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CONSTRAINTS ON THE DEVELOPMENT OF COORDINATION

K.M. Newell

The development of coordination is one of the most important and
fascinating problems in the study of both development and action. Indeed,
Weiss (1941) has characterised the ontogeny of coordination as being
essentially the problem of the ontogenetic origin of behaviour. The signifi-
cance of coordination in physical activity is most apparent in infancy because
it is during this period that many of the basic patterns of posture and
movement appear. These basic patterns of coordination are usually called
phylogenetic activities because they are seen as fundamental to the continued
survival of the human species. Ontogenetic activities, in contrast, reflect
more socially driven skills and the shorter term demands of groups or
individuals which vary with the culture. Traditionally, these distinct classes
of activities have promoted different theoretical formulations regarding the
acquisition of coordination in action.

The domain of motor development has focused primarily on the patterns
of coordination that support engagement in phylogenetic activities, such as
sitting, standing, walking, running and grasping. The early work of Gesell
(1929), Ames (1937), McGraw (1943), Shirley (1931) and others charted the
chronological milestones in the emergence of prone progression and the other
fundamental activities of posture, locomotion and manipulation. These develop-
mental studies are also important, however, because collectively they
represent one of the few attempts to study the acquisition of coordination in
humans. This situation has arisen because studies in motor learning with
adults have focused either on tasks that require the performer to constrain
only a single degree of biomechanical freedom, which by definition excludes
a coordination problem at the behavioural level of analysis, or, on tasks
that demand a pattern of coordination that the subject can produce on the
first trial of learning (cf. Newell, 1981, 1985). Thus, the early motor
development work by Gesell and other developmentalists holds potential
significance from the general perspective of formulating theoretical notions
about the acquisition of coordination per se.

Theoretical discussion of the development of coordination is traditionally
couched in terms of the maturation vs. learning debate, or more generally,
the nature-nurture issue (cf. Bower, 1974). The drawing of a sharp dis-
tinction between the impact of endogenous and exogenous factors in the
development of coordination has waned in recent years (cf. Connolly, 1981),
as indeed it has generally in developmental psychology. Consistent with this
trend, it is primarily the similarity of the maturation and learning theories
with respect to the development of coordination that is of interest here,
rather than the traditional focus on their differences.

The maturation and learning theory approaches to motor development
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share an important assumption regarding the development of coordination.
Namely, that the coordination of activity is specified by instructions from

either a genetic code or through some instance of learning theory formulations

In other words, both the maturational and learning perspectives assume that
the development of coordination is -due to. the: development of prescriptions
for action, where "prescriptions” is taken as a general label for symbolic
knowledge structures at some level of representation prescribing the course
of action. Furthermore, recent cognitive orientations to motor development.
(e.g., Bruner, 1970., 1973; Connolly, 1970a; Zelazo, 1983)., essentially
reflect a modern prescriptive version of a learning theory approach to the
acquisition of coordination in children's physical activity (Newell & Barclay,
1982).

The traditional and contemporary prescriptive -orientations to the _
development .of .coordination stand in opposition, to the coordinative structure
theory of;action advanced by: Kugler, Kelso- and Turvey (1980, 1982). On

is. yiéw. .. coordination- emerges not from prescriptions for action but as a
_consequence .of-the; constraints imposegd;;"’o‘.n action. Thatis, constraints

eliminate -certain configurations of response ‘dynamics, with the resulting

patf_c.erh,of"{cqordination \a_reflection, of ,self-organising optimality. of the -

_biQ1§'g_ical4$system, rather than specifications, from. some prescriptive symbolic

knowledge structure. . . e .

, In this . paper;, the . prescriptive and _coordinative structure origntatiox_ié
to cogrdination are priefly contrasted.as & ‘background to outlining the :
general significance of constraints to the development of coordination. It wi
be argued that the ubiquity of order and regularity in the developmental
progressions.of children's fundamental movement patterns is determined in
large part.by. the constraints imposed on action. A general theme to.emerge
-from the -ensuing synthesis is that a research strategy that manipulates to.
the extremes-the. interaction .of organismic, environmental and task constraint
could ,prove useful in distinguishing the- utility of,. on the one hand, the .

. traditional prescriptive orientations ;to motor development, and on the other:

the coordinative .structure. perspective. In addition, an understanding of the
. significance of constraints to action opens the door, to thinking about the.
acquisition, of coordination as a general theoretical problem, independent of
the :class of activity and developmental stage of the individual. :
o v vt T . . T .

Y

Th,é Motor D:éve_lopir;ént ,Sequence

The. development .of ,c_oo_izdinajcion has been taken as synonomous .with..th
- development of fundamental movement .and posture patterns. The ubiquity f
order observed in the development of these .coordination .patterns has prar
the idea of a sequence of stages or steps in motor development. For examp
Gesell (1946, p.::302). .defined stages as.-2 series of postural transformations
In; discussing postural .t -ansformations and the dévelopment of .coordinati
Gesell ;recognised that .concepts of, morphology can be extended from physica
phenomena to-the phenomena of behaviour. In short, Gesell assumed tha
‘behaviour;has _shape...Specifically, -Gesell (1946, p: 297) proposed "a
_morphological -approach leads o the .description and measurement of specifi
forms,.. the -systematic ‘study: ;of ;topographic relations -and .correlations o
forms,_ their ontogenetic progression and involution, their comparative
features among individuals and -among ;species'l. It seems that Gesell has.an
appreciation of the significance of the topological features of the response
dynamics. although he and.other ;scholars in this early period of motor
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development never pursued this approac¢h férmally with respect to the
development of coordination. Some discussion of both the definition and -
measurement of the terms stage and coordination is essential"to a theoretlcal
consideration of the development of coordination.-

Motor Stages: Progresswe sequences of coordmatlon" -

The construct of 'stage! has had a checkered h1story in developmental
psychology (cf. Brainerd, 1978; Kessen, 19623 Wohlwill,’ 1973)." Problems"
have arisen from its use or misuse as both a descriptiveé and/or explanatory
construct. In addition, the breadth of behavieurs encompassed by the* stage

construct has made it difficult to apply 4'consistent définition. Althéugh'many
developmentalists would agree with Flavell and Wohlwill (1969)' that stage
attains its maximal usefulness when it is used in reference to a set of
behaviours intermediate in specificity bétween the ‘caseé of an isolated
response (e.g., crawling) and the case ‘of a completely non- spec1f1c array

. of behaviours associated with a given age (e.g., infancy); this is not the"
interpretation generally given to d1scuss1ons of the stage construct in''motor
development (cf. Roberton, 1978). '

Typically, "stages of motor development" is the phrase used in reference
to the order and regularity of the emergence of specific’ phylogénetic movement
patterns in infancy and the early years of childhood. Shirley (1931), on the
basis of observing 25 infants, identified five sequéntial stages in the
"development" of upright locomotion: postural control of upper beody; postural
control of entire trunk and undirected aectivity; active efforts at locomotion;
locomotion by creeping; and postural control’and-coordination of walking. ~
Similarly, McGraw (1943) categorised seven stdges of prone progression from
the newborn state to the acquisition of a characteristically human gait. More
recently, the development of ultrasound technology has allowed the charting
of the emergencé of fetal movements in uteroc (lanniruberto & Ta]am, 1981;
Reinold, 1976; de Vries, Visser & Prechtl, 1984).

Early motor development’ researchers, therefore; definied 'stage" in terms
of the specific movement patterns of children, with the implicit or explicit
maturational pred1ct1on of an invariant and universal sequence 6f movVement
patterns emerging in the deveéloping child. Although: the notion-of an-in-
variant developmental movement sequence is generally accepted thete have
been a number of documented departures from this sequence. The primary’
example is that of variations in the individual rate of developmental
progression that has been shown in cross-cultural  (cf. Super; 1981) and
training studies (e.g., Zelazo, Zelazo & Korb, 1972). However, individual
differences in rate of development' are not seriously damaging to the
maturational perspective as long as the invariant order of the coordination
sequence is preserved. Of more significance from a theoretical standpomt
are examples of omissions (e.g., Robson, 19705 Touwen, 1971), and reversals
(e.g., Touwen, 1971; Zingg, 1942) in the deVvelopmental movement sequence
Exceptions to’ the developmental movement sequence are rarely emphasised in
theoretical discussions of the development of coordination, and where they are
broached, they are‘often- d1sm1ssed due to the’ unrehab111ty of the data (e.g.,
feral children).

The discrepancy in the breadth of behaviours encompassed by ciii“fceri't
cognitive and motor interpretations of the stage corstruc¢t has also been’
recognised (Roberton, 1978). In response to this differential use of thé term
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stage, Roberton proposed that the specific intra-task developmental developed
movement sequences be referred to as steps, allowing stage to be reserved organisati
for the broader interpretation of a common approach to a set of motor tasks. '
This caveat has not generally been heeded. Rece

‘ & Profitt.

Gesell (1929, 1946, 1952) was instrumental in providing & maturational |  Colativert
interpretation of the developmental movement sequences exhibited in phylo- : of the ab
genetic skills. Essential characteristics of the maturation process were ) ela.bora“cg;
considered to be: 1) the appearance of new patterns of behaviour without quue\s'
the benefit of practice; 2) consistency in these new patterns of behaviour mbs (N‘
across subjects within the same species; and 3) an orderly and invariant of movem
sequence in the development of these behaviours. Gesell (1929) did not ! sca1e3 th
deny the influence of the environment but endogenous factors were viewed physmal
as more critical than exogenous factors in the development of coordination. Index of

to exami

The maturational perspective on motor development has been criticised _ stage_ th‘
to the extent that it has now lost much of its impact as an explanatory gcqu.1s1t}(
construct (cf. Connolly, 1970b). In spite of this trend, and the emergence - 18 viewet
of cognitive orientations to motor skill development (e.g., Bruner, 1970; age. N
Connolly, 1970a; Piaget, 1950, 1970), maturation is implicit, if not explicit, .
in current accounts of the development of coordination. Consider, for It 1
example, the systematic research by Roberton (1982) charting the invariant stages L
steps in development of throwing actions in young children.

In summary, the "stage" construct in motor development has generdlly ' stage or
referred to the specific patterns of coordination exhibited by infants and because
individuals in early childhood, rather than a disposition toward a general is nomin
set of motor behaviours. The primary, although not exclusive, theoretical ' tl}e ge
account of these developing movement patterns has been the maturational disconty
formulation, after Gesell (1929, 1946). ‘ or stepe

ment, &
With thi
Behavioural Manifestation of Coordination ties of °
on to ¢«

The development of an explanatory construct for the order and regularitj ment ‘of
observed in the progressive sequences of children's coordination patterns )
has also been hampered by the imprecise methods traditionally utilised to

describe veridically the developmental movement patterns. Furthermore, the Constra

theoretical and operational definitions of the term coordination have usually A<
been formulated as verbal descriptions of movement sequences. These des-— il
criptions have related at various times to: anatomical units and; the recer(;i.:
relative positions of the body and limbs with respect to the environment. ;oor lm
Verbal accounts of the changes in these variables in phylogenetic skills no,vx(ril.e ¢
inevitably lose the precision required to formulate theoretical constructs of coordin
the development of coordination. patterg
due to*

Attempts to provide a precise theoretical and operational framework for of ;;ref
analysis of the development of the behavioural unit in action may be enhance cf:en ra;r
by a distinction between the terms coordination, control and skill (Kugler et ormuls
al, 1980, 1982; Newell, 1985). Briefly, Kugler et al (1980) propose that: G
coordination is the function that constrains the potentially free variables ciuc
into & behavioural unit; control is the parameterisation of this function; and i‘)rot S
skill is the optimal parameterisation of this function. The language of the 'F}feozf
coordination function, that is, the essential variables that are being con- re d.ett-
strained, remains one of the fundamental unknowns in the theory of action. }c)he vf(‘)(

Formal accounts of the behavioural unit or activity may, nevertheless, be
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developed independent of the concern with the essential nature of the basic
organisational principles of movement control,

& Profitt, 1982; Johansson, von Hofsten & Jansson, 1980) show that

unique set of topological characteristics of relative motions of' the torso. and
limbs (Newell, 1985). In other words, it is’ the topological characteristics

of movement, those that remain invariant in the face of transformations of
scale, that distinguish patterns of coordination, and hence, the labelling of
physical activities. The scaling of the set of relative motions is taken as an
index of control. This operational approach provides a more rigorous' basis

to examine the- development of coordination in general, and the traditions of
stage theory approaches to motor development in barticular, whereby the
acquisition of fundamental skills, such as posture, locomotion and manipulation

is viewed to follow a series of invariant steps with increments of chonological
age. - ‘ '

It is proposed that the coordination patterns commonly construed as
stages in the development of action are, thereforé, specified by unique- sets
of relative motions (see Newell & Scully, in press, for an elaboration of this
position). Given this perspective, it is not surprising that.the concept of

is nominal. The observation of motor stages. is, thérefo_re, an instance of

the general problem of categorical perception. Hence, observation of
discontinuity in the development of action, as reflected by the terms stages
or steps, is as much a product, if not more S0, of the approach to measure-
ment, as it is to changes in behaviour itself (cf. Emde & Harmon, 1984).

tics of the response dynamics that specify a pattern of coordination, I move
on to contrast the constraints and prescriptions orientations to the develop-
ment of coordination. : -

Constraints vs. Prescriptions for the Development of Action

As it was remarked earlier, the traditional (e.g. Gesell, 1929) and more
recent cognitive (e.g., Bruner, 1970) approaches to the development of
coordination in action each assume- that- coordination is specified by symbolic
knowledge structures at some level of representation: In contrast, the
coordinative structure theory - (Kugler et al, 1980), proposes that the-
patterns: of coordination that emerge during infancy and early childhood are
due to the changing constraints imposed on action, rather than the acquisition
of prescriptions for action. The issue of constraints versus prescriptions is
central to any comparison of the coordinative structure theory with other
formulations: of the development of action (see #lso: Kelso, 1981).

Gesell (1929) postulated that maturation refers to those phases and
products of growth that are wholly or chiefly ‘due to innate and endogenous
factors. In short, maturation is mediated by genes (Gesell, 1952, p. 48).

The traditional maturation theory of development offers a form of genetic
predeterminism for the control of development in general, and‘in regard ‘to
the focus of this paper, the development of coordination patterns in particular
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The central consequences of this position are that the sequence of
development is predictable and is approximately the same for all children,
although the rate at which developmental changes take place may vary from
child to child.

The maturation viewpoint of development rests on the idea of genetically
coded instructions prescribing progressive sequence of coordination patterns
such as those observed in phylogenetic skills. However, Gesell's maturation
theory also emphasised the notion of biological constraints on development.
In discussing the developing child Gesell remarked that "his biological
equipment sets the primary limits, directions, and modalities in which he
reacts to his personal environments" (1952, p. 60). In spite of the above
viewpoint, Gesell, and subsequent proponents of the maturational view of
development, have largely failed to distinguish the contribution of pre-
scriptions and constraints to be observed progressions in children's motor
behaviour. While it can be argued that prescriptions are a special class of
constraint, it seems more useful to reserve the term prescriptions for symbolic
rule based knowledge structures. Thus, it is not clear from Gesell's writings
to what extent the order and regularity observed in children's progressions
of coordination are due to the "read-out" of prescriptions from the genetic
code or the changing status of organismic constraints, although the pre-
scriptive perspective is always emphasised in maturation theory.

Interpretations of the role of maturation theory in motor development
(e.g., Gesell, 1946; McGraw, 1943) have emphasised the genetic code basis
to maturation and, as a consequence, a programming notion to the patterns
of behavioural development. Indeed, as Prechtl and Connolly (1981) have
remarked, we have been left with the legacy of maturation as a substitute
notion for the genetical control of development in general. This legacy also
includes to some lingering degree a predetermined formulation of genetics
and its prescribed framework for motor development rather than a probabilis
tic view of the pathways travelled in development on the epigenetic landscape
(Waddington, 1957). ,

There have been attempts to characterise the genetic information coded
in DNA as a constraining rather than prescribing process (e.g., Goodwin,
1970). Indeed, Kugler et al (1980) have elaborated these arguments from
the micro level of analysis in proposing scale-independent physical
principles to account for the development of coordination. Their general
claim is that "order in biological and physiological processes is primarily
owing to dynamics and that the constraints that arise, both anatomical and
functional, serve only to channel and guide dynamics; it is not that actions
are caused by constraints, it is rather that some actions are excluded by
them" (1980, p. 9). This position allows a different interpretation of the

strong preformationist maturation hypothesis because genetic information can
be viewed as permissive, rather than deterministic, in relation -to the
development of movement patterns. :

Although the traditional maturational perspective has failed-to dis-
tinguish between prescriptions. and constraints there is no doubt that the
idea of biological constraints (broadly conceived) is central to the
maturation view. In contrast, traditional learning theory and its modern
cognitive counterparts, have typically ignored or played down the
significance of biological constraints to the development of coordination. In
particular, cognitive notions of the development of action have been largely
neutral with respect to the role of biological constraints to action. Further-
more, as Kugler et al (1980, 1982) have emphasised, medern cognitive notions
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place a heavy reliance on,computatinal solutions to the,degrees, of; freedome

‘problem in’action. (Bernstein, 1967), and in effect, clai
£very _posigble action circumstance by means, (

" Tiis divergence of emphasis on. biological e

and cognitive approaches may be due in part to
research programs on phqug_gx;etic and jon.:c,oge,:rm:cic,.skills:.._

N

ment of so-called phylogenetic and ontogenetic skills reflect. fundamentally
different processes, although. the constraints on action clearly change with
growth of the child. The differing emphasis on the significance of biological
constraints reflects an apriori theoretical bias rather than-an emphasis.
resulting from the experimental focus on. a certain set of activities..

In summary, the significance of the constraints perspective to action
advanced by the coordinative ‘structure theory (Kugler et al, 1980, 1982)
has not been fully explored with respect to the order and regularity
observed in the developmentirof young. childrents. funndamental ‘posture and
movement patterns.  The emphasis-on. constraints by the:maturational
perspective has largely been implicit whereas the cognitive orientation has
been neutral on this issue. The explicit role of constraints in the coordina-
tive structure theory stands, therefore, in marked contrast:to’traditional:y
and contemporary accounts of motor development that emphasise the role of
prescriptions. in the development:of coordinations: e mEgg e )

- Y] o T,

Cons.tfaints\.on. Aection

Constraints may be viewed as boundaries.or features: that: imit: motioniof
the entity under consideration. In engineering parlance; constraints «reduce the
number-of possible configurations of:a:system::.Constraints. exist “atovariods:
levels. of.analysis of the organism and its interaction:with e’ efivironment:
(e.g.; biochemical, biomechanical, -morphologicalyrneurologieal) .. Furthermote,
constraints may be relatively time dependent or time independent:«Thatsis;-

the rate with which constraints may change over time varies considerably.
withythe level-of analysis and parameter -under: ‘consideration s :Kugleriet al
(1980)-have argued that- descriptions. ef:cofistraints are:éssentially. no:moré:
than- alternative accounts of theidegrees:of :freedomsi althouglizconstraints:«
.mayor may not reduce the number-of: degrees of.freedomi sFornmal Kinematic
-deseriptions: can: be -applied.to 'the spacé-time: properties:of sthie.constraints™
on coordination (see:Mc@itinis: & Newell; 1982).u & ¢ oadkt el f o f
IO NORAT i LR : o e AU T S S o1 57+ bl AP B

4: . The significanee of: the icoordingtive structure: theory is riotrsimply iits:
recognition of the .role of constraints:ondegrees-of:ifreedom:intthe e sl
development. of action,- but rather, the emphasis ,it:gives: to’eonstraints:in/s
determining the' development -of coordingtion.: remphasising . the; dynamieal:
processes of action, it proposes that constraints eliminate certain: con: :
figurations of response dynamics. The resulting patterns of coordination.-.
reflect the propensity. towards. self-organising optimality in- biological:'systems.

f .
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Constraints are not accommodated by reparameterising a knowledge structure
that symbohses these constraints, as would be reflected, for example, by
the schema theory of motor learning (Schmidt, 1975). Rather, the optimality
principles reflect. the search for a stable pattern of coordination and control
that accommodates the prevallmg ‘constraints.

It is proposed that there are three categories of constraints that
interact to determine for a given organism the optimal pattern of coordination
and control for any ‘activity (Newell, 1984a). These are organismic constraints,
env1ronmenta1 constramts and task constraints (see Figure 1). The first two
categomes are based on. familiar principles but the latter category of task
constraints reqiuires justification and elaboration. The impact of orgamsmm,
env1ronmenta1 and task’ constraints to the development of coordination is
now con51dered in some detall ORGAKISH

/

CODRDIRATLOH

CONTROL

Fig. 1. A schematic diagram of the categories of constraints
that specify the optimal pattern of coordination and control.

Organismic Constraints

Constraints reside at each level of analysis of the organism. Relatively
time independent organismic constraints are typically interpreted as
structural constraints whereas the relatively time dependent constraints are
viewed as functionel constraints. For example, at the macro level of analysis,
body weight, height and shape are assumed to be structural constraints to
the development:of coordination because of their very slow (although
systematic) rate .of change with development. In contrast, the development
of synaptic connections is often taken as a functional constraint. The
structural-functional distinction -is not as qualitative as it first appears,
-due. .to the. qualifier that constralnts are relatively time dependent or.
1ndependent = TR

L It is clear.that.a wvariety of organismic constraints converge to specify
the. ap.,proprlate,., pattern of coerdination for the.developing child. In spite:
of .this realisation.,:icertain classes of biological constraints have been over:
and wunderplayed in .accounts of the development of coordination and control.
For example, the status of the child's central nervous system has long been
the basis for the increasing behavioural organisation exhibited by .the .«
developing child. The evidence for a direct link between neural development
and the. onset of new.patterns of coordination is considerably less than might:
be assumed from most developmental text books, although it should be .
evident -that »methodological problems dictate that neurological evidence is
invariably gleaned from spe01es or from preparatlons ‘other than normal
healthy 1nfants. VREITETE _—

Prechtl (1984) m summarlsmg evidence for a link between neural
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development and motor development offers two important observations. First,
growth and differentiation of the nervous system do not consist of an
autonomous 'read-out' of genetic instructions, but involve an intimate inter-
action with extrinsic factors in an extremely complex epigenetic process.
Second, neural development is not a simple linearly progressive increase

in the number of elements and their interconnections, and hence in
complexity, but also includes retrogressive processes for matching and
removing transient age-specific adaptations. These observations capture the
difficulty of mapping a causal relationship between neural constraints and the
development of coordination.

At the whole body level, a key problem to be resolved is how the motor
system accommodates to the changes in growth that occur throughout the
life span. Changes in growth and form (Thompson, 1917) are particularly
evident in infancy and the early years of childhood. These changes have
a strong impact on, among other parameters, the biomechanical constraints
to action. Cognitive notions to the development of coordination implicitly
accommodate growth changes through a rescaling of the designated knowledge
structure and its attendant burden on computational function. The coordina-
tive structure theory handles the change in growth and form through the
concept of constraints on the emergent dynamics of coordination.

A major consequence of children's growth is the change in the absolute
and relative size of respective bodyparts. These changes in body size lead
to changes in the biomechanical constraints on the system. An important
biomechanical parameter in posture and movement is the moment of inertia
of each body segment, but there have been very few studies of the rate
with which moments of inertia of body segments vary as a consequence of
growth. An exception is the study of Jensen (1981) who examined the effect
of 1 year's growth on the moment of inertia of children's body parts. 12
caucasion boys were studied with one endomorph, one mesomorph and one
ectomorph at each age of 4, 6, 9 and 12 years. The children were somato-
typed and the principal whole body moments of inertia calculated at the
beginning and end of a 12 month period.

The results of Jensen's (1981) study showed that as a consequence of
growth, the moment of inertia of the centroidal transverse axis reflected
individual increases from 12% to 57% (mean 30.8%), while the increments for
the longitudinal centroidal axis ranged from 8% to 92% (mean 33.5%). These
percentage changes in the moments of inertia far exceeded the percentage
changes in age, height (mean 4.7%) and mass (mean 15.8%). The best
predictor of the constraints on rotational movements imposed by growth was
the product of mass multipled by the square of the standing height. This
index showed an average subject increase of 27.7% over the 12-month time
span. Interestingly, Jenson found no relationship between body type and
amount of change in the moment of inertia. The changes observed in the
moments of inertia need to be accommodated by systematic (although non-
proportional) changes in strength of the individual if the same function for
coordination and control is to be appropriate for a given individual.

A more direct example of the influence of ‘macro bodyparameters on the
development of coordination can be found in Shirley (1931) and Bayley and
Davis (1935). They showed that children with proportionately longer legs
who were not overweight tended to walk earlier than did children with
proportionately shorter legs. Norval (1947) also found that an increase in
body length of 1 in led on average to a 22 day advantage in the onset of
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o voluntary walking. Changes in body form .could also be strong contributors
L to the differences in gait pattern produced by children between 1-7 years

, (Bernstein, 1967; Grieve & Gear, 1966). The establishment of an -adult-like
b gait pattern at about 7 years tends to correlate with the emergence of
adult-like ;proportions to body segments. A similar relationship exists for
the development of stance (Sinclair, 1978).

‘ Although it is clear that many organismic constraints influence the
development of coordination, it is difficult to provide a direct operational
test of the prescriptions versus constraints view of coordination. Indeed, a
recent pair of papers on the development of upright voluntary walking in
infants, reflects both the theoretical contrast and the methodological problem.
Zelazo (1983) argues that the onset of upright walking can largely be
accommodated by understanding the biomechanical constraints on walking.

A compelling and challenging line of evidence implicating the significance
of self-organisation principles in coordination is the shift of gait pattern
observed in the centipede (lithobius) when various combinations of its legs
are afiputated (von Holst, 1973). That is, the normal wavelike leg motion of
the ¢entipede is instantaneously replaced by the asymmetric gaits of
quadrupeds when all but two pairs of legs are amputated and the gaits of
six-legged insects emerge when all but three pairs of legs are amputated.

As Kugler et al (1980) indicated, the cognitive programming perspective has
considerable difficulty handling the instantaneous onset of these new patterns
of coordination. Of course, this kind of direct manipulation is not possible
with humans although accidents and illnesses can create similar human -

circumstances for study.

The coordinative structure theory would also find support in Thelen's
(1983) empirical demonstrations of shifts in locomotor coordination patterns
of the infant. It would be inferred that the onset of walking in human
infants reflects the self-organising optimality in biological systems. This
position is difficult to uphold empirically, but as prescriptive formulations of
the development of coordination do not address biological constraints in a
predictive manner, it would seem that the demonstration of a relationship of
patterns of coordination to biophysical principles would provide evidence
consistent with the coordinative structure viewpoint. It should be noted,
however, thatwwithout a direct link to biophysical principles, interpretations
of the: development of coordination in terms of optimality theory in biological
systéms. are likely:to be .as hollow as.many ‘of .the cognitive claims to mental
processes -and the like. ¢ .

v e o An FAL A A

Environmental Constraints

* "Environmentsl constraints are generally recognised as those constraints
that ‘are’ external to the organism. Any constraint on the organism-environ-
nt ‘interaction that is not internal to the organism can be viewed as’an _
onstraint. It is useful, however, to distinguish between
iment onstraints, that are general and those that are task specific.
Environméntal ‘constraints’ and task constraints are not mutually exclusive as
their definition depends on ;tl}g nature of the task.

Generally, environmental constraints are those that -are not manipulated
by the ‘experimenter and are relatively time independent. Environmental
constraints ‘may include -gravity, natural ambient temperature, natural light
and other ‘en_vironmen’cal features that are not usually adaptations of the task.
However, these environmental features can be menipulated for a given

e



351

individual by changing the environment in which' the activity takes place.
Shifts i geographical location on earth change the impact of gravity on the
performer, in addition to the natural ambient temperature and light. Extreme
changes in the influence of gravity on performance occur when' moving an
individual to a space vehicle or submerging him in water.

There have been very few tests of the influence of environmental
constraints on the development of coordination. One important environmental
contrast is the prenatal versus post-natal development period (e.g., Hooker,
1969; Ounsted & Ounsted, 1973), but few direct prenatal examinations of the
development of coordination have been undertaken until the recent use of
ultrasound technology (e.g., de Vries et al, 1984). As indicatéd earlier, this
technology has allowed a mapping of the movements of the developing fetus
in utero. There appears to be a systematic order to the development of
voluntary action ir. the fetus. However, it is interesting to note that this
. order does not foli :w the cephalo-caudal trend established for post-natal
phylogenetic activil zs. This may be due to the fact that the constraints of
‘gravity in the womb are only about one third of those facing'the neonate:
The shift from the womb to the outside environment presents additional
qualitative shifts in environmental constraints, rather tham mere scaling
changes of a given environmental parameter (such-as gravity).’

Qualitative shifts in environmental constraints influerice the pattérns of
coordination exhibited by infants. In the buoyant medium of water infants
display coordinated movement patterns lorig before they can support them-
selves posturally on land (McGraw, 1939). Similarly, rats can 'swim as soon
as they are born whereas it takes one week or so for them to locomote on
terra firma (Bekoff, 1978). Interestingly, the movement patterns exhibited
in water by infants and rats are similar to those that they produce
respectively on land. This suggests that the initial failure 6f infants and
rats to locomote on land after birth is largely due to the severe biomechanical
constraints on the onset of voluntary locomotion. ) o

Thelen (1983) has demonstrated the interaction of organism &nd
envirorimerital constraints in the development of upright welking in infants.
The stepping reflex typically disappears in infants between the age of 4 to
16 weeks and this change is ofter attributed to maturation and neurological
development. However, Thelen (1983) showed that the stepping reflex
'reappears' when the infant is supported in water. This suggests that the
disappearance of the stepping reflex is influenced by thé environmental
constraints of the medium in which the action takes place. In this case,
supporting the child's limb in water served to counteract gravitational force.

A more extreme test of environmental constraints on the development of
coordination are reflected in the traditional studies on the effect of ‘specific
‘rearing patterns (Gesell & Thompson, 1929; McGraw, 1940). Another broader
example is the impact of different cultural backgrounds on the development
of fundamental motor skills (cf. Super, 1981). These training and cross-—
cultural studies are often interpreted as tests of the maturation: and learning
perspectives of motor development, although the manipulation is not"as clear
cut as is generally assumed (cf. Bower, 1974). More importantly, from the
perspective of this paper, is the proposal that these §tudies are primarily
manipulating task constraints rather than environmental constraints; as the
key feature of the rearirnig and cross-cultural studies is the specific task
interactions that the child experiences rather than the effect of the wrelative
time independent-constraints of the environment per se. The cross—cultural
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studies primarily reveal variations in the timing of the onsets of the steps
of the developmental movement sequence rather than systematic shifts in the
order of.the developing movement sequences (cf. Super, 1981). This finding
suggests that the general experience of interacting with the environment may
not be as influential as the various physical constraints (organismic,
environmental and task) in determining the optimal patterns of coordination.

Task Constraints

There have been a variety of definitions and classifications of tasks
(cf. Fleishman & Quaintance, 1984). These attempts at definition vary on
many dimensions, particularly with respect to their narrowness/breadth and
their inclusion or -exclusion of performer perceptions. The performer's
perception of the task constraints and the optimal patterns of coordination
for the task will be discussed subsequently. Environmental constraints reflect
the ambient conditions for the task; whereas the focus of task constraints is
the goal of the activity and the specific constraints imposed. Three categories
of task constraints are proposed. These relate to: 1) goal of the task; 2) :
rules specifying or constraining response dynamics; and 3) implements or
machines specifying or constraining response dynamics.

. .All tasks have goals that relate to the product or outcome of the action
In the majority of tasks the way in which the performer may satisfy the out-
come of the act is not specified. That is, most tasks do not specify the :
pattern of: coordination to be utilised by the performer. In some ontogenetic
skills, however, task constraints specify or limit the kinematic or dynamic
nature of the response that a performer is able to produce. '

In a number of closed sporting skills, for example, the rules of the
event specify that a specific pattern of coordination must be produced.
Indeed, as indicated earlier, some tasks are defined solely by a given
pattern of coordination. A Yamashita vault in gymnastics has a unique set
of topological characteristics dependent upon a set of relative motions. As
a consequence, the performer either executes a Yamashita or does.not.

In other tasks the rules merely constrain the range of response i
dynamics .that can be produced in pursuit of the task goal without dictating -
a specific pattern .of -response dynamics. For example, the sporting events,
of shot. put, breaststroke swimming, and tennis, provide boundaries.to the
action patterns that can be generated by the performer without specifying
an -appropriate. or optimal pattern of ecoordination. The performer's task is
to optimise performance within the imposed task constraints (Newell, 1985).

3 When the task constraints merely limit the range of coordination patterns
‘that can be.produced, the issue of what the optimal pattern of coordination

is for.a given individual becomes paramount. Skilled performance, as ‘reflecte
in the.optimalipattern of coordination and control, will be determined in the
interaction of:ithe orgenismic, environmental and task constraints. As-a

. consequence, the optimal pattern of coordination and control for a given task
will be-individual specific.” Sometimes, however, individuals interpret the
imposed constraints differently, leading to the production of different pa

of :coordination for the same set of task constraints. By the same tokem, -
individual differences in organismic constraints can lead to different optimal.. :
patterns of coordination for the same set of environmental and task constraints
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An interesting example of the significance of the interpretation of task
constraints occurred many years ago in the swimming event of breaststroke.
One of the rules (task constraints) indicated that the legs and arms should
be moved simultaneously and symmetrically. The rule, however, did not
mention whether the arms and legs could be brought out of the water. A
swimmer in the 1930's recognised that increased power could be’ gained from
an out of the water arm and leg recovery and the butterfly stroke was born
(see Wallechinsky, 1984). Indeed, in the breaststroke final at the 1952
Helsinki Olympic Games T out of 8 finalists in the men's event swam the
butterfly stroke. World records for the breaststroke event were broken
frequently as a consequence of this technique change. After the Helsinki
games, the administrators of the swimming associations separated the
breaststroke and butterfly events. In doing so, they effectively specified
different task constraints for the two events.

This example of task constraints in swimming reflects how the performer's
interpretation of the task constraints can influence the pattern of coordination
produced. Of course, in many sporting events the search for the optimal
pattern of coordination continues and formal approaches to optimisation in
human motion are being developed. Progress in the area of biomechanical
optimisation has largely superceded the traditional 'champion's model' approach
(Hatze, 1983).

The goal of the task, together with the constraints that specify or limit
the response dynamics for a given task, reflect rules that are implicit to the
task. Task rules are not physical barriers or limitations that physically
eliminate certain responses, nevertheless, they influence the pattern of
coordination produces by an individual in a given task. The champion's
model alluded to above is an instance where an innovative individual has
. produced a widely accepted solution to the problem of optimising performance
within the task constraints.

The third category of task constraints listed’is a physical constraint in
that it represents implements or machines that are indigenous to the task
and that specify or constrain the response dynamics. These might be
construed as a narrow interpretation of environmental constraints but it
seems useful to preserve the distinction between task and environmental
constraints. As mentioned earlier the distinction is task specific. An object
could be a task constraint in one activity and an environmental constraint
in another. In the main, however, objects used for grasping, implements used
in task interactions, and machines such as lawn mowers, cars, bicycles, etc.,
will be viewed as imposing task constraints. These physical objects specify
or constrain the response dynamics in a manner similar to the rule based
constraints discussed above. .

The size and weight of task objects or machines relative to the body
size of the individual, reflect physical constraints on the optimal pattern of
coordination in relation to the task goal. There have been very few tests
of task by organismic constraint interactions on the pattern of coordination.
For example, while object size is often implicated-as a significant factor in
prehension, the classical normative data on the development of prehension is
severely restricted with respect to the range of object size manipulated.
Indeed, the continued reliance on the Halverson (1931, 1932) project as
reflective of the normative data on the development of prehension seems
unwarranted. In the main, the impact. of body scale on the development of
coordination has been underemphasised, in spite of the early writings of
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Thompson (1917) and the recent analysis by Kugler-et al {(1982).

- T -

'-tOtI'-lerf,,tas\k cons;craint‘ limitations to investigations of the development of

prehension have been exposed by von Hofsten (1979, 1982, 1983; von Hofsten

& Iindhagan, 1979). When 2. week-old -infants have appropriate postural
support.they reach and make contact with a-brightly colored moving object
in .a manner consistent -with -anticipatory behaviour. This kind of infant
catching skill (von:Hofsten, .1983) is counterintuitive to traditional notions
about the.development .of coincident timing behaviour and prehension. :

In practice,..the impact of task constraints on:the .development of
coordination: is.slowly being acknowledged. An increasing-number of toy
manufacturers and sporting associations are body sealing the task constraints
which generally means reducing the size. of .implements and activity . boundaries
for younger children. The establishment of physical principles of body size

. to implement -size ratios specifying a given pattern of coordination remains

an-interesting-possibility -and one that would-‘be consonant with the co- -
ordinative .structure: theory. Dimensionless body.uscaled ratios that correspond

to shifts in..gait pattern (cf. Alexander,. 1984) and the perception of -
affordances (Warren, 1984) have been reported.- : <

Summary
The -optimal pattern of coordination and -control for.a given-individual
is specified by the interaction of organismic, environmental and task
constraints. .. The relative impact of these three categories of constraint on
the pattern.of coordination varies according. to the .specific situation.
Interestingly., iin; terms -of .whole-body mechanical constraints,. @ppropriate
changes -in itwo .or:three of the constraint categories, can preserve the
relative effect of forces on a given pattern of coordination. . :

The -extant.theories relating to the development of coordination-
recogniseiitoisome:greater or less degree- the significance of constraints on.
action .although the :theoretical interpretation ,given: to. constraints varies. .
Traditionally: it iis: the ;organismic immaturity. of the neurological.system-that '
is takemras. thesdimiting .factor:in- the.rdevelopment: of .coordination. ‘It is
proposed: thati:a.research strategy -that-manipulates: to -the- extreme the: « «.
interaction:.of: organismie:: environmental .and task constraints<could prove-
usefulzin: tests the preseriptions -versus- constraints .perspectives to. the.
<development of ‘coordination.: Theoretical orientation aside; it would appear
thet:the impact of ;task<constraints-in relation to the.body .scdle of the’
subjectiissan overlooked.factor in descriptive accounts of coordination in -
general, and the progressions of the developmental movement sequence in -
particular. : :

IRV AN SAN ol P SRV ot & R ST RO .

.The current :synthesis:-suggests that:azmore extreme.«maﬁipulétion of

b
4

~the:constraints on.actionsthan heretofore sundertaken might provide a -strong

test. 'of: currentinotions~of -the development of coerdination. A key -point is:
the recognition’that the optimal péattern:.of:.coordination iszspecified by the
interaction:of: the three isources:of -constraints, namely; organismic, .envir:
onmental -arid: task. - The impact .oftask: constraints may primarily reside inuk;
the"development {of ontogeneticiiskills ;~although' prehension is clearly influence
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by task factors.

In a general sense, the manipulation of constraints holds some .
similarities to the early tests of the maturation and learnlng theory accounts
of development. However, the theoretical s1gn1f1cance given to constramts in
the coordinative structure theory (Kugler et al, 1980, 1982) is very "different.
Even on a descriptive level, the elaboration of, the constraints perspective
offered here is much broader than traditional tests of maturation and learning
theory and seems a more viable approach to determine the degree to which
departures from the traditionally accepted norms of motor development can
occur. A major problem is that the bandwidth of the stability of the co-
ordination patterns for the phylogenet1c skills is so robust that it is
difficult to engender shifts in the pattern of coordmatmn

The manipulation of constraints in studying the development of co-
ordination should not proceed in isolation with respect to children. Indeed,
manipulation of constraints with adults will offer a basis to understand the
generality of the principles advanced. One problem is that adults are typlcally
seen as the "norm" or "bench mark" for comparison with children. If organis-
mic constraints influence coordination patterns along the lines suggested here,
children will not necessarily exhibit adult-like. patterns of coordination and
control for the same set of environmental and task constraints. Indeed, 'if
they did, concerns might be expressed about the integrity of the central
nervous system This philosophy for comparing child and adult patterns of
coordination is counter to traditional prescriptive views of development which

have been driven by the maturational perspective. One can probably change
or reverse the developmental progression of coordination by the manipulation
of mechanical constraints and induce adults to generate coordination patterns
that are typically dubbed as immature or child-like.

In summary, the emphasis of constraints in the coordinative structure
perspective (Kugler et al, 1980, 1982) offers a firm theoretical base to re-
examine the traditional notions of motor development. In particular, the
constraints perspective forces a different interpretation of both the
developmental movement sequence and the traditional distinction between
phylogenetic and ontogenetic activities. Arising from such a reexamination is
the notion that principles of the acquisition of coordination may cut across
class of activity and developmental maturity of the individual.

The constraints perspective suggests that the ubiquity of order and
regularity in the development of coordination is due to the similarity of
constraints imposed on the infant and young children rather than a conse-
quence of a common set of genetic prescriptions for the human species. The
range of constraints manipulated in the infant to date has not been sufficient
generally to engender s1gn1flcant shifts in the developmental movement
sequence. It is not surprising, therefore, that the universality of an invariant
developmental movement sequences gives prima-facie evidence for the
maturational theory of motor development.

It would appear that only strong manipulations of the physical con-
straints to action are likely to give rise to patterns of coordination different
to those of the traditional developmental movement sequence. In the main,
the manipulations required will not be the norm for societies of any culture,
and, therefore, it is unlikely that many naturally emerging examples of new
patterns of coordination will be generated that depart from the traditional
developmental sequence. However, as it was. documented earlier, exceptions
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to the developmental movement sequence already exist. The constraints
perspective suggests that these departures need to be considered more
seriously than they typically are. Furthermore, stronger manipulation of the
constraints to action would provide additional evidence of departures from
the developmental sequence and the emergence of new patterns of co-
ordination. Broadening the range of constraints to action would help promote
and test the idea that it is the influence of constraints that is important
rather than an emphasis on either endogenous or exogenous factors. These
intrinsic and extrinsic factors to the development of coordination cannot be
separated via an analysis of variance model to motor development.

The constraints perspective also leads to the postulation that the
traditional distinction between activity classes does not carry with it any
significance for theoretical principles regarding the acquisition of co-
ordination per se. From the constraints perspective, phylogenetic activities
are common to the species because of the ubiquity of the constraints imposed
to the development of coordination.

The distinction between phylogenetic and ontogenetic activities has been
at the heart of the division between the fields of motor development and
motor learning. Eliminating the basis of the distinction between these classes
of activity opens the door to the establishment of principles for the
acquisition of coordination per se, independent of activity class and stage
of individual development.
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