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A “Dynamic Pattern” Perspective on the Control
and Coordination of Movement N

'J. A. Scott KELSQ, BETTY i’ULLER, and KATP:IERINE S. HARRIS

" 1. Introduction

That speech is the most highly developed motor skill possessed by all of us is a
truism: but how is this truism to be understood? Although the investigation of
speech production and that of motor behavior have proceeded largely in-
dependently of cach other, they .sharc certain conceptions of how skilled
movements are organized. Thus, regardless of whether one refers to movement
in general or to speech as a particular instance. it is assumed that for
coordination to occur, appropriate sets of muscles must be activated in proper
relationships to others, and correct amounts of facilitation and inhibition have to
be delivered to specificd muscles. That the production of even the simplest
* movement involves a multiplicity of ncuromuscular events overlapping in time
“has suggested the need for some type of organizing principle. By far the most-
" favored candidates have been the closed-lovp servomechanism accounts pro-
vided by cybemetics and its allied disciplines. and the formal machine metaphor
" of central programs. The evidence for these rival views seems o undergo
continuous updating (e.g.. Adams. 1977 Keele. 1981) and so will not be of
major concem to us here. It is sutficient to poinc out the current consensus on the
issue. namaly. that complex sequences of movement may be carried out in the
absence ot peripheral feedback. but that fesdback can be used for monitoring
small errors as weli as o facilitate correcuons in the proyram itselt’ (e.g., Koule,
931 Miles & Evans. 1979). ‘ .
But at a dueoer level. aone of these models orfers a principied account of the
- Conrcination and control of movement. The arcuments tor this ousttion have

.
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though intuitively appealing—are only semantic descriptions of systemic be-
havior. They are, in Emmett’s (1980) terms, “externalist” in nature and are

the same characteristic is represented in the motor program (e.g., Taub, 1976).
In like vein, the observation that lip rounding precedes the acoustic onset of 3
rounded vowel and’ therefore coarticulates with preceding consonants is ex-
plained by the presence of the feature [+ rounding] in the plan for a speech

gesture (cf. Fowler, 1977). Such an interpretative Strategy is akin to that of the °

observer of bee behavior who attributes the product of a behavior—-—honey
arranged in hexagonal form—to z hexagon program possessed by all bees, A

more careful analysis would reveal that hexagonal tessellation, or *‘close

Packing,” occurs whenever spherical bodies of uniform size and flexible walls
are packed together. That is to say, close packing is a consequence of dynamic

.

principles that aliow for the minimization of potential energy (least surface .

contact), and it is dynamics that determines. the emergence of hexagonal
patterns such as honeycombs (for further examples of complex form arising

from dynamic principl_es. see Thompson, 1942: Kugler et al.; 1980: Stevens,_

1974).

The gist of the message here is that if we adopt a formal machine account of
Systemic behavior, we take out, in Dennett’s (1978, p. 15) words. a **loan on
intelligence™*

of explanation at an order grain of analysis in which alj the details of movement

* must be prescribed (see Shaw & Turvey. 1981), 2 more patient approach may

be to seek-an understanding of'the relations among systemic states as necessary

a posteriori facts of coordinated activity (see Rashevsky, 1960; Shaw., Turvey, -
& Mace, 1981). In essence we would argue. as Greene (Note 1) does. that in -

- order to learn about the functions of the motor System we should tirst seek to

identity the informational units of coordination. .

Although the latter topic—coordination—has received some lip'service in the
motor control literature. a-rigorous analysis of muscle collectives has (with faw
exceptions) not been.undertaken as a serious scientific enterprise. We venture
1o guess that one of the reasons ror such a state of attairs is that extant models of
movement control (and skill learning) assume that the system is already
coordinated. Thus, servomechanisin accounts speak to the positioning of limbs
or articulators in terms of, for example. some reference level or spatiaf target,
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accompli that explains nothing, _ < '

But what doeg an adequate theory of movement coordination (and skilled
behavior as well) have to account for? F undamentally, the problem confronting
any theorist of Systemic behavior'ig living organisms is how System regulates
its interna] degrees of freedom (Bernstein, 1967, Boylls, '1975; Greene, 1972;
Iberall & McCulloch, 1969: Tsetlin, 1973; Turvey, 1977; Weiss, 1941). A
first Step toward resolving this issue in motor Systems is to cIaim—foHowing the

N - Tsetlin, 1973'; Turvey,'l977). As Gelfand et 3. (1971) suggest, leaming anew

skill (within the foregoing style of Organization) consists of acquiring a cop-
venient Synergy, thus lowering the number of parameters requiring independent
control (see Fowler & Turvey, 1978, for a skify learning perspective and Kugler,
Kelso, & Turvey, 1982, for 2 developmental analysis). Before going any
further, we should note that the term Synergy is used here in a way that is

2 common pool of afferent and/or efferent informatx’on, that are deployed as a
unit in 2 motor task,

In this chapter we do not propose to continue the polemic for a coordinative
Structure style of organization, The evidence for coordinative structures in a
large variety of activitjes is well documented (e.g..for speech. see Fowler, 1930:
for locomotion, see Boylls. 1975: for Postural balance, see Nashner, 1977: for
human interlimb toordination, see Kelso. Southard, & Goodman, 19793,
1979%) and the rationale for such an organizational style is competling, though
perhaps not aceepted by all, [nstead we wane to focus first on the fo!lowing
question: When Eroups ol muscles tunction as a single unir, what properties
(Kinematic and c!cctromynéraphic) do they exhibir? We intend to show that
there are cerdia features of feuromuscular Or2anization that are common 1o
fMany, if noc ai, modes of coordination, including human speech. Second. and
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more important, we shall attempt to provide a principled rationale for: why
coordinative structures have the properti€s that they have. Such an account will
not be in the algorithmic language of formal machines, where each aspect of the
movement plan is explicitly represented. Rather we shall develop the argu-
ment—based on dynamic principles that have their groundings in homeokinetic
physics (Iberall, 1977; Kugler et al., 1980; Yates & Iberall, 1973) and
dissipative structure (dynamic pattern) theory (Katchalsky, Rowland. &
Blumenthal, 1974 Prigogine & Nicolis, 1971)—that real systems (as opposed
- . to formal machines) consist of ensembles of coupled and mutually entrained
oscillators and that coordination is a natural consequence of this organization.

Although in previous work coordinative structures have been linked to
dissipative structures (Kelso, Holt, Kugler, & Turvey, 1980; Kugler et al.,
1980; see also Kugler et al., 1982), here we shall prefer Katchalsky's term
dynamic pattern (cf. Katchalsky et al., 1974). Traditionally. the word structure
has referred only to static spatial patterns that are at or near thermodynamic
equilibrium. In contrast, the term dissipative structure applies also to the
temporal domain and refers to open nonequilibrium systems that require energy
" to maintain spatiotemporal patterns. Thus the term dynamic patiern is preferred
not only because it removes the ambiguity between classical notions of the term -
Structure and Prigogine's dissipative structures, but also because it captures the
flavor of what is, in effect, a functional or dynamic organization. We are
persuaded of the importance of dynamic patterns because they provide an
accurate description of the appearance of qualitative change. or emergent
properties, that cannot be understood with reference to quantitatively known
component processes.

According to Katchalsky et al. (1974: see also Yates. 1980; Yates & Iberall.
1973) there are three essential ingredients for a system to display dynamic
patterns. First, there should be a sutliciently large density of interacting
elements or degrees of freedom. Second, the interactions should be nonlinear in
nature; and finally, free energy should be dissipated. As we shall see, the **stuff™*
of the motor system—synergies or coordinative structures—consists of pre-
cisely these ingredients. :

The continuous dissipation and transformation of energy results in a
fundamental property of living systems—cyclicity—and motivates the physical
theory that complex Systems are ensembles of nonlinear. limit syele oscillators
(homeokinetics: ¢.g., Iberall & McCulloch, 1969; Soodak & Iberall, 1978).-
This claim necessarily suggests that coordinated movement will be subject to
particular kinds of constraints whose form we will attempt to eluvidate shortly,
But it is to the gencral issue of constraints that we turn first.

II. Coordinative Structures as Constraints

As Mattingly (1980) points out in his review of Godel, Escher, Buch: An
Erernai Golden Braid (Hofstadter, 1979), it has long besn recognized by
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linguistic theoreticians that formal theory- of grammar that allows an up-
restricted use of recursive devices would be simply too powerful. Such a theory
would permit the grammars that occur in natural languages, as wel} asan infinite
number of grammars that bear no relation whatsoever to natural languages,
Thus the claim that programs-caq be developed to model the human mind is

notion, for example, is a description of an act—specified in"terms of the
contractions of muscles—that js too powerful because it can describe acts that
could never be performed by an actor, Theoretically, the motor program is as
viable for unorganized convulsions as it is for coordinated movement (cf.
Fowler, 1977). Boylls ( 1975) expresses an identical view of servomechanistic
- .. models, The concept of coordinative structure (in his terms, muscle linkgges)

by no means fepresents a conventional engineering approach to the control of motor
. performance, because the brain is not viewed as having the capacity to transfer an
“-existing state of the musculatyre into any other arbitrary state, ‘however bio-
mechanically sound. Most such unconstrained states would have no behavioral
“utility. Hence the linkage paradigm . . . naturally assumes that evolution has econ-

omized the motor system’s task through constraints restricting its operation to the
.domain of behaviorally useful muscle deployments, (p. 163)

If the proper unit of analysis for the motor system is indeed the coordinative
Structure, then the difference between coordinated and uncoordinated move-
ment—between control and dyscontrol_—is defined by what acts are actually
performed, since the coordinative structure by definition is functional in natyre,

what constitutes a mechanism at one leve of analysis becomes a sysiem of
interrelated subcomponents at a more refined level of analysis.! Questions
pertaining to mechanisms (e.2.. are coordinative structures mechanisms?) gre
applicable only when thq,gontex_t for the existence of a particular mechanism is
- precisely defined (Kelso & Tuller. 1981). This brings us to an important poinc:
Coordinative Structures are functional unics in the sense that the individual
degrees of freedom constituting them are constrained by particular behavioral
goals or effectivities (Turvey & Shaw, 1979), Sharing the same degrees of
For exampie. the structyre DNA can he tiken as & mechanism at one leval of analvses, but at
1n0rner level DN A s nore 1ppropriatety descrived us 3 set of tnteracting components such as
Arains ang enzvmes.
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freedom without reference to the effectivity engaged in by an actor would not
constitute a functional unit. )
Nowhere is this claim (insight?) more apparent than in modern ethological
research, where there is growing recognition that nervous systems are organized
‘with respect to the relations among components rather than to the individual
components themselves (cf. Bateson & ‘Hinde, 1976; Rashevsky, 1960). Thus,
in seeking to understand the nature of behavior, some ethologists consider it
more appropriate to look for generalities across dimensions that are physically
distinct but normally occur together (e.g., pecking and kicking during fights)
rather than across dimensions that share the same physical form (e.g., pecking
for food and pecking in fights; cf, Fentress, Note 2). In our attempts to relate
divergent levels of organization in biological systems we do well to keep the
“functional unit perspective to the forefront, for such units may well have been
the focus of natural selection. Moreover. the implications for the acquisition
of skill and motor learning are apparent. For example. if one were to ask
whether speaking is a complex act. one answer would be that it is complex for
" the child who is learning to speak but simple for the adult who has already
acquired the necessary coordination to produce the sounds of the language. In
the sense that the degrees of freedom of the speech apparatus are subject to
particular constraints in the adult speaker (which it is our role to discover).then .
there is reason to believe that his or her neuromuscular organization is actually
simpler than that of the child Jor the same act (see Yates, 1978, on complexity).
Similarly, it is quite possible that so-called complex tasks that fit existing
constraints may be much more easily acquired than the “simple” tasks we ask
subjects to perform in a laboratory. We turn now to consider exactly what form
such constraints appear to take.

III. Properties of Coordinative Structures

A. Local Relations

If, as Gurfinkel, Kots, Paltsev. and Fel'dman (1971) argue, there are many
different synergies or coordinative structures. then the key problem for a science
of movement is to detect them and to define the context in which they are
naturally realized. What should we be looking for and how should we be
looking? I the constraint perspective is correct. then we may well expect to
sec—in any given activity—a constancy in the relations among components of a
coordinative structure even though the metrical values of individual components
may vary widely. For example. the temporal patterning of muscle activities may
be tixed independent of changes in the absolute muagnitude ot acuvity in each
muscle. Similarly. the temporal patterning of kinematic events may be tixed
independent of changes in the absolute magnitude or velocity of individual
movements.
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One obvious strategy for uncovering relations among components is to
- Zhange the metrica] value of an activity (e.g., by increasing the speed of the

would otherwise remain stable, For example, in the study of speech, changes in
sreaking rate and syllable stress Pose major problems for researchers looking
ot invariant acoustic definitions of phonemes. Alternatively, these changes may

‘number of recent papers (Fowler, 1977: Kelso. Holt, Kugler, & Turvey, 1980:
‘Xugler et al.; 1980; Turvey et al, 1978). Here we shall present only-a smalj
“inventory of activities that reveal those properties. We shall try to show—at
- Iacroscopic and inicroscopic levels of behavior—tha certain relations among
7ariables are maintained over changes in others. In addition. a primary goal wij|
»be to extend this analysis, in a modest Way, to the production of speech and
beyond that to the intrinsic relations that hold across the systems for speaking,
moving, and seeing. ' ' .
Eléctromyographic (EMG) investigations of locomotion illustrate the pro-

of locomotion 'r_esul't from increases in the absolute magnitude of activity during
a specific phase of the step cycle (see Grillger, 1975; Shik & Orlovskii, 1976),
but the timing of periods of muscle activity remains fixed relative to the step

The litcrature on motor control of mastication offers an abundance of data
understandable withig a constraint perspective, For example. Luschei and
Goodwin (1974) . recorded unifaterally from four muscles that raise the.
mandible in the moankey. The cessation of activity in all four muscles was
relatively synchronous whether the monkey was chewing on the side ipsilateral
Oc contralateral to the recorded side. [ contrast, the amplitude of activity in
each muscie was very sensitive to (he side of chewing. In other words. the timing
of activity periods of the four muscles remuined tixeq over large changes in
amplitude of the individual muscle activities,

Simiiar timing relations have beeq reported in human jaw-raising muscles.
Moller 1 1974) observed that the liming of activity in the medial pteryeoid and
anterior temporaiis muscles relative to each other remains unchanged during
naturat chcwing of an appie. although the individual chows are o varving
durations and ampiitudes: the muscles acuny syaergisticaiiy to rajse the raw
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generally show fixed temporal patterns of activity over substantia] changes in the
magnitude of activity. Thexton’s (1976) work suggests that this constancy of
temporal relations holds for antagonistic muscle groups as wel]. Specifically, the
timing of activity in the muscles that lower and raise the jaw is not sensitive to
changes in consistency of the chewed food. although the amplitudes of activity
in the muscles that raise the jaw decrease markedly-as the food bolus softens.
The two activities discussed. locomotion and mastication, are easily des-

- Parent. Examinations of kinematic aspects of two such activities, handwriting
and typewriting, reveal these properties of coordinative structures,

At first blush, the control of handwriting does Ot appear to be in terms of 2
fundamental motor pattern that recurs over time. The linguistig constraints are
considered primary, precluding the possibility of regularly occurring motor
events. However, when individuals are asked to vary writing speed without
varying movement amplitude, the relative timing of certain movements does not
change with speed (Viviani & Terzuolo, 1980). Specifically, the tangential
velocity. records resulting from different writing speeds revea) that overal]
duration changed markedly across speeds. But when the individual velocity
records are adjusted to approximate the average duration. the resulting pattern
is invariant. In other words, major features of writing a given word occur at a
fixed time relative to the total duration taken to write the word. The same timing
relationships are preserved over changes in magnitude of movements, over
different muscle groups, and over different environmenta] (frictional) conditions
(Denier van der Gon & Thuring, 1965; Hollerbach, 1980: Wing, 1978).

The control of typewriting, like handwriting. does not appear to be in terms of
a fundamental motor pattern that recurs over time. But Terzuolo and Viviani
(1979} looked for possible timing patterns in the motor output of professional
typists and found that for any given word, the set of ratios between the times of
occurrence of successive key-presses remained invariant over changes in the
absolute time taken o type the word. When weights wers attached to the
fingers. the temporal pattern of key-presses (the set of time ratios) was
unaffected, although the time Aecessary t type the words often tacreased. Thus.
temporal relationships among Kinematic aspects of typewriting appear to be
tightly constrained. although the time fiecessary to accomplish individual

“keystrokes may change.

A synergistic or coordinative structure style of organization appears o hold
over diverse motor acts, The question remains whether this view can be applied
to the production of Speach, Speciticaily. do temporal relationships amonyg some .
aspects of articulation remain tixed over metrical changes in the individual
variaoles? Two obvioys sources of metrical change in speech that have beur
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extensively investigated are vanations in syllable stress and Speaking rate. If the
view of systemic organization that we have elaborated here holds for Speech
production, we would expect to see a constancy in the temporal] relationships

speaking rate and syllable stress is considered as “‘the consequence of g timing
pattem imposed on g group of (invariant) phoneme commands”’ (Shaffer, 1976,
p- 387). Lindblom (1963), for €xample, suggests that each phoneme hag an
invariant “program’’ that is unaffected by changes in syllable stress or speaking
rate (tempo), Coarticulation results from the temporal overlap of éxecution of
successive programs.? Thus, when a vowel coarticulates with a folloy ring

- consonant, it is because the consonant brogram begins before the vowe]

Program is finished (see also Kozhevnikov & Chistovich, 1965; Stevens &
House, 1963). According to these views, when speakine rate increases or stress.

preceding segment s fully realized. The articulation of the first segment is
interrupted, resulting in the articulatory undershoot and temporal shortening
characteristic of both unstressed syllables and fast speaking rates. This scheme
predicts that the relative temporal alignment of control signals for successive
Segments, and thejr kinematic realizations, wij] change as stress and speaking
fate vary, a prediction contrary to the constancy 1in temporal relationships
observed in locomotion, mastication, handwriting, and typewriting,

There exists EMG evidence, albeit quite limited, that the coordinative
Structure style of organization may hold for Speech production, that is, that
temporal relationships among aspects of intersegmental aniculation'remain
constant over changes in stress and speaking rate. Experiments by Tuller
Harris, and Kelso (1982) and Tuller, Kelso, and Harris (1982) explored this
question directly by examining possible temporal constraints over muscle
activities when stress and speaking rate vary. The five muscles sampled are
known to be associated with lip. ongue. and Jaw movements during speech,

When speakers were asked to increase their rate of Speech or to decrease
syllable stress the acoustic duration of their utterances decreased as expected.,
The magnitude and duration of activity in individual muscles also changed
markedly. However, the relative timing of muscle activity was preserved over
changes in both speaking rate and syllable stress. Specitically, the relative

—_— .

“Although Lindblom’s later Work Jdoes not adhere 1o the onunaily described modet fe.y., Lindblom,
E9735 g mas “troagiy antluenced receng sxoerimental work ey, Fane, Stalhammar, Karisson,
19T Guv, 1973 Cuay, Ushyima, Hirose, & Cuper. 1973: Hams, 19781 any, we betieve, g5

TEpTesentauve of 3 class of theonss ur speecq motor control.
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timing of consonant activity and activity for the flanking voweis remained fixed
OVEr suprasegmental change,

The preservation of relative timing of muscle activities is illustrated in Figure
7-1, which is esse tially a 2 X 2 matrix of stress and rate conditions for the
atterance /papip/, Each muscle trace represents the average of 12 tokens
2roduced by one subject. Arrows indicage the onsets of activity for /a/ (anterior
belly of digastric), /p/ (orbicularis oris’inferior), and i/ (genioglossus). Onset
values, defined as the time when the relevant muscle activity increased to 10%
of its range of activity, wera determined from 2 numerical listing of the mean
amplitude of each EMG signal, in microvolts - during successjve S-msec ~

. intervals,

As is apparent from the figure, the onset of consonant-related activity
was strongly linked to the timing of activity for the flankine vowels. In this case,
the ratio of latency to period ‘was unaffected by Suprasegmental changes,
although variations-in duration and peak amplitude of activity in individyal N
muscles were evident. In al cases, the relationship maintained wag highly -
linear, though not necessarily ratiomorphic. This preservation of relatjve timing
of consonant- and vowel-related muscle activity was observed for al] utterances
and muscle combinations sampled, and wag independent of the large variations
in magnitude and duration of individual muscle activity (for detajls see Tuller,

‘Kelso, & Harris, 1982). These data fit the primary characteristic of coordi-

native structures outlined above; namely, there is a constancy in the relative
temporal patterning of COmponents, in this case muscle activities, independent
of metrical changes in the duration or absoluge magnitude of activity in each

zation. Activitics such as speech, handwriting, and typewriting usually de-
scribed as [ess stereotypic or repetitive than locomotion or mastication, can also
be described within a synergistic or coordinative structure style of control (see
also Kelso, Southard, & Goodman, 1979, 1979b). In the next section we wil]
attempt to extend this type of analysis to the refations thar hold across different

structural subsystems, such as the systems for Speaking, moving, and seeing.

B. Global Relations i

The invenwory presented above offers a view of motor systems that Gelfand and
Tsetlin (1971) refer to as welf organized. Thus the working parameters of the
system appear to faf int two distinct 2roups: essential parameters thag de-
lermine the form of the {unctica talso cailed the sructural prescription, o,
Bovlls, 1975: Kelso ac al.. 19793, 1979h: Grimm & Nashnper, 1978 Turvey e
al.. 1978). and fonessential carameters thar lead to marked changes 1n the

values of the function byt leave its peiogy essentiaily unchanged. It is possibie
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that a subdivision of this nature does not exist for every function; nevertheless.
the distinction between essential and nonessential variables (between coor-
dination and control—see Kugler et al., 1980) is apparent in a wide variety of
activities. :

As a historical note, we remark that the distinction between variables of -
coordination and control is not entirely new (although there is little doubt of our
failure to appreciate it). Over 40-years ago von Holst ( 1937/1973), following
his extensive studies of fish swimming behavior, hypothesized the presence of a
duality between frequency and amplitude of undulatory movement (see also
Webb, 1971). Invariantly, amplitude of fin movement could be modulated
(sometimes by as much as a factor of 4) by, for example, the application of a .
brief pricking stimulus to the tail, without affecting frequency in any way. Von
Holst (1937/1973) concluded that this behavior may be explained as follows:
““The automatic process (a central rhythm) determines the frequency, whilst the
number of motor cells excited by the process at any one time defines—other
things being equal—the amplitude of the oscillation™ (pp. 88-89). There seems
little doubt that neurophysiological research of the last decade has bbme out von
Holst’s thesis—in general, if not in detail—with its discovery of numerous
central rhythm generators (see Davis, 1976; Dellow & Lund. 1971; Grillner,
1975; Stein, 1978). We shall have much more to say about the nature of
rhythmical activity in the next section: for the moment let us consider the
possibility that the partitioning of variables into essential and nonessential is a
basic design strategy for motor systems.

In Section III.A we presented a brief inventory of activities that highlighted
the nature of coastraints on large numbers of muscles. Yet these activities
illustrate the partitioning of variables within local collectives of muscles—
muscles acting at single or homologous limbs or within a single structural
subsystem. The arguments that a synergistic style of organization constitutes a
design for the motor system would surely be strengthened if it could be shown
that the same classification of variables into essential and nonessential holds for
more than one structural subsystem. We turn then to examine a potential
relationship that has intrigued numerous investigators, namely. that between
speaking and manual performance.

There is reason to believe that the twQ activities may be linked by virtue of
their privileged status as unique functions of the left hemisphere. This fact has
been used to suggest that language lateralization arises as a result of the
requircment for unilateral motor control of a bilaterally innervated vocal
apparatus ( Liberman, 1974). _ :

Relatedly, in their well-known “‘tunctional cerebral space”  modal,
Kinsbourne and Hicks (1978a. 1978b) suggest that because the human operator
has access 0 a limited amount of functional cerebral space. excitation from
putative cortical control centers that are close together (e.g., for spexking and
conwrolling the right hand) is likely to overrlow and cause intrahemispheric
interterence. Conaversely, the greater the functional distance betwezn controt
centers. the less likely is contamination trom one center to the other and the
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actter js Performance on simultaneous tasks, Experiments showing that righy.

=

Aand Superiority i balancing a dowe| op the indey finger js lost when Subjects
#re required o Speak while doing the task (e.g., Kinsbourne & Cook, 1971
Hicks, 197s. Hicks, Provenzano, & Rybstein, 1975) ap seem to Support some

Movemen; constant, The Wavelorm data for one such subject are shown in_
Figure 7-2 Itis quite obvioyg that finger Movements qp0 modulzucd—;in spite of

x'nstrucu'ons aot to Jy S0—such that they vontorm ¢y the spescp SUess pattern:

:Wc have tested 3 gy of seven subicets i a numhqrm’dinkrcnt SXperimentyy situationy, :\lthough
we shall noyg preseng Werazed dygy here, the tivuray shown y4re representaye ot the PEROMAnCe (o
wH ot our Subivets, [y face, SOme subjeces MW eregrer erfects thyq those Hustraeey here,

*T'he APparatus fi,e feeordiag 1.y, Movemenyy pay been deseribed iy deray elsewhere tKelso &
Huo, 1430, Basuc:.'iiv, e finyger Mips g 5 sMeeve Whose dxiy o LAty SOuDled 1y 4
FOlNtiomerar, thus “auBling iy W ubrain g gy SUMmalemen o Mnemane c.‘:zrac:-:n.\ucs. Buory tingar
iNd <peeeh Wavetoms were fecoreed o gy t2e tor 1300 oti-line BT NP ¥OP 145

ST Duer.
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Figure 7-2. " Alternate stress ‘of speaking: Simultaneous finger movement (top) and

Antegrated speech waveform (bottom) produced by a subject when told to vary the stress

of alternate syllables but maintain ‘the amplitude and frequency of finger movements
constant. -

~ that is, longer finger movements accompany stressed syllables, and shorter

finger movements accompany unstressed syllables, [s this the outcome of the
speech system “driving,”™ as it were, the motor system? A parallel experiment in
which subjects were asked to keep stress of speaking constant but to vary the
extent of finger movement (i.e., alternating long and short excursions) suggests

‘not. Often the result was that the change in amplitude of finger movement was
.accompanied by a change in the pattern of syllable production such that there

was increased stress® with the longer finger movement. The waveform data for
one such subject are shown in Figure 7-3, , .

These data speak to several issues. Of primary importance is the de-
monstration of mutual interactions among the subsystems for speaking and
manual performance. Interestingly. this theme is also borne out in recent work
on aphasic patients by Cicone, Wapner, Foldi, Zurif. and Gardner (1979).
Speech and gesture scem to follow an identical pattern in aphasia: Anterior
(Broca's) aphasics scem o gesture no more fluently than they speak. and
posterior (Wernicke's) aphasics (who generate much empty speech) gesture tar -
more than normals, ~

But the broader impact of these data on speaking and manual activity is not

—_—

< : .

“We use the word stress here guurdedly because we have not ver parrormed listener tests on
subects productions, {t is vhear, however, that the amplitude of the 2udio wiavetorm s modalated
aceording o what tne finger 1 Jdoing.
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_‘5.' Finger Movement (Fp = 1.07Hz) -~ IRL
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Figure 7-3.  Alternate extent of finger movements: Simultaneous finger movement (top)
and integrated speech waveform (bottom) produced by a subject when told to vary the

extent of alternate finger movements but produce all syllables exactly like all other
syllables. ’

.

only their indication that the two activities share a common organizational basis
(see also Studdert—Kennedy & Lane, 1980, for additional commonalities
between spoken and signed language); rather it is that the same design theme
emerges in “‘coupled”” systems as in “‘single™ systems (such as those for walking,
chewing, handwriting, typewriting, and speaking, reviewed in the preceding
section). When an individual speaks and moves at the same time, the degrees of
freedom are constrained such that the system is parameterized as a total unit,
The parameterization in this case, as in the case of single systems. takes the
form of a distribution of force (as reflected in the mutual amplitude relations)
among all the muscle groups involved,

An important propenty of collectives of muscles is their ability to establish
and maintain an organization in the face of changes in contextual conditions,
Thus Kelso and Holt ( 1980) show that human subjects can achieve invariant
end positions of a limb despite changes in inital conditions. unexpected
perturbations applied during the movement trajectory. and both of these in the
absence of awareness of limb position. The organization ot limb muscles in this
case appears to be qualitatively similar o a noalinear vibratory system {for
more dezails and further evidence see Bizzi. Dev. Morasso, & Poiit, 1978
Cooke. 1980: Fel'dman, 1966: Relso. 19771 Kelso. Holt, & Flat. 1980: Polic
& Biczi. 1978 Schmidr, 1980: see also below), Similarly. in the weil-known

spexch expeniment of Foikins and Abbs (19731, loads appiied o the jaw vieidad

“compensatory responses” in tne lips w preserve ongoing articuiation. {n tace,



possible methodological problems with compensation studies),

Is the preservation of such “equations of constraint™ in the face of unexpected
changes in environmental” context also characteristic of coupled systems? In
short, the answer appears to be yes, at least if the following eXperiment is

Tépresentative. Imagine that as an individual{s Synchronizing speech and
cyclical finger movements (in the manner referred to earlier), a sudden and
unexpected perturbation is applied to part of the system. In this case 3 torque
load (approximately 60 ounce-inch of [00-msec duration) is added to the
finger in such a way as to drive it off jts preferred trajectory (see Kelso & Holt,
1980. for details of this technique). In order for the finger to return to its stable
cycle, additional force must be supplied to the muscles. Qualitatively speaking,
an examination of the movement waveform of F igure 7-4 reveals that the finger
s back on track in the cycle ‘ollowz'ng the perturbation. Of interest, however, is
the speech pattern (again. the individual audio envelopes jn Figure 7-4

waveform occurs. This result is compatible with the present thesis that systems,
when coupled, share 2 mutual organization and that this organization may be

. Finger Mov’emén:f ('#p=1.52Hz) ‘ o ' TKL
&5 '
4 .
_/‘U*\_/L! m U EFIextOn
-65 t
100 meec

PERTURBATION

Speech

/’\l A q M\ A

i iU wiwin

—_—
COmsec
Figure 7-4. Unexpectey tinger perturhanion: Simultanceous linger movement top) and
intezrated -speech waverorm chottoms produced during a sudden. unexsected tinger

perurnation. Notice the increase ampitude of the syilable in the evela following tre
Peruroation.
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system (requiring an additional output of force to overcome it) will have a
correlated effect on other parts of the system to which itis functionally linked.
Note that as in the previous experiments on speaking and moving, there is no
support whatsoever for a one-way dominance of speech over manuaj per-
formance. Were that the Case, there is little reason to €xpect speaking to be
modified in any way by finger perturbations.

Why then does the adjustment (maladjustment may be a more appropriate
word) to speaking occur on the cycle after the perturbation? Some- insight into
this issue may be gleaned from a clever experiment on locomotion by Orlovskii

~and Shik (1965), Dogs were fitted with a force brake at the elbow joint and then
were allowed to locomote freely on a treadmill. A brief application of the brake
during the transfer-flexion phase not only retarded the movement of the elbow
but also that of the shoulder, suggesting that both Joints are constrained toact as
a unit within the act of locomotion. Spinal mechanisms were implicated because
‘the joints returned to their original velocities within 30 msec of the brake
application. But of even greater interest was the next locomotory cycle, some
- 800-900 msec'following the original perturbation. Here the’transt‘er-’ﬂexion
phase was delayed again, as if the perturbation (along with an appropriate
response) had reoccurred. Note that had the brake actually been applied. this
“phantom braking response" (Boylls, 1975) would have constituted an_
adaptation: indeed, this phenomenon of modifying current acts based on
perturbations occurring in antecedent ores is called next-cvele adapration.

Although our understanding of such phenomena is stjll rather primitive (see
Boylls, 1975, pp. 77-79, for one speculation of a neura tvpe), the present
equations-of-constraint perspective on Coupled systems offers at least a
descriptive account (see also Saltzman, 1979). From the mutual relations

"-observed-in-the stress™and finger amplitude experiments. We can generate the
following simple constraint equation:

S =k

where the variables x and y represent the set of muscles (subsystems) for
speaking and manual activity, respectively. such that a specific change in x will
¢ accompanied by a corresponding change in 3 to preserve the tunction, f;
constant. Now imagine that at tme £, the variable ¥ is altered via g peripheral
perturbation such that g change in its value (in the form of an increase in
muscular force) is necessary to overcome the disturbunce. As g conscequence of
“mechanical” constraints (¢.¢., neural conduction times, mechanical properties
of muscles) the variable X cannotimmediately adopt an appropriate valud on the
perturbed cyele. On the pext cycle. however, the variable x takes on a
compiementary value as necessary sonsequence of the fact that force is

distributed 2among both systems.

Let uy clarify one impomnant aspect of this simple formulation. The in-~
terreiations observed here are not meaningruily deseribed oy “compzaszrory.
Thatis. xis not Incremented because it has to compensate ror changesiny. The
s¥nergistic refations observed berween Speaking and maguaj activity are not
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. based on a causaj logic (because ¥, then x). Rather, the coherency between .

Systems is captured by an adjunctive proposition (since yis incremented. then x
must also be incremented).® In the stress-finger amplitude experiment. x and y
were sit’nultaneously adjusted; in the perturbation experiment, as a consequence
of inherent neuromechanical factors, Was not adjusted until the next cycle,
even though ' had returned to its preferred state. In both cases the basic notion
is the same. That is, the complementary relations observed are a consequence
of the total system functioning as a single, coherent unijt.

The global relations between speaking and manua] activity that we Rave
identified above are, it seems, far from exotic. if we look for them through the

ballistically at a target N degrees from visual center (Stevens, 1978). The
typical result is that the limb overshoots the designated target—a phenomenon
called past pointing. A common explanation of this finding is that the subject
estimates the movement as farther than N degrees because the intended eye
movement (registered by an internal copy of the command or corollary

partial extraocular paralysis’ (sce Perenin, Jeannerod, & Prablanc, 1977).
While Perenin et al. argue that the mechanism leading to spatial mis-
localizau’on involves “the monitoring of the oculomotor output itself™ rather
than corollary discharge, we believe that their results can be explained within
the present framework, We contend that the actual amount of force required to
move the partially paralyzed eye to a visual target accounts for past pointing.
-Thus in a task involving the coupling of oculomotor and limb subsystems,
paramcterization occurs over the total coupled system, so that the increase in
force required to localize a partially paralyzed or mechanically loaded eyeball
(cf. Skavenski. Haddad, & Steinman, 1972) is necessarily distributed to the
System controlling the hand in a task that requires their coupled activity. There
is 0o need to invoke 2 corollary discharge (Brindley, Goodwin. Kulikowski, &

“The 1dea that adjunctive logic rather than conditional or causal logic 15 necessary in order to
€apture the mutual compatibiitics amany SYstem components s owing to Shaw and Turvey (e,
Shaw & Turvey, (981, Turvey & Shaw. t979), There S growing acceptance of this view n
ceoloeical scicnee (of, Patten, Note 3: Paten & Auble, in press).

We are mndebted t Edward Roed for brinving these data t vur aotice. Reed procerly arsees thae
the integrauon ot eapenments an extraocular paratysis favoring coroilary discnarge tneoey (IS
Teuber, 19081 s basad on 40 drzument trom ¢xciusion: Al ather DUNNDI GCTOUALS arc excluday,
theretore coroliary disenares theory 1s correct, Weconsur witn Road. and otter 3 sumoier 32 soune ot
the dua.

. AEe Mt e ————
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Leighton, 1976; Stevens, 1978) or an efference monitoring mechanism (Perenin
et al., 1977); the eye~hand system is simply utilizing the design strategy that
seems to work for many other activities that involve large numbers of degrees of
freedom. In short, the fascinating aspect of the data linking the eye, the speech
apparatus, and the hand is that the relations observed apply-to systems whose
structural features are vastly different, just as these same coordinative structure

properties apply to more “local™ collectives of muscles that share common
structural elements. :

IV. Rationalizing Coordinative Structures as
“Dynamic Patterns’™

We have seen in the previous sections that a ubiquitous feature of collectives of
muscles is the independence of the force or power distributed into the collective
‘and the relative timing of activities (electromyographic and kinematic) within
“the collective. In fact, we have presented evidence suggesting that the motor
System has a preferred mode of coordination: Where possible. scale up on
power but keep relative timing as constant as possible. The flexibility of the
System is attained by adjusting the parametric values of inessential variab]es
without altering the basic form of the function as defined by its essential
variables. It remains for us now to rationalize why nature has adopted this
7 strategy. In particular Jet us consider why timing constraints are a principal
~ characteristic of coordinated movement. In fact, this question could take a more
gencral form: Why are humans inherently rhythmic animals?’ A short excursion
into dynamics offers an answer to these questions in terms of physical
principles. As we shall sce, the physics of systems in flux defines living
creatures as rhythmic; no new mechanisms need be introduced to account for
the inherent rhythmicity (Morowitz, 1979). : )

Dynamics—the physics of motion and change—has not been considered
particularly appropriate for an analysis of biological systems because unti} quite
recently it has dealt almost exclusively with linear conservative systems. In
simple mechanical systems such as a mass-spring, the equation of motion
describes a trajectory toward an equilibrium state. Thus a linear system
represented by the second-prder ditTerential equation

mi+tex +hky=0 ‘ o (n

will decay in proportion to the magnitude of its viscous ({rictional) term {c). and

*Pans ot thrs section also appear, with mnoe moditications, in Kelso ¢ {9911, .

"We do not beiteve this to be a trviai queston, Even "2t rest” man s voerauny periodicaily fses
Desmest 1975, t0r roview on nomal restune’” tremort. At more MASTONCOmIC Tevels we are sunfect
0 ctreadian oasaomena te.e. . Aseao, 1979} Eventne struciure of laneuaue —ir recent [EL T HT
theortes are a yaresuck 1284 Libermmun & Prince, 19771 —is maerauy roviamie,
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oscillatory motion will cease. All this is predicated on the second law of
thermodynamics—time flows in the direction of entropy. Yet living systems are
characterized by sustained motion and persistence: as Schrédinger (1945) first
remarked, they ‘‘accumulate negentropy.” Living systems are not statically
stable: they maintain their form and function by virtue of their dynamic
stability. _ ’

How'might we arrive at a physical description of biological systems that does
not violate thermodynamic law? Consider again the familiar mass-spring
equation, but this time with a forcing function, F(6):

m% + cx + kx = F(§). (2)

Obviously it is not enough to supply force to the system; to guarantee
persistence (and to satisfy thermodynamic principles) the forcing function must
“exactly offset the energy lost in each cycle. Real systems meet this requirement
by including a function—called an escapement—to overcome dissipative losses.
The escapement constitutes a nonlinear element that taps some source of
potential energy (as long as it lasts) to compensate for local thermc')dynamic
losses. Thus, a pulse or “squirt™ of energy is released via the escapement such
that, averaged over cycles, the left-hand side of Equation 2 equals the right-hand
side and sustained motion is thereby. assured. .

- The foregoing description is of course the elementary theory of the clock (see
Andranov & Chaiken, 1949; Iberall, 1975; Kugler et al., 1980; Yates & Iberall.
1973, for many more details), but it draws our attention to some fundamentaily
important concepts: First, stability can only be established and maintained if a
system performs work; second, work is accomplished by the flow of energy from
a high source of potential energy to a lower potential energy “sink:™ third. stated
as Morowitz's theorem, the flow of energy from a source to a sink will lead to at
least one cycle in the system (Morowitz, 1979). :

That cyclical phenomena abound in biological systems is hardly at issue here
(see Footnote 9, the chronobiology literature [Aschoff, 1979]. and reviews by
Oatley & Goodwin, 1971; Witke, 1977). Nor is the notion—favored by
investigators of movement over the years —that *‘clocks.” “metronomes.” or

-thythm generators may exist for purposes of timing (e.g., Keele. 1980, for
recent discussion: Kozhevnikov & Chistovich. 1965: Lashley. 1951). However.
we might emphasize that the many extrinsic “clock™ mechanisms are not
motivated by thermodynamic physical theory. The view expressed here —which
can only mirror the emphatic remarks of Yates (1980)—is that cyelicity in
complex systems is ubiquitous because it is an obligatory manifestation of a
universal design principle for autonomous svstems.

Such a toundation for complex systerms leads us. therefore. away from more
traditionz! concepts. The Bernard-Cunnoan principle of homeostasis. for
example. which provides the framework on which modern control theory—with
its reference levels, comparators, error correction mechznisms. aad S0 on—is
butit. {5 obviated by a dynamic regulation scheme in which inemai states are a
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consequence of the interaction of thermodynamic engines (Soodak & Iberall,
1278). The latter scheme, appropriately termed homeokinetic, conceives of
systemic behavior as established by an ensemble of nonlinear oscillators that
are entrained into a coherent harmonic configuration. For homeokinetics, many
degrees of freedom and the presence of active, interacting components is hardly
a “curse” in Bellman's (1961) terms; rather it is a necessary attribute of
complex systems. ' R

That the constraints imposed on ¢oordinated activity—whether of speech or
limbs (or both)—should take the form of a dissociation between power and
timing is now less mysterious within this framework than before. Coordinative
structures are nonlinear oscillators (of the limit cycle type, see below) whose
design necessarily guarantees that the timing and duration of *‘squirts” of energy
will be independent of their magnitude’ within a fixed time frame (a period of
oscillation: see Kugler et al., 1980). Referring back to Equation 2, we see that
the magnitude of the forcing function will be some proportion of the potential

- energy available, but the forcing function itself is not dependent on time (Iberall,
~1975: Yates & Iberall, 1973). Nonconservative, nonlinear oscillators are truly

autonomous devices in a formal mathematical sense; time is nowhere re-
presented in such systems (Andranov & Chaiken, 1949) and energy is provided
in a “timeless" manner. S

- An example may be helpful at this point. It comes’ from a fascinating
experiment by Orlovskii (1972) on mesencephalic locomotion in the cat. If one
selectively stimulates the hindlimb areas of Red and Dieters nuclei in a

: . stationary cat, the flexor and extensor synergies (corresponding to swing and

stance phases, respectively) can be energized. During induced locomotion.
however, continuous stimulation of one site or the other has an effect only when
the respective synergies were actually involved in the step cycle. Supraspinal
influences (the encrgy supply) are tapped only in accordance with the basic
design of the spinal circuitry. It is the latter—as in real clocks—that determines
when the system receives its pulse of energy as well as the duration of the pulse
(sce also Boylls, 1975, for a discussion of spinal *slots,” and Kots's 1977
analysis of the cyclic *‘quantized" character of supraspinal control, pp. 225~
229).

The organization realized by coordinative structures—as we have noted —is
not obtained withuut cost: nonlinear dynamic patterns emerge from the dis-
sipation of more free energy than is degraded in the driit woward equilibrium.
Thus the stbility of a collective is attained by the physical action of an
ensemble of “squirt™ systems in a manaer akin to limit cycle behavior (cf.
Katchalsky et at.. 1974 Prigogine & Nicolis. 1971 $Soodak & Iberall. 1978). ¢
remains for us now 1o illustrite —alheit briefly and in a very preliminary way—
some of the behavioral predictions of the dynanmue perspective on coordinated
movement. Thiese accessaniy fall out of the properties of nonlinear timit
cyeles —u topic that we ¢an address here only in a rather terse way. '

Homeokinetic theory characiernizes biological sysiems as ensembles of non-
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linear oscillators coupled and mutually entrained at all levels of organization. It
predicts the discovery of numerous cyclicities and evidence of their mutual
interaction. As noted above, the only cycles that meet the nonlinear, self-
_ sustaining, dynamic stability criteria that homeokinetics demands are called
limit cycles (Goodwin, 1970; Soodak & Iberall, 1978: Yates & Iberall, 1973),
and it is from their properties that insights into behavior might emerge. Here we
give a sampling of work in progress (Kelso. Holt. Rubin, & Kugler, 1981). By
and large, the research involves cyclical movements of the hand alone or in
combination with speech (see Section IIL.B).

A. Response to Perturbations and Changes in Initial Conditions

As Katéhalsky et al. (1974) note, the essentjal difference between linear or
nonlinear conservative oscillators and limit cycle’ oscillators (which obey
nonlinear dissipative dynamics) is that perturbations applied to a conservative
“oscillator will move it to another orbit or frequency, whereas a limit cycle
oscillator will maintain its orbit or frequency when perturbed. An examination
of Figure 7-5 helps clarify this point. In Figure 1-5A, we show the position
versus time and velocity versus position functions for linear and nonlinear
types of oscillators. In Figure 7-5B the spirat trajectory in the phase plane
represents an oscillation that continuously decreases in amplitude until it comes
to a standstill. This is the phase trajectory (velocity vs. position relation) of a
stable, damped oscillation. A change in any parameter in the equation describing
this motion—for example, the damping coefficient—would drastically change
the form of the solution and thus the phase trajectory. In such linear systems
there is then no preferred set of solutions in the face of parameter changes. In
sharp contrast, nonlinear oscillators of the limit cycle type possess a family of
trajectories- that all tend asymptotically toward a single limit cycle despite
. qQuantitative changes in parameter values (see Figure 7-5C). Thus. a highly
important property of limit cycle oscillators is their structural stability in the
face of variations in parameter values.

We have shown, in a set of experiments on two-handed cyclical movements
(Kelso et al.. 1981). that the limbs {in this case the fingers) maintain their
preferred frequency and amplitude relations no matter how they are perturbed.
Perturbations ook the form of briet (100 msee) or constant (applied at a
variable point during the cvele and maintained throughout) torque loads
unexpectedly applied to one hand or the other via dircet-current (de) torque
motors situated above the axis of rotation of the metacarpophalangeal joints. In
all four experiments there were no ditferences in amplitude or duration ( 1./
msect before and after perturbution (for many more detaids, see Kelso et al.
1981). Morcover, the fact that nonlinear oscillators must degrade a larg

o
amount of free energy in order o ortset the eaeryy lost during sach cycie
suggests that they wiil e quickly resettable toilowing u perturbation. This was
precisely the cuse in our expenments. The tingers were in phase in the cycie
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- Figure 7-5, Phase plane trajectories (left) and corresponding position-time functions
.. (right) for three different types of oscillation: A, idealized harmonijc motion; B. damped
- harmonic motion: C, limit cycle oscillatory motion. (From Kelso et al., 1981.)

immediate!y following ' the perturbation, as revealed by cross-correlations
between the limbs as a function of phase lag and by individual inspection of
displacement-time waveforms. This capability to return to 3 stable. bounded
phase trajectory despite perturbations. predicted by limit cycle properties, is an
extension of our previous work (and that of others) on single trajectory
movements (see Section II1.B). The latter, it will be remembered, display the

"‘equiﬁnality" property in the face of perturbations, changes in initial con-

ditions, and deafferentation (see Bizzi, this volume). The organization over the
muscles is qualitatively like g nonlinear oscillatory system, regardless of
whether one js speaking of discrete or cyclical movements (sce Fel'dman. 1966;
Fowler et al., 1980; Kelso & Holt, 1980: Kelso. Holt, Kugler, & Turvey,
1980). : '

B. Entrainment Properties

We have characterized coordination in biological systems - as arising from
cooperative relationships among nonlinear oscillator ensembles, As afready
intimated. the chjef mode of cooperation among self-sustaining oscillators is
entrainment or svnchronization, Strictly speaking, the latter terms are not
s¥reaymous: Syachronization is that state which occurs when both trequency
and phase of coupizd oscillators are matched exactly: entrainmen Terers 1o the
mutching of frequenciss, although one vscilator may fead or lag benind the
cifter, ' ' B ) : o

When coupled oscillators interace, muruat entrainment occurs the “magnee™
or M etfect of von Haolst, 1937,1973) with only a small reguency ¢

Y lotuniny



preferred relationships are ones that coupled oscillators assume under con-
ditions of maxima] coupling or phase locking. Years 480, von Holst discovered
coordinative states jn fish fin movements that correspond to the different types
of entrainment discussed here (see von Holst, 1937/1973). The most common
- mode of coordination he termed absolute coordination, a one-to-one cor-
respondence between cyclicities of different structures. The second and much
less common interactive mode he called relarive coordination. Here the fins

predict successfully patterns of feuronal activity for interlimb coordination. The -

- a5 Stein (1977) remarks, is stj]]
in an embryonic state. In our experiments we have taken a step in what we Hope

is a positive direction by;examining the qualitative predictions Jf the theory

apparent to any of us who have tried to perform different cyclical movements of

the limbs at the Same time. Thus the cyclical movements of each limb operating

singly at its own preferred frequency mutually entrain when thetwo are coupled
together (von Holst’ M effect). When an individual is asked to move his or her

modulation (von Holst's Superimposition effect). Thus on some coinciding
cycles a “*beat™ Phenomenon can be observed (particularly in the 2:1 ratio) in
which the amplitude of the higher frcqucncy hand increases in relation to
noncoincident cycles. These preferred relationships are emergent characteristics
of a system of nonlinear oscillators: the collection of mutually entrained
-oscillators functions in a single unitary manner., .
Entrainment propertics are not restricted to movements of the limbs. byt are
also evident (as predicted by the principles of homecokinetic physics) in systems
that share little or No common structyra] similarity. Retuming to our analysis of

the intcrrclutionships between speaking and manua] activity, we have shown
that subjects. when asked to speak {again the familiar syllable /stak/y at a

dificreat rate from their preterred finger rate..do so by employing low-integer
sub- or superharmonics {sce Figure 7-7). The sitation iS reversed (although
not ncccssari[y"symmc:rically) when the individual is asked o move the finger
atadifferent rate trom speaking. The ratios chosen are always simple ones {e.g.,
2:1 or 3:1: sce Figure 7-8). The stricr maintenance of cvelicity as predicted
by homeokinetic theory is ubuudamly apparent. Entrainment Lasures a stable
temporal resolution of stmuitaneouy processes throughout the whole svstem.
Maoreover, 2atraiment of oscillators is limited to a reiatively restricied fre-
queacy range captured iy fberail and McCuiloens PORUCS 28 an “orpigaj
“consteilation. -

m———— o
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Figure7-6. An example of one subject’s response to instructions to move the fi
- different frequencies. On some coinciding cycles, a*
in which the amplitude rof the higher frequency
coincident cycles (see especially 2:1 ratio).

ngers at
beat” phenomenon can be observed
hand increases in relation to non-

* Homeokinetic theory requires a dynamic system analysis that. to be used
optimally. requires a research decision as to the likely limiting conditions for the
spectrum of effects of interest. In the continuum of cyclical processes, co-
herency is determined by the longest period over which “‘thermodynamic
bookkeeping™ is closed: For those interested in the production of speech, a
possible candidate oscillation over which articulatory cycles of shorter periods
may cohere is the “‘breath group™ (Lieberman, 1967) or, more globally, the
respiratory cycle (Fowler, 1977: Turvey, 1980). The latter. tied as it is to
metabolic processes..may well be the organizing period for alf the activity
patterns of an animal. [t is well known. tor example. that during exercise,
respiration is often synchronized with movements of body purts (Astrand &
Roduil. 1970). But even when metabolic demands are not altered from a resting
state. preliminary data indicate entrainmene between breathing and limb move-
ments {see also Wilke. Lansing, & Rogers,-1973), v

In Figure 7-9 we sce data from the now tamiliar task of speaking and
pertorming cvelical finger movernents. [n the first case the subject is instructed
o move the lett inde < ringer at a ditferent rate from speech. The finger waveform
is highly reeular (3 Hzj ©XCeOL At one point where a pause is evident, From the
acousuc signal it is -obvious that the pause in finger movemsnt coincides

pertecty with respiratory inhajation, In a parailel condition in whick the subject
is instructed 1o speak at a ditferent rate from finger movernens, we ses exactly



" SUPERIMPOSED

. Figure 7-7.. Simultancous ‘finger movement (to
(ceater) produced by a subject asked to speak at a different rate fr
The subject shown considered each flexion and extensio
movement Thus, the finger-to-speech ratio is 31,

the same co-occurrence of breathing and a pause in the finger moveme
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CHANGE RATE OF SPEAKING

e Extension
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50"
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250 msac

p) and integrated speech waveform
om finger movement,
N as a scparate finger

nts (sece

Figure 7-10). Aside from the fact that these data provide further and perhaps the
most compelling evidence of eatrainment in coupled systems, there is also the

suggestion that borh systems coliere to the long

b

the system (the Tescapement’” for the thcrmodyuz_xmic power

er time-scale activity, nameiy.
reathing. Since the flow of oxygen constitutes a sustained temporal process in

cvelel, it seems

reasonabie to suppose that the respiratory eyele may play a cohering role

a
h

round which other oscillations seek to entrain. But at this poiut the question is
ypothetical in the face of nonexistent data.
- We do not wish o vive the impression, however, that the cohering role of the

respiratory evele gives it dominant status. On the conatrary, s weil known thae
the resorratory cyele itself changes characeer 0 aceommaodate the demands of
1

0

spescnte.s.. Draper, Ladutoved. & Whittenidge, 19600, I raer,
S

2 he entrainment
rthes

fUSESYSlems cannot be exprained solelv on the hasts of metapolic de

:

mands.
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Figure 7-8. Simultaneous finger movement (top) and integrated speech waveform
{center) produced by a subject when asked to move her finger at a different rate from her
speaking. This subject shows a 2:1 ratio of finger movement to specch, each syllable
synchromzed with every second ﬁn“er extension.

When subjects read silently (Conrad & Schénle, 1979), or when finger
movements required are of minimal extent (Wilke, 1977), respiratory rhythms
change in order to be compatible with the other activity. The point is that in an
oscillator ensemble there is no fixed dominance relation. There are different
modes of interaction (e.g.. frequency and amplitude modulation) and there may
be preterred phase relationships. as in the extreme case of maximal coupling or
phase locking between two oscillators. A wide variety of behavioral patterns
emerges from these interactions: there is structure and a complex network of
interconnections but. strictly §peaking, no dominance retation.

V. Concluding Remarks

The major problem ;onx’roming a theory of coerdination and control { whether it
be of speech or limbs) is the determinaiion of how stabie spatiotemporal
organizations ure realized from a nearomuscular basis of very many degress of
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freedom. Here we have offered the beginnings of an approach in which solutions
to the degrees of freedom problem may lie not in machine-type theories but in
the contemporary physical theories of dissipative structures and homeokinetics.
A central characteristic of such theories is that complex systems consist of
collectives of energy-flow systems that interact in a unitary way and, as a
consequence, exhibit limit cycle oscillation. Many of the mdtor behaviors
discussed in this chapter can be rationalized according to limit cycle properties.
" Common to all of them—including speech—is that certain qualitative properties
~ are preserved over quantitative changes in the values of individual components
(muscles, key-presses, kinematic attributes). This feature of coordinated
activity exists across all scales of observation: it is as applicable to the
microscale (e.g., physiological tremor) as it is to the gross movement patterns of
locomotion. We suspect that the functional similarities observed across levels of
analysis index the design of the motor system. Thus, even though the material
composition varies dramatically from level to level, certain qualitative
properties, like cycling, remain invariant (see Kugler et al., 1981; and for a
similar view, Mandell & Russo, 1980). . o g

Central to the view expressed here (see also Kelso, 1981: Kugleret al., 1980,
1982; Yates & Iberall, 1973) is that new forms of spatiotemporal organization
are possible when scale changes and nonlinearities are present, and an energy
supply is available. When a stable system is driven beyond a certain critical
value on one of its parameters, bifurcation occurs and qualitatively new
structures emerge (Guttinger, 1974), There are many examples of such phase
transition phenomena in nature (see Haken, 1977: Prigogine, 1980; Winfree,
1980: for examples) and probably in movement as well. We Know, for example,
that at low velocities quadrupeds locomote such that limbs of the same girdle are
always half a period out of phase. But as velocity is scaled up. there is an abrupt
transition from an asymmetric to a symmetric gait (Shik & Orlovskii, 1976).
The phase relations of the limbs change, but we doubt that a new “program™ is
required (Shapiro, Zernicke, Gregor, & Diestel, 1981) or that one needs to
- invoke a “gait selection™ process (Gallistel, 1980). Emergent spatiotemporal
order. in the view expressed here, is not owing to an a priori prescription,
independent of and causally antecedent to systemic behavior. Rather it is an a
posteriori fact of the system’s dynamic behavior. As Gibson ( 1979) remarked.
behavior is regular without being regulated. :

The present perspective —with appropriate extensions (e.z.. to a recon-
ceptualization of “information™ in naturally developing systems: Kugler et al.,
1982)—is less antireductionistic than it is an appeal for epistemological change.
Contemporary physics as characterized here does not assign priority to any
privileged scale of analysis: There is no “fundamental unit™ out of which one
£an construct a theory of systemic phenomena (sce Buckley & Peat, 1979
Yates. 1978). {astead. homeokineuces and dissipative structuresdvnamic pattern
theory otfer a single set of physical principles than can be appiied at all levels ot
anatysis. If there is ceductionism. it is not in tne analytical sense but rather o a
munimum set of priaciples. :
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