steady-state and in the transitions to steady-
state by an underlying gecometry of stable arrangements. Dyna-
mics has seemed inappropriate to biology in the past because
of its preoccupation with continuous motions in spaces evenly
populated with phase points (that is, with linear systems that
conserve energy), whereas the problems of biology are expressed
as discontinuities in spaces unevenly populated with preferred
stabilities (that is, the problems of nonlinear systems that
dissipate energy). Contemporary dynamics, represented notably
but not completely by Prigogine's (21) Dissipative Structure
theory, Iberall's (14) Homeokinetic theory, and Haken's (13)

Synergetics, directly address biclogy and are largely inspired
by its problems.
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mutually entrained in the fashion of limit-cycle oscillators.
The argument for the universality of cyclicity or rhythmicity
as a design principle suggests that motoric form (a) is shaped
in large part by the physics of weakly coupled oscillators of
different periodicities and (b) is most aptly described in
terms of a spectrum of stable cyclicities. Homeokinetic the-
ory and its advocacy of "biospectroscopy" (32) predict the dis-

covery of numerous cyclicities and evidence of their mutual
entrainment.

From this physical perspective it would have to be the case

that speaking and signing, like movement in general, are
necessarily rhythmical suggesting, perhaps, that their forma-
tional aspects are nontrivially determined by strictures of
cyclicity such as mutual synchronization (unilateral or recip-
rocal adjustments of the frequencies of cycles, whether they

be of the same or different magnitudes), superimposition (recip-
rocal adjustment of the amplitudes of cycles, whether they be of
the same or different frequencies), and a relatively small num-
ber of preferred (stable) phase relations. With respect to
speaking and signing these strictures can be expected to bear on
the formation of complex gestures, characterizable as a nesting
of events of different periodicities. And the strictures of
cyclicity, as treated in Homeokinetic theory, hint at a design
distinction between language spoken and signed. The coherency
of an ensemble of nonlinear cycles is determined by the longest
period over which the major thermodynamic bookkeeping is closed.
In speech a good guess is that the bookkeeping is closed over
the inspiration-expiration-inspiration cycle, the (variable)
period over which the potential energy for laryngeal‘vibration
is stored, dissipated, and restored. 1In short, the "breath
group” (17) identifies a fundamental periodicity in terms of
which articulatory cycles of shorter periods cohere. The long-
est cycle over which the bookkeeping is clesed in signing is
less obvious and definitely not respirational. This distinction
in bookkeeping may not be immaterial to the formational dis-
tinctions between spoken and signed languages.
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