A Dynamic Systems
Approach to
Development

Applications

edited by
Linda B. Smith
and

Esther Thelen



A Dynamic Systems Approach to Development
Applications

edited by Linda B. Smith and Esther Thelen

A Bradford Book

The MIT Press
Cambridge, Massachusetts
London, England



(© 1993 Massachusetts Institute of Technology

All rights reserved. No part of this book may be reproduced in any form by any electronic or
mechanical means (including photocopying, recording, or information storage and retrieval) without
permission in writing from the publisher.

This book was set in Palatino by Asco Trade Typesetting Ltd., Hong Kong, and was printed and
bound in the United States of America.

Library of Congress Cataloging-in-Publication Data

A Dynamic systems approach to development: applications / edited by
Linda B. Smith and Esther Thelen.
p. cm.—(The MIT Press/Bradford Books series in cognitive psychology)
“A Bradford book.”
Includes bibliographical references and index.
ISBN 0-262-19333-7
1. Developmental psychology. 2. System theory. I. Smith, Linda B. II. Thelen, Esther. IIl. Series.
[DNLM: 1. Child Development. 2. Child Psychology. 3. Cognition. 4. Motor Skills. 5. Systems
Theory. WS 105 D997)
BF713.5.D96 1993
155'.01'1—dc20
DNLM/DLC
for Library of Congress 92-46558
CIp



Contributors

Richard N. Aslin
Department of Psychology
University of Rochester
Rochester, New York

Bennett I. Bertenthal
Department of Psychology
University of Virginia
Charlottesville, Virginia

George Butterworth
Division of Psychology
University of Sussex
Brighton, England

Jane E. Clark

Department of Kinesiology
University of Maryland
College Park, Maryland

Avis H. Cohen

Department of Zoology
University of Maryland
College Park, Maryland

Mingzhou Ding

Center for Complex Systems and Brain

Sciences
Florida Atlantic University
Boca Raton, Florida

Carol O. Eckerman
Department of Psychology
Duke University

Durham, North Carolina

Eugene C. Goldfield

The Children’s Hospital
Boston, Massachusetts and
Harvard Medical School
Harvard University
Cambridge, Massachusetts

Kathryn Hirsh-Pasek
Department of Psychology
Temple University
Philadelphia, Pennsylvania

J. A. Scott Kelso

Center for Complex Systems and Brain

Sciences
Florida Atlantic University
Boca Raton, Florida

Gottfried Meyer-Kress
Santa Fe Institute and
Center for Nonlinear Studies

Los Alamos National Laboratory

Los Alamos, New Mexico

Darren Newtson
Department of Psychology
University of Virginia
Charlottesville, Virginia
Sally J. Phillips
Department of Kinesiology

University of Maryland
College Park, Maryland

Jeannine Pinto

Department of Psychology
University of Virginia
Charlottesville, Virginia

Mary Ann Roberton

School of Health, Physical Education, and

Recreation

Bowling Green State University

Bowling Green, Ohio



viii  Contributors

Steven S. Robertson

Department of Human Development and
Family Studies

Commell University

Ithaca, New York

Gregor Schéner

Institut fiir Neuroinformatik
Ruhr-Universitit

Bochum, Germany

Linda B. Smith
Department of Psychology
Indiana University
Bloomington, Indiana

Esther Thelen

Department of Psychology
Indiana University
Bloomington, Indiana

Terri L. Truly

Department of Kinesiology
University of Maryland
College Park, Maryland

Michael Tucker
Department of Psychology
Temple University
Philadelphia, Pennsylvania

Paul van Geert
Department of Psychology
University of Gronigen
Gronigen, The Netherlands

Peter H. Wolff
The Children’s Hospital
Boston, Massachusetts



Series Foreword

The series on Cognitive Psychology presents a collection of definitive books on cogni-
tion viewed from a psychological perspective. It includes undergraduate and graduate
textbooks, major reference works, and research monographs on the cutting edge of
psychological knowledge, and on occasion, as the situation warrants, a few edited
volumes. Books in the series concern a wide variety of topics in cognition, including
perception, attention, imagery, memory, learning, categorization, language, problem
solving, thinking, and cognitive development. Although the primary emphasis is on
presenting psychological theories and findings, most volumes in the series have an
interdisciplinary flavor, attempting to develop important connections between cogni-
tive psychology and the related fields of anthropology, computer science, education,
linguistics, neuroscience, and philosophy.

Stephen E. Palmer



Preface

”

The idea for this book grew from a workshop, “Dynamic Systems in Development,
held before the biennial meeting of the Society for Research in Child Development
(SRCD) in Kansas City in April 1989, and funded by the National Institute for Child
Health and Human Development (NICHHD). Nearly 200 participants attended the
two half-day sessions, which included a tutorial in dynamic systems principles, and
general and specific applications of these new ideas to developmental phenomena,
including perceptual-motor systems, cognition, and social and emotional development.
The organizers of the workshop (Thelen, Smith, Bertenthal, and Fogel) were surprised
and pleased at the widespread interest shown by scholars from many different coun-
tries, at different levels of experience, from graduate students to senior people, and
from the wide variety of interest areas in the SRCD, including both basic and applied
researchers. The enthusiasm of the scholarly community for these new approaches
convinced us that a collection of papers from the workshop, plus others we invited,
would find a large and receptive audience. Thelen, Smith, Kelso, and Bertenthal also
presented a day-long version of the workshop in June 1989 to the Human Develop-
ment and Aging Study Section 1 of the NICHHD, at the invitation of and funded by
the NICHHD.

Why the interest in dynamic systems? Certainly, one reason is that dynamic systems
are “in the air.” There has been a spate of accessible and engaging books, a NOVA
program, and many articles in the popular scientific journals about chaos theory,
fractals, and the wondrous properties of self-organizing systems. There are now mathe-
matical dynamicists at work not only in “think tanks” such as Los Alamos but also in
medical schools, biology laboratories, and social science departments. Although it may
be too early to tell whether the study of complex systems represents a real paradigm
shift or an insignificant blip on the scientific radar screen, it is true that these ideas have
caught the imaginations of many, scientists and laypersons alike. There is also no
question that although the principled study of complexity has heretofore been the
province of a rather eccentric fringe, the availability of massive computing resources
has brought this endeavor into the mainstream and even onto the frontier.

The Kansas City meeting demonstrated that developmentalists, perhaps uniquely
among social scientists, are unusually interested in, and receptive to, dynamic
approaches. There are several reasons why this may be so. First, there has been a long
tradition of so-called systems approaches in developmental theory, from Werner,
Waddington, von Bertalanffy, Weiss, through Piaget, Lerner, Sameroff, Gottlieb, and
others. The systems tradition is holistic, antimechanistic, probabilistic rather than
deterministic, and emphasizes self-organization and self-stabilization. This “organic”
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metaphor pervades our theory, if not our practice (see Oyama, 1985; Thelen, 1989). So
the intellectual ground has been well spaded by nrearly a century’s work.

But equally important, we believe, is the unusually wide gap between the large and
important body of empirical work in human development, and a synthetic theory or
theories to explain the extant data. Piaget filled that gap for many years for mainstream
perceptual-motor, cognitive, and to a lesser degree, social and emotional development.
Piagetians no longer dominate the scene; consequently much, and probably most,
developmental research is now atheoretical, and in some cases, even antitheoretical.
But the quest for unifying principles to explain what we know and to guide our future
work remains. Can development be so domain-specific that little or nothing can be said
about general processes? Are there higher principles of stability and change, emer-
gence and regression, of patterns over time, that transcend the particular experimental
manifestations? In short, without Piaget, can there be a relation between early sensori-
motor behavior and later cognition?

In seeking theory, developmentalists are first and foremost eager for an explanation
of change, and particularly how new forms of behavior can arise from precursors that
do not themselves contain that form. Developmental psychology, like other branches
of experimental psychology, has borrowed heavily from physical sciences before—
information-processing is the notable example—but these metaphors have fallen short
because they do not address this fundamental question. Dynamic systems are systems
that change over time and that can autonomously generate complexity and form. Even
on the surface, the metaphor fits.

And finally, we believe that developmentalists will be receptive to dynamic systems
because we come face to face with complexity, nonlinearity, and context-dependency
every day. When dealing primarily with infants and children—or with aging, handi-
capped, or disadvantaged populations—the real complexity of subjects’ lives cannot
be avoided through clever experimental design. Such populations cannot or will not
memorize lists of letters or perform constrained and simplified tasks. They bring their
family situations, physiologic and emotional states, temperaments, and abilities into
the laboratory or observational setting. Empirical tests of theoretical models of abstract
human performance are possible with healthy, young, well-educated, cooperative
adults. Theory becomes more constrained, however, when it must account for the
richness, variability, flexibility, and independence of subjects who are not being given
course credit for participating.

As the chapters in this book will attest, dynamic systems cannot yet be claimed as
a fully articulated and unified theory of development, such as, for example, that from
the singular genius of Piaget. At its current state of development, dynamic systems is
being used by different researchers and theorists for many different levels of analysis,
for behavior ranging from the physiologic to the social, and for describing change
over time scales from seconds to years. We see this diversity, however, not as a failing
of the approach, but indeed as its real strength. Because the many local deviations from
Piaget’s stage descriptions brought the whole of Piagetian structuralism into question,
we are now alert to the pitfalls of explaining too much by single, overarching organiza-
tion. It seems to us that the future of developmental theory will lie—as in dynamic
systems—with very general principles of process and change, applicable in many
domains, over many levels and time scales, but also allowing the multiple local details
to emerge from the necessary empirical work.
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The chapters in this book are among the first attempts to bridge the general princi-
ples with applications to developmental issues that span these domains, levels, and
time scales. Readers may find the diversity daunting at first, perhaps even undisci-
plined. In nearly all the chapters, dynamic principles have been used post hoc to
explain or formalize data collected previously by the authors and others, and, by
implication, for which other theoretical approaches have been less than satisfactory.
We view this enterprise as the necessary first test of dynamic ideas: Can we make more
sense of our existing data with dynamic assumptions than with other competing
framewarks? Only when the community at large, and individual researchers in particu-
lar find these ideas enlightening and even comfortable, will the more critical connec-
tions be made between theory and experimentation in the form of studies explicitly
generated by and interpreted within a dynamic framework. As readers will note from
the chapters in this book, these connections have been and are being made most clearly
by researchers in the field of perceptual-motor development, for both historical and
methodologic reasons.

We hope that readers will discern the commonly shared assumptions among the
diversity of subjects and techniques presented in these chapters. Although we point
these out more specifically in our introductions to each section, we provide a brief
overview here. Central to all dynamic formulations is the assumption that behavior and
its change over time are the result of emergent, rather than prescribed processes.
Regularity and pattern, be it the temporal organization of movement over several
time scales (see Robertson, Cohen, and Mayer-Kress; Goldfield, Roberton; Clark, Truly,
and Phillips; and Wolff), the acquisition of new words (van Geert, Tucker), or the
patterns of social interaction over hours and days (Eckerman, Newtson), does not
require the preexistence of a program, schema, code, clock, or otherwise iconic repre-
sentation of the form. Emergent form is possible, according to dynamic principles,
because the systems involved are complex, and because they utilize energy in a partic-
ular way to maintain that complexity. Complexity means that many, often heteroge-
neous components cooperate (or compete—van Geert) to produce the behavioral
outcome. The components operate at many levels of organization and at many, often
different, time scales (e.g., Goldfield, Eckerman). The behavior—a condensation of
these many possible degrees of freedom—shows pattern in time and space that is not
contained in any of the components alone. Such self-organization is possible because
dynamic systems, like all living organisms, are open systems. They freely exchange
energy with their surrounds and indeed, in thermodynamic terms, become local energy
sinks, absorbing energy and using it to maintain their order in the face of universal
energy dissipation.

The implications of seriously viewing developing organisms as dynamic, open,
contingent systems are profound. Because the state of the system depends on the
organism within its total context, there can be no logical distinction made between the
organism and the environment as the cause of behavior and its change. Causality, as a
linear chain of precedent and antecedent events, cannot be singularly assigned to any
agency within or surrounding the organism. Rather, the organism’s position in the
state space—the space defined by all possible parameters of the cooperating compo-
nents—is determined by the collective activity of those components. The system’s
stability, and thus its vulnerability to change, results from the relative dynamic inter-
actions of the components. (In their chapters, both Kelso, Ding, and Schéner, and van
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Geert show formally how complex trajectories can evolve over time from the coupling
of multiple components.) In terms of traditional developmental issues, this inseparabil-
ity means that the distinction between the “biological” and the “environmental,” in-
cluding the cultural and social context, is not tenable, nor is partitioning behavior into
these dichotomous categories.

A second challenge to traditional conceptualizations is the serious consideration of
nonlinearity. Systems composed of multiple, cooperative components do not occupy
homogeneous regions of their possible state spaces. Rather, as they evolve over time,
they may shift in a discontinuous manner from one qualitative mode to another. Phase
shifts may occur even when the two modes are separated by values on a particular
parameter so small as to be virtually undetectable by our conventional measurements.
This means that within the deterministic dynamic regime of the system as a whole,
there may be considerable local unpredictability that is not resolved by improving the
measurements. Thus, the individual course of a developmental trajectory may never be
fully knowable beforehand, even though the global outcome can be quite confidently
predicted.

Finally, in contrast to traditional views where variability from a mean standard of
performance is considered as noise in the system, dynamic approaches give variability
important theoretical status. This has two important consequences: First, the use of
group averages and conventional inferential statistics may be appropriate only at the
first, most global level of analysis. Understanding process must involve the use of
individual developmental data, collected longitudinally. Several chapters in this book
make this point; and it is noteworthy that formal dynamic treatments (Roberton,
Robertson et al,, Clark et al., and van Geert) must rely on individual data for modeling
or as exemplars. Second, as Kelso and his colleagues point out, dynamic approaches
predict increased variability as an index of patterns in transition from one form to a
new form. The notion that variability is a manifestation of transitions is not a new idea
for developmentalists, but has yet to be widely exploited as an experimental strategy
(cf. Siegler and Jenkins, 1989; Thelen and Ulrich, 1991).

We have divided the volume into two parts. We introduce part I with a primer on
dynamic pattern formation by Kelso and his colleagues. This chapter presents dynamic
principles in generic form applicable to questions of pattern formation in any biological
organism over many time scales. The remainder of the first section contains chapters
whose focus is primarily on the motor performance of developing infants and children.
Because, among all the social and behavioral sciences, dynamic approaches have been
most well-formulated for motor behavior, it is not surprising that they have also been
adopted most widely for the study of motor ontogeny. In part II, the authors cast their
nets more broadly into various domains of inquiry, including perception and its rela-
tion to action, infant state, cognition and language, and behavior within the largest
social and ecologic spheres. Finally, Richard Aslin provides a concluding commentary
and critique.
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PART 1

From the Dynamics of Motor Skill to the Dynamics
of Development

We begin this book with a tutorial on the general principles of dynamic systems by
Kelso, Ding, and Schéner. (This is an extended version of the tutorial presented by
Scott Kelso at the 1989 Society for Research in Child Development [SRCD] workshop
which inspired this collection.) This chapter is an appropriate beginning for several
reasons. First, Kelso, and his colleagues present an overview of the concepts and
techniques of dynamic principles in a abstract, rigorous, but still qualitative manner.
There is a sizable gap in the literature between the readable and popular accounts of
dynamic systems such as Gleick's Chaos and the more formal, but heavily mathematical
treatments (e.g., Haken, 1977) which may be inaccessible to many developmentalists.
We hope that chapter 1 strikes a happy balance.

Our second reason for welcoming the contribution by Kelso and his colleagues is to
emphasize the wide generality of dynamic principles. The authors wrote this tutorial
originally for an edited volume dealing with biological organization in embryology,
evolution, morphology, neurobiology, and physiology (Baskin and Mittenthal, 1992).
As they state in their introductory paragraphs, many fields in the biological sciences
deal with the same fundamental processes: the emergence of patterns in structure or
behavior, and the stability and change of those patterns. Certainly this is the foremost
enterprise of developmental psychologists. Because the concepts of dynamics are
content-free and address these questions at an abstract level, they are applicable to
behavioral development as well as to other biological processes at micro- and macro-
levels. (A number of authors have commented earlier on the relevance of contempo-
rary nonlinear dynamics to development, e.g., Brent, 1978; Kitchener, 1982; Kugler,
Kelso, and Turvey, 1982; Waddington, 1977). Explicit applications of dynamic princi-
ples to development are made by many contributors to this book and have been made
elsewhere (e.g., Thelen, 1989; Thelen, Kelso, and Fogel, 1987; Thelen and Smith, in
press; Thelen and Ulrich, 1991). For example, the concept of behavioral patterns as
attractors which change over time is central to all the chapters, as is the notion of
coupled processes. In addition Bertenthal and Pinto in chapter 8, Clark, Truly, and
Phillips (chapter 3), and Roberton (chapter 4) use phase plane depictions of motor
actions, Robertson, Cohen, and Mayer-Kress (chapter 5) find evidence of a chaotic
attractor in the cyclic activity of young infants, and van Geert (chapter 10) models
cognitive processes using the logistic equation.

The very generality of dynamic concepts as a basis for new developmental theory
has both strengths and_weaknesses: gk’
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2 Part I Introduction

uNo other developmental theory offers such sweeping generality. Even more
potent is that these principles, as attested to by Kelso and his colleagues, put the
processes of human development into the wider universe of emerging complexity seen
in all biological, and many physical, systems.

The lack of content will be seen by many as a weakness of the approach. Dynamic
systems has nothing to say about the particular collective variables, the parameters of
the state space of the developing organisms, the nature of the coupled components, or
of the internal or external mechanisms that act as the proximal agents of change. These
must all be discovered, within the assumptions of the approach, by painstaking empiri-
cal study. Thus, dynamic systems is a theory of development in the most abstract
sense: it is not a theory of motor development, or of cognitive development, or of
social development without the complement of data to test and illustrate the assump-
tions. Hopefully, the chapters that follow will make some of these connections. Thus,
we ask readers to approach the Kelso et al. chapter in the spirit of asking how these
general principles can help recast questions in their own areas of interest.

We would, in addition, like to call attention to a concept introduced by Kelso et al.
that is of special importance to developmentalists: that of intermittent dynamics. A
system exhibiting intermittent dynamics is one that “lives” near a fixed point, but not
actually in it. Many biological systems appear to display such dynamic regimes. Why
are intermittent dynamics important? A central question for developmentalists is how
behavior can show both stability and flexibility, especially the flexibility to move into
new solutions—the essence of developmental change. When behavior is seen as con-
trolled by “schemas” or programs in the brain as fixed symbols or representations, it
is a major theoretical challenge to find mechanisms by which the old schemas dissolve
to be replaced by new forms. If, however, behavior is seen as quasistable, dynamically
“visiting” a preferred configuration, but not rigidly captured by that configuration, the
origins of new cooperative relations among the components are apparent. Develop-
mentalists deal every day with systems displaying these dynamics—behaviors that are
sort of stable, but easily perturbed by even minor procedural or contextual changes, or
by the infant’s or child’s particular momentary state. In our traditional paradigms, we
call these dynamics variability or noise, and they confound our attempts to find a main
effect. But this dynamic lack of fixed responses, of the system moving and being easily
bumped, is, according to dynamic principles, a theoretical necessity for phase shifts.
Conceptualizing this inherent variability not as messiness but as the essential source of
change can profoundly reorient both the theoretical vision and the operational strategy
to developmental study.

Readers will note that this book is top-heavy with chapters about early motor and
perceptual-motor development. There are two reasons why investigators in this area
have been among the first to find dynamic systems approaches compatible and useful.
The primary reason is historical and relates to the rise in the last decade of dynamic
approaches to adult motor behavior. A few decades ago, researchers studying the
control and coordination of adult movement with the prevailing models faced a theo-
retical roadblock. Motor control was believed to be of two types, so-called closed-loop
or open-loop. Closed-loop theorists imagined the system to be a feedback loop; as
movements are produced, an error signal is fed back to a central processing station,
continuously compared with the ideal goal of the movement, and correction signals
generated centrally to keep the movements on course. Open-loop theorists, in con-
trast, believed that a central command structure or schema specified a set of instruc-



