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EXPLORING EXPLORATION IN THE 
DEVELOPMENT OF ACTION 

John Van der Kamp and Geert J. P. Savelsbergh 
Free University, Amsterdam 

In this paper the role of exploration in the development of action is discussed 
from the perspective of the natural physical approach. It is argued that by means of 
repeated exploration of the perceptual-motor work space, infants discover new coupl
ings between information and movement; that is, new stable modes of action are 
acquired for a particular task. Furthermore, it is assumed that exploration is the 
behavioral equivalent of the fiuctations that are indicators of transitions in movement 
actions. Exploration is assumed to be constrained by, and specific to, the transition 
at hand. Three exploratory search strategies (blind, local and non-local) are discus
sed and illustrated with the example of infant reaching. 
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In this paper the role of exploration with respect to the development of action is 

discussed. This discussion partly reflects the growing awareness of the importance of 
exploration in the development of movement action (see, for example, the special issue 

of Child Development, 64, 1993). To assess the concept of exploration in the develop

ment of action, a short overview of the concept of exploration from the point of view 

of traditional drive and information processing approaches is presented first. Then, by 
combining the tools from non-linear dynamics with the ecological approach to percep

tion and action, a natural physical approach (see Savelsbergh & Van der Kamp, this 

volume) of exploration is offered. In this approach exploration is regarded as a search 

of the perceptual-motor work space as result of which new couplings of perception and 

action are discovered. Furthermore, following Newell, Kugler, Van Emmerik & 
McDonald (1989), different search strategies are mentioned and illustrated by reaching 

in 3 to 6 month old infants. 

The traditional view 
The classic perspective asserts that exploration is instigated by organismic drives 
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(e. g. Nissen, 1954). To reduce primary drives like hunger, thirst, sex etc., the organ
ism starts exploring until a consummatory response reduces the specific need. This 
terminates the exploratory activity. Through repetition of this sequence, the response 
is learned. It became clear, however, that various exploratory activities occurred in 
the absence of primary needs. In the famous study of Butler for example, monkeys 
learned to make discriminations in order to peek through a window, solely for the 
purpose of peeking. To accomodate these findings, alterations to the traditional 
scheme were suggested. Among others, a kind of independent exploratory drive was 
postulated which could be evoked by novel, complex or unfamiliar external objects or 
events (e. g. Montgommery, 1954). 

Two decades later, cognitive approaches were predominant in psychology and 
exploration was considered to have a motivation inherent in information processing and 
action. Exploration was said to be instigated by an incongruence between a stimulus 
and a standard. An information conflict led to the modification or construction of the 
cognitive schemas and representations (e. g. Hunt, 1963; Nunnally & Lemond, 1973). 
Difficulties often arose, however, if one tried to differentiate between acquiring new 
skills and adapting a skill to slightly altered situations. Hence, it was unclear whether 
exploration should be confined to skill acquisition or if it should also involve adaptation 
to local circumstances. In short, within an information processing approach, explora
tion in relation to action was a poorly defined concept with no formal status. This 
paper seeks to find a more formal description of the role of exploration in the develop
ment of action. 

A new view of exploration: A natural physical approach 

Today, in the age of non-linear dynamics, the tools of catastrophe theory (and 
most recently complexity theory, see Levin, 1993) have become available to detect and 
describe qualitative changes or transitions. As a consequence, many studies concerned 
with the development of movement action are focusing on transitions (e. g. Goldfield, 
Kay & Warren, 1993; Thelen & Ulrich, 1991; Thelen, Corbetta, Kamm, Spencer, 
Schneider, & Zernicke 1993; Wimmers, Savelsbergh, Beek & Hopkins, this volume). 
Several indicators of the presence of transitional behaviour can be discriminated; 
Namely, hysteresis, enhanced fluctuations, critical slowing down (for a enumerative 
description of these criteria, see Wimmers et a!., this volume). We would like to 
argue that, in relation to exploration, enhanced fluctuations are particularly interesting 
(see also Robertson, 1993; Turvey & Fitzpatrick, 1993). Enhanced fluctuations are 
reflected by larger variability or unpredictability in behaviour. These fluctuations 

enable the actor to discover or acquire new movement possibilities. In this sense, the 
concept of exploration is confined to the emergence of new skills (or stable modes) and 

does not involve adaptation or tuning to local circumstances. If fluctuations during 
transitions are the equivalent of exploratory activities, what picture emerges of the 
development of movement actions? 

Although the nativist theories of researchers such as Gesell, McGraw and Shirley 
are not widely held anymore, the value of their descriptive studies is unquestioned. 
They described the development of action as a sequence of different motor milestones 
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such as reaching, grasping, crawling, creeping, sitting, walking etc. From the point of 
view of the natural physical approach (Savelsbergh & Van der Kamp, this volume), 
the emergence of these motor milestones is not just a consequence of the maturation of 
the nervous system, but a consequence of changing interaction between organismic and 
environmental constraints (Out & Savelsbergh, this volume). Important in this respect 
is the notion of the perceptual-motor workspace (Kugler & Turvey, 1987: Newell, 
Kugler, Van Emmerik & McDonald, 1989; Newell, McDonald & Kugler, 1991). The 

perceptual- motor workspace is regarded as; 

the dynamic interface between informational flows arising from perception and 
the kinetic flows arising from action. These fields are viewed as complementary 
in that not only can forces (kinetics) give rise to changes in flows (kinematics) 

but, in addition, flows can give rise to changes in the forces (Newell et a!., 1991, 
p.96). 

The perceptual-motor workspace of the organism-environment interaction can be 
modelled as a 'layout' of gradient and equilibrium regions, i. e. as a field of interacting 
attractors. These attractors are defined over both physical and informational factors 
i. e. as a specific coupling between perception and action (Gibson, 1979). On a be

havioural level, the attractors specify different stable modes of action (motor mile
stones). From this perspective, development is regarded as the transition from one 
stable mode of action to another (e. g. from reaching to grasping; see Wimmers et a!., 
this volume). Stated differently, development is the emergence of new dynamical 
attractors (Kugler, Kelso & Turvey, 1982). The question that arises is how these new 
attractors or perception-action couplings are discovered. In other words, how are new 
stable modes of action acquired? 

Discovering new perception-action couplings and acquiring new stable modes of 

action involve exploring and locating the gradient and equilibrium regions of the per
ceptual-motor workspace at hand. Exploration of the perceptual-motor workspace 
guides the organism to the discovery of new couplings between the informational and 
kinetic flows, thereby providing new stable modes of action (Goldfield et a!., 1993; 
Kugler & Turvey, 1987; Newell et a!., 1989, 1991: Savelsbergh & Van der Kamp, 1993, 
this volume; Thelen, 1990, Warren, 1990). Hence, development of action is achieved 
through exploration, i. e. by repeatedly producing (slightly) different movements or 
experimenting with different musculoskeletal organisations (d. Goldfield et a!., 1993) 
whereby the infant learns how to co ordinate and control his action system. The infant 
perceives information (proprioceptive, visual) produced by his/her movements and dis

covers how this information can be used to guide his/her movements. As argued 
above, this exploratory behaviour is especially prominent during transitions. This is 
nicely shown by Thelen in her earlier ethologically oriented studies (979). She studied 
the occurrence of rhythmical behaviours like kicking, rocking, arm waving and banging 

in natural settings and showed that these behaviours occurred most frequently around 
transitions in movement actions. Rocking on hands and feet, for example, emerged in 
development just before the onset of crawling. This rocking presumably represents the 
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infant's exploration of his action capabilities and the (proprioceptive) information it 
produces. This eventually leads to a new stable mode of action (crawling). Through 
exploration of the perceptual-motor workspace the infant discovers how perception and 
action are coupled. 

Exploration of the perceptual-motor workspace (i. e. moving in it) both creates 
and annihilates equilibrium or gradient regions (Kugler & Turvey, 1987). Hence, the 
dynamical structure of the perceptual-motor workspace changes during exploration. 

This provides information which can be used to guide exploration (Newell et al. 1989, 
Gibson, 1988). In other words, exploration is not completely random but is constrained 

by, and specific to, the transition at hand. It is constrained because the exploration is 
dependent on the already acquired stable mode. Thelen et al. (1993) showed that the 

onset of reaching and grasping involves an increase or decrease of the initial muscle 
stiffness depending on the state of spontaneous movements before the onset of reaching. 
It is specific because exploration is directed toward one particular new stable mode of 
action, such as the rocking of hands and feet occurring only before the onset of crawl
ing (Thelen, 1979). 

Thus, exploration is constrained and specific. What about the instigation of 
exploratory behaviour? Bak & Chen (1991) argued that large interactive dynamical 
systems 

'perpetually organise themselves to a critical state in which a minor event starts 
a chain reaction that can lead to a catastrophe (p.26)'. 

They termed this the theory of self-organised criticality. The action systems of 
humans with its many components (joints, muscles and nerves) might be such a large 
interactive system. If so, action systems evolve to fields where transitions from one 
stable mode of action to another stable mode of action are to be expected, i. e. to tran
sitional regions. By this reasoning exploration can be considered as an inherent dynam
ical property of developing action systems, guiding the system to new stable modes of 
action. Intuitively and tentatively, this might also open new perspectives on 
intentionality in development. 

If, as argued, exploration of the evolving perceptual-motor workspace is import
ant in motor development and skill acquisition, a characterisation of such exploratory 
behaviour might help us to understand development. Following Gelfand & Tsetlin 
(1962), Newell et al. (1989) proposed three exploratory strategies: blind search, local 
search and non-local search. Blind search represents a strategy in which single equilib
rium regions (attractors) are explored or located in a random or well-defined order 
without the use of memory characteristics. Local search, on the other hand, represents 
a continuous search of one equilibrium region or attract or space using knowledge from 
a previous search. A non-local search can be described as a non-continuous or inter
mittent search that is not confined to one equilibrium region or attractor. It enables a 
greater part of the workspace to be explored, often in conjunction with local search 
strategies. 

To illustrate the above search strategies we will discuss some data from a recent 
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experiment (Savelsbergh & Van der Kamp, 1993, submitted). In this experiment, 3 to 
6 month old infants seated in an infant chair were presented with a cardboard of nine 
red foam plastic balls (diameter 2. 5cm). These balls were equally distributed in three 
rows and three columns. The balls were presented to the infants in three times for one 
minute each time. The number and duration of the reaches were scored. It was found 
that, in addition to one-handed and two-handed attempts an third type of coordination 
occurred. The younger infants (3 and 4 month olds) did not, but the older infants (5 
and 6 month olds) did grasp the edge of the board with one hand, while reaching for 
the ball with the other hand. This strategy occurred only in the 5 and 6 months olds, 
that is, near the time of onset of a more stable form of reaching, grasping and catching 
(Von Hofsten, 1984). What is the significance of this particular behaviour in the older 
infants? One hypothesis is that, by grasping the board, infants become able to change 
the reaching distance. This enables the infants to explore the perceptual-motor work
space for this reaching task in new ways. In other words, by varying the reaching 
distance, an optimal fit between infant and environment is actively being sought. 

If this true, a different search strategy would be expected when the cardboard is 
grasped. To test this assumption, the nine balls in the reaching task were considered 
as attractors, and the balls which were successively grasped or contacted (Figure 1) 

was plotted. 
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FIGURE 1 The distribution of the contacted and grasped balls. The left pannel shows a 24-
weeks-old infant not grasping the board, the right pannel shows the same infant 
grasping the board with the left hand (- - -left hand; - right hand). 

Differences in the distribution of contacted balls may indicate different search 
strategies. If contacts and grasps are concentrated around one ball, a local search 
strategy is assumed to be represented. If, on the other hand, contacts and grasps are 
distributed equally between several balls, a non-local or blind search strategy is 
assumed to be represented (it is difficult to distinguish blind and non-local search strat-
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egies on basis of spatial distribution only"). Figure 1 (a) shows the distribution of 
contacted and grasped balls for a 24 week old infant for one minute when the board 
was grasped only once. In this situation, the right hand seems to represent a local 
search strategy; that is, the hand is predominantly directed to one ball. Figure 1 (b) 
shows the same infant for another minute. Now all contacts were made while the 
contra-lateral hand was grasping the edge of the cardboard. Here, the right hand is 
not directed to one particular ball, and shows a non local or blind search strategy. A 
tentative conclusion is that the emergence of grasping the board with one hand while 
reaching with the contra-lateral hand is accompanied by a change in search strategy, 
indicating that this behaviour may be regarded as a form of exploraton. In other 
words, when the cardboard comes within reach -as a consequence of growth of arm 
length- the dynamical layout of the perceptual-motor workspace changes, giving rise 

to a change in search strategy, which is specific for this task and the transition to 
reaching and grasping. 

Conclusion 
The natural physical approach, i. e. the ecological approach to perception and 

action using the tools of non-linear dynamics, offers a new point of view on exploration 
in the development of movement action. By means of repeated exploration of the per· 
ceptual-motor workspace, infants discover new couplings between information and 
movement. Hence, new stable modes of action are acquired for a particular task. It 

is assumed that exploration is inherent in the dynamics of large interactive dynamic 
systems and that exploration is reflected by the larger variability in behaviour in partic· 
ular during transitions. Furthermore, exploration is thought to be constrained by, and 
specific to, a particular transition of one stable mode of action to the other. 
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