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The Dynamical Challenge

ANDY CLARK
Washington University

Recent studies such as Thelen and Smith (1994}, Kelso, {1995), Van Gelder,
(1995), Beer, {1995), and others have presented a forceful case for a dynam-
ical systems approach to understanding cognition and adaptive behavior.
These studies call into question some foundational assumptions concerning
the nature of cognitive scientific explanation and (in particular) the role of
notions such as internal representation and computation. These are exciting
and important challenges. But they must be handled with care. It is all too
easy, in this debate, to lose sight of the explanatorily important issues and to
talk at cross-purposes, courtesy of the (surprisingly) various ways in which dif-
ferent theorists often conceive the key terms. The primary goal of the present
paper is thus a modest one: to begin to clarify just what is at issue and to high-
light some of the most central and pressing concerns. In so doing, we may
hope to develop a constructive framework for future debate. In addition, I try
to open up a space of intermediate options—ways in which dynamical and
representational/computational understandings may sometimes afford com-
plementary (rather than competing) perspectives on adaptive success.

1. A NASCENT SCEPTICISM

These are exciting times for Cognitive Science. Once-unchallenged ideas concerning the
nature of internal representational systems have been upset by the explosion of interest in
connectionist and neural network models.! More recently still, even the bedrock notions of
internal representation and computational explanation themselves have been subject to
increasing critical scrutiny. In particular, several theorists concerned to do justice to the
special nature of embodied intelligent systems have endorsed versions of a rather radical
claim which goes something-like this:

The Radical Embodied Cognition Thesis: Structured, Symbolic, Representational and
Computational views of cognition are mistaken. Embodied cognition is best studied
using non-computational and non-representational ideas and explanatory schemes
involving e.g. the tools of Dynamical Systems Theory.
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Versions of this thesis can be found, for example, in recent work in developmental psy-
chology (Thelen & Smith, 1994, Thelen, 1995), work on real-world robotics and autono-
mous agent theory (Smithers, 1994, Brooks, 1991), in philosophical treatments such as
Wheeler (1994), and in some neuroscientific and neurobiological approaches such as Mat-
urana & Varela (1980), Skarda and Freeman (1987). More circumspect treatments which
nonetheless tend towards scepticism about computation and internal representation include
Beer and Gallagher (1992), Beer (1995), Kelso (1995), Van Gelder (1995), Varela,
Thompson and Rosch (1991), and essays in Port and Van Gelder (1995). Historical prece-
dents for such scepticism are also in vogue and include especially Heidegger (1927:1965),
Merleau-Ponty (1945:1962), and the work of J.J. Gibson and the ecological psychologists
(e.g. Gibson, 1979).

The Radical Embodied Cognition Thesis constitutes, I believe, one of the most impor-
tant and challenging developments in contemporary cognitive science. But it is a develop-
ment whose genuine value is easily obscured by terminological misunderstandings (the
word representation being an especially slippery case) and knee-jerk reactions (its just
behaviorism, or, on the other side, cartesianism). The goal of the present paper is to clarify
the nature of the genuine, open, empirical questions that are at issue and to develop a
framework for constructive future debate. In addition, I shall try to open up a space of inter-
mediate options-—ways in which dynamical and representational tools may afford comple-
mentary (not competing) perspectives on adaptive success.

The strategy is as follows. I next (section 2) outline four ways in which the slippery term
representation may be used. Of these four, only the last two constitute substantive, empir-
ically significant options. Section 3 pursues some case studies of dynamical explanation
and tries to identify a few guiding ideas. In section 4 I identify some assumptions that may
seem to bridge the large prima facie gap between these ideas and the thesis of radical
embodied cognition. I question these assumptions and, as a result, the relevance of the
guiding ideas to the radical conclusions. What emerges, I hope, is a clearer sense of what
really distinguishes the dynamical approach-namely a deep difference in explanatory
emphasis (roughly, it is the difference between aiming to explain patterns and aiming to
understand architectures). Section 5 pursues this difference, asks how the two projects
interrelate, and suggests some ways in which they may ultimately prove complementary to
one another. The concluding section draws these threads together to paint a picture of the
main issues, and to (hopefully) clarify the space for future debate.

2. UNPACKING REPRESENTATION

The term internal representation has long stood firm as part of the basic infrastructure of
cognitive scientific research and experimentation. Connectionists, it is true, diverged from
tradition by putting their faith (for the most part) in a more implicit style of representing:
they replaced the stable, simple, highly-manipulable symbols of classical Artificial Intelli-
gence with numerical vectors and operations of vector completion and transformation. But
though the computational profile differed, the basic commitment to a vision of intelligent
behavior as involving the creation and use of internal representations remained inviolate
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Contemporary critics of representational approaches tend, as we shall see, to distrust
both classical and connectionist species of representationalism, though they typically
believe the connectionists to be ‘on the right track’—see e.g., (Wheeler, 1994), (Van
Gelder, 1995), (Thelen & Smith, 1995) and others. Our immediate task, then, is to begin to
clarify the (clearly quite general) sense of internal representation that looks to be at issue.

Let us begin with the weakest possible sense—one with which no one takes issue,
except to note that it is so weak as to be totally uninformative. This is just the bare idea of
internal state. It is agreed on all sides that flexible, adaptive, intelligent behavior often
requires a creature to respond to current situations in ways informed by past experience,
on-going goals and the like. Systems that merely react, in a pre-determined way, to imme-
diate stimuli (that will always react the same way to the same stimulus) are unable to
achieve this flexibility. What is needed is, at a minimum, the use of inner state to allow the
agent to initiate and organize behavior without immediate environmental input, to antici-
pate future environmental inputs, and so on. In short, merely reactive agents are clearly
inadequate to the full range of intelligent adaptive behaviors exhibited by biological organ-
isms. Complex persisting and updatable inner state is thus at the heart of many (probably
all) genuinely cognitive phenomena. This much must be common ground to both fans and
sceptics about internal representation. The existence and importance of complex inner state
is thus not at issue.>

Moving up a notch from the bare notion of inner state, we encounter the only slightly
less vacuous notion of environmentally-correlated inner state. On its own, however, this
requirement of correlation adds little to the bare idea of inner state. It would, after all, be
almost miraculous if some kind of correlations between adaptively useful inner states and
adaptively relevant environmental parameters did not exist. Moreover, correlation comes
cheap (mappings can always be artificially defined) and is not necessarily even function-
ally illuminating. Thus Churchland & Sejnowski, (1992, pp. 185-186) describe a neural
network in which certain hidden unit activities correlate rather nicely with the presence of
edges—but the systemic role of these units is, in fact, not to do edge detection at all but to
help extract curvature from shaded images. In sum, the bare idea of correlations between
inner states and worldly features does not provide a substantial and illuminating sense for
the term ‘internal representation.’

The crucial moment in the transition to a genuinely substantive reading comes, instead,
when we abandon the focus on mere inner state and/or correlation and replace it with a
focus on the relation most usually glossed as ‘standing-in.” All substantive notions of inter-
nal representation, I am willing to assert, have at their heart some idea of inner states (or
processes) whose real functional role is to stand-in for other (usually extra-neural) objects,
events, actions or states of affairs. Thus the philosopher John Haugeland insists (rightly)
that representation-using systems are ones that achieve some kind of coordination with
environmental features by the special method of having something else (in place of a signal
directly received from the environment) stand-in and guide behavior in its stead (Hauge-
land, 1991, p. 144).

It is immediately apparent, however, that this notion of standing-in must now be treated
with caution. For it can easily collapse back into the (too weak) notion of correlated inner
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state. There are two ways to avoid this collapse, and they correspond to the only two sub-
stantive senses of internal representation that appear to be on offer.

The first (most popular, but still relatively weak) way to avoid the collapse is to add a
proviso that standing-in requires not mere correlation but adaptively or functionally
intended correlation. This usually amounts to requiring that the correlation be non-acciden-
tal and that the inner state is in some way consumed, within the larger system, for the spe-
cific information it therefore carries. For example, a population of neurons in the posterior
parietal cortex of the rat may in this sense be said to act as stand-ins for head orientation,
since other neural systems access their patterns of activity in ways that make functional
(and evolutionary adaptive) sense if we assume they are accessing them so as to become
appraised of the head-orientation information (in order, e.g., to run a radial maze—see
MecNaughton & Nadel, 1990, pp. 49-50). Let us call this the Weakest-Substantive-sense of
internal representation, or weak internal representation for short

This sense of weak internal representation is, I think, faithful to the bulk of contempo-
rary neuroscientific usage—for such usage focuses on correlation but is willing (as in the
Churchland & Sejnowski example) to reject some correlations as spurious or functionally
impotent. There is, however, a final and still stronger sense of internal representation avail-
able. To bring it into focus, let us pause to rehearse a common (but initially puzzling) anti-
representationalist response to the story so far.

The response goes something like this: all these readings of internal representation
remain basically external—they show (at most) that it may sometimes help us to under-
stand a system’s inner organization if we identify certain inner states with information-
bearing roles. But it does not follow, from this that those states are representations for the
organism itself. This general kind of response can be found in e.g., (Brooks & Stein, 1993;
Beer, 1995).

What can it mean? At first sight, it looks to be a version of the old and discredited idea
that every representation needs an intelligent (maybe even conscious) user. But this, of
course, is exactly the intuition that early work on automatic computing systems was sup-
posed to defeat.* A more interesting and plausible reading, I suggest,5 turns on the differ-
ence between inner systems that operate only so as to control immediate environmental
interactions and ones that use inner resources to model the world so as to obviate the need
for such continual environmental interaction.

An illustration will help. Consider two ways to solve the problem of finding your way
out of a radial maze. One way relies (initially) on trial and error, but the system stores good
solutions and (over time) supports successful maze-running. Activation of the maze-run-
ning routine is initiated by perceptual input that selects (by pattern association) a set of
motor commands that will take the agent through the maze from a starting point thus spec-
ified—there can be many starting points, each having associated with it a learnt motor rou-
tine. In addition (let us assume) the agent can vary its responses according to its current
goal states. If it is hungry, the sight of the maze will induce maze-running (there is food at
the end!). If it is not hungry, the same perceptual input will have no effect.

This creature (call it Maze-runner 1) clearly exploits complex inner states whose func-
tional role involves correlations with specific environmental features-——hence it is a locus
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of weak-substantive internal representation. But it is not really capable of modeling its
world in the stronger sense mentioned above. To see what is missing, consider Maze-run-
ner 2.

Maze-runner 2 is very like Maze-runner 1, but it includes some extra circuitry. This
extra circuitry allows the agent to reason about maze-running off-line. Thus, confronted by
a new way into the maze, the agent can deploy a tactic of vicarious exploration (see Camp-
bell, 1974) to determine a viable route in advance of actual physical action. To support
such functionality, the system uses distinct inner states as stand-ins for distinct features of
the maze, and is set up (by learning, evolution or hand-coding) so that the relations between
these inner states mirror the actual relations (of distance, accessibility, etc.) between real-
world maze-features. Notice, then, that all that need ultimately distinguish such a case from
any similarly articulated case of weak-substantive internal representation is the capacity to
access such inner structures off-line and thus to support planning and problem-solving in
the absence of rich on-going environmental exchange.

This description of strong internal representation is deliberately vague concerning the
actual mechanisms involved (for a worked example involving the capacity to strongly
model potential motor activity, see Grush, 1995). For it does not matter what the mecha-
nisms are (neural nets, object-oriented programs, expert systems, etc.) as long as they dis-
play certain key features. First, they must involve inner states or processes whose
functional role is to coordinate the system’s activity with its world (no mere correlations).
Second, we must be able to identify specific inner states or processes with specific repre-
sentational roles—we must be able to isolate, within the system, the inner parameters or
processes that stand-in for particular extra-neural states of affairs (otherwise we confront
only complex inner state implicated in successful agent-environment coordination). And
lastly, the system must be capable of using these inner states or processes so as to solve
problems off-line, to engage in vicarious explorations of a domain, and so on. It is this last
capacity that distinguishes the genuine model-using agents from the rest.% Strong internal
representation is thus of a piece with the capacity to use inner models instead of real-world
action and search. Inner states and processes that function as stand-ins in such models are,
I suggest, genuinely representations for the agent and not simply useful glosses imposed
from outside.

3. THE DYNAMICAL CHALLENGE

The Radical Embodied Cognition Thesis (see section 1) is motivated, in part, by a number
of recent demonstrations spanning a variety of disciplines and approaches including devel-
opmental psychology, robotics and autonomous agent theory, and the general study of
dynamic pattern formation. The common ground of these various investigations is (very
roughly) the idea that certain target phenomena—including some cognitive and psycholog-
ical ones—are best understood as the emergent products of the complex, often non-linear
and temporally rich, interplay between a variety of forces. This interplay can be wholly
internal or (more frequently) can involve, as ‘equal partners,” internal, bodily, and environ-
mental factors. Where target phenomena depend on such complex interactions (internal or
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otherwise), they are best explained, it is argued, using alternative,non-representational
tools (such as those of pure dynamical systems theory) -tools suited to the study of emer-
gent phenomena in de-centralized and self-organizing systems.

To get the flavor of these ideas in action, let us briefly (too briefly, but see Clark, 1997,
for a fuller treatment) examine three representative cases, beginning with a basic physical
example.

Case One: The BZ Reaction

In the Belousov-Zhabotinsky (BZ) reaction, four reactants (malonic acid, potassium bro-
mate, cerjum sulfate and sulfuric acid) are pumped into an agitated tank. After a time, the
flow of reactants is steadily increased. All the while, the concentration of one of the prod-
ucts of the reaction (the bromide ion) is measured as a function of time. The result is a fas-
cinating pattern of unfolding in which the oscillation periods of the target ions first increase
by doubling and redoubling the original periods and then (at a certain rate of flow of reac-
tants) step into the complex but deterministic patterning known as chaos (see e.g., Gleick,
1987). The discovery of this complex, time-critical patterning is significant as a demonstra-
tion of one characteristic feature of much dynamical modeling: the use of low dimensional
but temporally rich descriptions to display key organizational properties of highly complex
systems. The full dynamics of the system of four reactants and their many (20+) products
is immensely complex. The beauty of the dynamical description is that it reproduces the
trajectory of the overall, complex system in its high-dimensional space by using the time-
linked values of the bromide ion concentration as an effective but low-dimensional image
of the systems unfolding. The idea is thus that even though a single degree of freedom does
not give a full picture of the actual complicated dynamics, the time evolution of this single
variable is affected by the other degrees of freedom and thus contains information about
the whole dynamical process (Rueger & Sharp, 1996, p. 104).7

The trick of a good dynamical systems analysis in such cases, is to find and plot the low-
dimensional description that captures patterns of change over time of special interest to an
experimenter. This is the first of three guiding ideas I want to highlight. The upshot is what
Rueger & Sharp call simple theories of messy systems—illuminating accounts of behavior
so complex that it might otherwise appear totally random. Non-linear dynamics (in which
a smooth change applied to one value can yield a large jump or shift, at a critical point, in
a system’s overall behavior) and chaotic unfoldings constitute ideal targets for such forms
of understanding.

More generally, dynamical systems theory comprises a large set of mathematical and
topographic tools that together provide a powerful vocabulary for the description and anal-
ysis of patterns of change in system parameters over time. These tools include mathemati-
cal techniques for the construction, comparison and analysis of time-sequence data (such
as the use of delay coordinates—see Simonyi, 1982) and more qualitative constructs that
help capture the basic topological features of the state spaces defined by the chosen param-
eters. The core ideas are thus the notion of a state space, the idea of a set of possible trajec-
tories (the flow) though that space and the use of continuous or discrete mathematics to
describe the laws that fix the shapes of the possible trajectories. Certain regions of a state
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space may exhibit notable properties. An attractor is a point or region such that any trajec-
tory passing close by will be drawn into the region (the area of such influence being known
as the basin of attraction). A repellor is a point or region that deflects incoming trajectories.
A bifurcation is a point at which a small change in parameter values can re-shape the flow
within the state space and yield a new landscape of attractors, repellors and so on. Dynam-
ical systems approaches thus provide a set of mathematical and conceptual tools that help
display the temporal and spatial order in the evolution of specific systemic parameters. Qur
next example illustrates this and introduces a second guiding idea viz. the use of collective
variables.

Case Two: Rhythmic Finger Motion

In the case of the BZ reaction, a useful low-dimensional description was achieved by
focusing on one actual product of the ongoing reaction—the concentration of bromide
ions. Sometimes, however, the search for powerful low-dimensional descriptions requires
the experimenter to actively define new collective variables. These are variables that do not
track properties of simple physical parts but instead track higher-level properties that may
involve e.g., relations between measured values of physical parts. Thus consider the case
(Kelso et al, 1981), (Kelso, 1995, Ch.2) of rhythmic finger motion.

Human subjects, asked to move their two index fingers at the same frequency in a side-
to-side wiggling motion, display two stable strategies. Either the fingers move in phase (the
equivalent muscles of each hand contract at the same moment), or exactly anti-phase (one
contracts as the other expands). The anti-phase solution, however, is unstable at high fre-
quencies of oscillation—at a critical frequency it collapses into the phased solution.

How should we explain and understand this patter of results? One strategy (a version of
the BZ strategy displayed above) is to seek a more illuminating description of the behav-
ioral events. To this end, Kelso and his colleagues plotted the phase relationship between
the two fingers. This variable is constant for a wide range of oscillation frequencies but is
subject to a dramatic shift at a critical value—the moment of the anti-phase/phase shift.
Plotting the unfolding of the relative phase variable is plotting the values of a collective
variable since relative phase is determined by a relation between the behaviors of more
basic system components (finger motions). The values of this collective variable were
observed to be fixed by frequency of motion, which thus acts as a so-called control param-
eter. The dynamical analysis is then fleshed out by the provision of a detailed mathematical
description—a set of equations displaying the space of possible temporal evolutions of rel-
ative phase as governed by the control parameter. This description fixes, in detail, the state
space of the system: the attractors, repellors, bifurcation points and so on. Haken et al
(1985) uses such an analysis to display the different patterns of coordination corresponding
to different values of the control parameter. Some noteworthy features of the resulting
model are 1) its ability to account for the observed phase transitions without positing any
special switching mechanism—instead, the switching emerges as a natural product of the
normal, self-organizing evolution of the system, 2) its ability to predict and explain the
results of selective interference with the system (as when one finger is temporarily forced
out of its stable phase relation), and 3) its ability to generate accurate predictions of e.g.,






