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ABSTRACT. 

 

Mind, it has recently been argued1, is a thoroughly temporal phenomenon: so 

temporal, indeed, as to defy description and analysis using the traditional computational 

tools of cognitive scientific understanding. The proper explanatory tools, so the suggestion 

goes, are instead the geometric constructs and differential equations of Dynamical Systems 

Theory. I consider various aspects of the putative temporal challenge to computational 

understanding, and show that the root problem turns on the presence of a certain kind of 

causal web: a web that involves multiple components (both inner and outer) linked by 

chains of continuous and reciprocal causal influence. There is, however, no compelling 

route from such facts about causal and temporal complexity to the radical anti-

computationalist conclusion. This is because, interactive complexities notwithstanding, the 

computational approach provides a kind of explanatory understanding that cannot (I 

suggest) be recreated using the alternative resources of pure Dynamical Systems Theory. In 

particular, it provides a means of mapping information flow onto causal structure -- a 

mapping that is crucial to understanding the distinctive kinds of flexibility and control 

characteristic of truly mindful engagements with the world. Where we confront especially 

complex interactive causal webs, however, it does indeed become harder to isolate the 

syntactic vehicles required by the computational approach. Dynamical Systems Theory, I 

conclude, may play a vital role in recovering such vehicles from the burgeoning mass of 

real-time interactive complexity. 



 
 
 
1. TIME, CAUSE, AND COMPLEXITY. 

The heart of the problem is time. Cognitive processes and their context unfold 
continuously and simultaneously in real time. Computational models specify a 
discrete sequence of static internal states in arbitrary "step" time (t1, t2, etc.). 
Imposing the latter onto the former is like wearing shoes on your hands. You can do 
it, but gloves fit a whole lot better  

Van Gelder, T. & Port, R. It's About Time: An Overview of 
the Dynamical Approach to Cognition. In R. Port & T. Van 
Gelder (Eds.), Mind as Motion: Explorations in the Dynamics 
of Cognition. (Cambridge, MA: MIT Press. p.1-44) p. 2. 
Italics in original 

 

Time, it seems, is the skeleton in the Cognitive Scientific closet. A recent spate of 

criticisms (see note 1) of the bedrock explanatory apparatus of cognitive science all focus, 

in varying degrees, on the need to factor timing into acceptable explanations of cognitive 

phenomena. 

The basic argument2 is quite simple. It consists of three observations and a 

conclusion. The observations are:  

1. That cognitive processes all take place in real time; 

2. That the timing really matters, and 

3. That computational models ignore real timing in favor of the 

artificial notion of a simple sequence of states. 

Observation (1) is certainly true, at least as a matter of fact. Observation (2) looks 

plausible enough. As van Gelder & Port point out, 'the timing of any particular operation 

must respect the rate at which other cognitive, bodily and environmental processes are 

taking place' (op. cit., p. 19). Nor can there be much doubt about observation (3). Certainly, 

the formal theory of computation makes no concessions to real timing. It concentrates 

entirely on the sequence of (discrete) states3.  

Yet for all that, the basic argument still looks too quick to be convincing. One 

immediate cause for concern is that it would seem to apply equally well to real-world 

computer systems! Such systems depend on processes that occur in real-time, and the 

timing of events really matters. Programs that must interact with other programs and 



 
 
 
peripherals (printers, scanners and the like) must likewise respect the rate at which various 

processes are taking place. Yet it would seem premature to conclude that a dynamical 

understanding is preferable to a standard computational one in such everyday cases. 

The real argument, then, must be a little more complex. And so it is. It depends on 

two additional factors. The first concerns the continuous nature of the relevant processes. 

The second concerns the complexity of the causal webs in which such states participate.  

A continuous process is one in which the time-series of explanatorily relevant sub-

states cannot be reduced to a sequence of discrete states with jumps in between, but instead 

requires a genuine continuum of states. This is not the case in conventional computers, 

which are designed carefully so that their proper functioning is explicable in terms of 

sequences of discrete states. Here then, is one potential difference between the case of 

ordinary computation and biological cognition. Perhaps biological processing makes real 

use of a continuum of possible states. If so, then any formal computational model must 

leave out something of theoretical importance, whereas a dynamical model (as we will see) 

need not. 

More important than this, however, is a nexus of considerations concerning the type 

of causal web in which various states and processes may participate. For it is here that we 

discern the most potent challenge that temporal considerations pose to traditional forms of 

explanations and analysis. The challenge is to account for cases of what I elsewhere4 term  

continuous reciprocal causation,  or CRC for short. 

Continuous reciprocal causation (CRC) occurs when some system S is both 

continuously affecting and simultaneously being affected by, activity in some other system 

O. Internally, we may well confront such causal complexity in the brain, since many neural 

areas are linked by both feedback and feedforward pathways5. Worse still, we may find 

processes of CRC that criss-cross brain, body and local environment. Think of a dancer, 

whose bodily orientation is continuously affecting and being affected by his neural states, 

and whose movements are also influencing those of his partner, to whom he is continuously 

responding! Or imagine playing improvised jazz in a small combo. Each musician's playing 



 
 
 
is influencing and being influenced by everyone else. CRC looks, in fact, to pervade the 

field of natural adaptive intelligence. The delicate dance of predator and prey, or of mating 

animals, exhibits the same complex causal structure. Historically, CRC looms large in 

cybernetics6 and is also wonderfully described by the phenomenologist Maurice Merleau-

Ponty: 
When my hand follows each effort of a struggling animal while holding an 
instrument for capturing it, it is clear that each of my movements responds to an 
external stimulation; but it is also clear that these stimulations could not be received 
without the movements by which I expose my receptors to their influence ... the 
properties of the object and the intentions of the subject are not only intermingled; 
they also constitute a new whole 
 

Merleau-Ponty, M.  La Structure du Comportment  (A. 
Fisher, Trans.). France: Presses Universitaites de France 
1942, p. 13. 

 

Here, the motions of my hands are continuously responsive to those of the 

struggling animal, while the animal's wrigglings are continuously shaped by the motions of 

my hand7. 

Van Gelder (1995- see note 1 above) makes this sort of interactive complexity the 

centerpiece of an extended argument aimed to reveal the shortcomings of computational 

models of mind. The key move in the argument is the suggestion that agent-environment 

interactions may involve such a complex and continuous process of 'give and take' that the 

idea of information entering the agent through perception, giving rise to an internal 

representation and issuing in an action (and that cycle repeating over and over) is just too 

simple to do it justice. The kinds of agent-environment coupling characteristic of our 

cognitive engagements with the world are thus said to 'transcend representation' (ibid., p. 

381). To illustrate this central theme, van Gelder offers a simple, non-cognitive illustration: 

the operation of the Watt (or centrifugal) Governor.  

The task of this device (invented by James Watt in the late 18th century) is to keep 

constant the speed of a flywheel to which some machinery is connected. There is a 

tendency for the speed to fluctuate due to varying steam pressures and workloads. To 



 
 
 
smooth things out, the amount of steam entering the pistons is controlled by a throttle 

valve. How might such control be achieved? 

One solution (which van Gelder describes as the computational solution) would 

involve a sequence of steps and measurements. For example, we might program a device to 

measure the speed of the flywheel, compare this to some desired speed, measure the steam 

pressure, calculate any change in pressure needed to maintain the desired speed, adjust the 

throttle valve accordingly, then begin the whole sequence anew (see van Gelder op. cit., p. 

348). What makes this kind of solution computational, van Gelder suggests, is a complex of 

familiar features. The most important one is representation: the device measures the speed 

of the flywheel, creates a token that stands for the speed and performs numerous operations 

(comparisons, etc.) on this and other representations. These operations are discrete and 

occur in a set sequence which then repeats itself. The sequence involves a perception 

(measurement)-computation-action cycle in which the environment is probed, internal 

representations created, computations performed, and an action selected. The overall device 

is, in addition, functionally articulated and  homuncular  in construction. For it involves a 

division of the problem into distinct parts each of which is dealt with independently, with 

the various parts linked by acts of communication (in which x tells y the value of z and so 

on). The features distinctive of the computational governor are thus 1) the use of internal 

representations and symbols, 2) the use of computational operations that alter and transform 

those representations, 3) the presence of a well-defined perception-computation-action 

cycle (what van Gelder calls  'sequential and cyclic operation' ), and 4) the susceptibility to 

information-processing decomposition (what van Gelder calls  'homuncularity' ). 

Now for the second solution, the one discovered by James Watt himself. Gear a 

vertical spindle into the flywheel and attach two hinged arms to the spindle. To the end of 

each arm, attach a metal ball. Link the arms to the throttle valve so that the higher the arms 

swing out, the less steam is allowed through. As the spindle turns, centrifugal force causes 

the arms to fly out. The faster it turns, the higher the arms fly out. But this now reduces 

steam flow, causing the engine to slow down and the arms to fall. This, of course, opens the 



 
 
 
valve and allows more steam to flow. By clever calibration this  centrifugal governor  can 

be set-up so as to maintain engine speed smoothly despite wide variations in pressure, 

workload and so on. (This story is condensed from van Gelder, op. cit., p. 347-350). 

Having presented the two governors, van Gelder devotes much energy to defending 

the claim that the centrifugal governor, unlike the computational one, does not rely on 

representation or computation. Rather than rehearse these considerations8, I propose to 

focus on just one point. The  deeper reason,  we are told, for supposing that the Watt 

Governor is not representational is that the relationship between the angle of the arm and 

the engine speed exhibits a special complexity that the framework of representations, 

computations, and information-processing simply cannot capture. It is a complexity that 

arises out of the process of continuous reciprocal causation itself and that is better captured 

using the alternative apparatus of dynamical systems theory. The key idea is that although 

there is a relationship between arm angle and engine speed, it is one that is 'much more 

subtle and complex than the standard notion of representation can handle' (ibid., p. 353). It 

is more subtle and complex because the arm angle is continuously modulating the engine 

speed at the same time as the engine speed is modulating the arm angle. The two quantities 

are best seen as being co-determined and co-determining -- a relationship nicely captured 

using the dynamical apparatus (see section 2 following) of coupled differential equations. 

The Watt Governor then fails to constitute a computational device for two reasons. First, 

because, on van Gelder's account, computation requires the manipulation of representations 

(op.cit., p. 353). And second, because there are no discrete operations in the governing 

processes and hence no distinct sequence of manipulations to identify with the steps in a 

computational solution9. The Watt Governor thus fails to exhibit any of the features 

associated with the computational solution, and for a single deep reason: the continuous 

and simultaneous relations of causal influence that obtain among the various factors 

involved. It is this distinctive kind of causal profile that both invites treatment in terms of 

an alternative dynamical analysis and that causes problems for the alternative 

(computational and representational) approach. 



 
 
 

Why does CRC cause such problems for standard cognitive scientific modes of 

analysis and understanding? The root trouble, it should be clear, involves the search for 

illuminating problem decompositions. For systems whose causal embedding in the world is 

characterized by processes of CRC are unusually resistant to the kind of  divide and 

conquer 10 approach taken by computational cognitive science. In a  divide and conquer  

analysis, a complex phenomenon is explained by  displaying a certain kind of articulation 

in the mechanisms that underlie it. This articulation need not appear at the most 

fundamental physical level(s), but may instead exist only at the level of a virtual machine 

implemented in the physical hardware. For example, word processing software creates a 

virtual machine whose significant features are quite different from those of the host 

computer. If we want to understand the distinctive phenomena (operations upon sentences, 

paragraphs, etc.) supported by such software, we need to display the organization and 

structure of the higher level virtual machine, for it is only at this level that we find the 

groupings and chainings of lower-level, basic-machine states that power the characteristic 

word-processing profile. The object of  divide and conquer  analysis may thus be either a 

physical machine or a virtual machine running  on top  of one. Either way, the analysis 

proceeds by isolating a number of distinct sub-mechanisms, assigning them specific roles 

and plotting the chains of causal influence that flow between them. The sub-mechanisms, in 

the case of computational/information-processing devices, are usually understood as 

performing operations on semantically-interpretable syntactic items such as numbers, 

strings and lists that encode information about the processed text. The flow of 

communication between sub-mechanisms then makes sense insofar as it enables a variety 

of different operations to be performed in some useful sequence, e.g., first isolating part of 

the text (by marking it), then moving it, then rendering it in italics, and so on. The analytic 

strategy is thus one that turns heavily on a) the decomposition of the (real or virtual) 

machine into component states, processes and sub-mechanisms, and b) some interpretation 

of the states and structures such that the flow of causation in the machine can be seen to 

respect constraints on the flow and manipulation of information. 



 
 
 

Continuous reciprocal causation poses a clear problem for such a strategy. For 

although CRC is compatible with basic structural decomposition (distinct parts can be 

linked by complex reciprocal causal chains), it sits ill with the kind of analysis that assigns 

specific information-processing roles to components and that interprets those components 

as effecting a specifiable sequence of operations that solves some problem. In short, it sits 

ill with the standard idea of an algorithmic depiction of systemic activity. For such 

descriptions posit a sequence of distinct computational steps or actions that can be seen to 

solve some problem. The contrast between such a depiction and cases involving CRC is 

quite marked. Consider, as another simple example, returning a tennis serve: 
The ball is approaching; you are perceiving its approach, are aware of the other 
player s movements, are considering the best strategy for the return, and are shifting 
into position to play the stroke. All this is happening at the same time. As you move 
into place, your perspective on the approaching ball is changing and hence so is 
activity on your retina and in your visual system ... the path of the approaching ball 
affects which strategy would be best and how you move. Everything is 
simultaneously affecting everything else. 

 
(van Gelder & Port, op. cit., p. 23.). Emphasis 
in original 

 

In this example, the relevant structure of events is only very coarsely sequential. To 

cast the phenomena as a step-wise progression, involving a sequence of discrete states, 

would clearly do extreme violence to the time-coordination of events and processes. The 

motion of the ball, the tracking (and anticipating) eye movements and the various gross 

bodily actions, are all unfolding in a kind of phased and inter-animated parallelism. To re-

cast such a story in terms of a standard sequential algorithmic description would clearly be 

to obscure much of importance. 

The standard  divide and conquer  computationalist approach, as van Gelder & Port 

go on to point out, tends to do just that, and as such, is fundamentally ill-equipped for the 

analysis of such complex phenomena. Parallel computational models (such as connectionist 

and neural network approaches11) are superficially better bets. But even these threaten to 

fall short in some important respects. For one thing, they lack  intrinsic temporality.  



 
 
 
Nothing in a standard connectionist model fixes the real-time profile of events. Such real-

time profiles are, for the connectionist as much as the classicist, relegated to the level of  

'implementation detail'  -- a result that is profoundly inimical to the dynamicist's insistence 

that timing is cognitively crucial. For another, both connectionist and classical 

computational models alike are challenged by cases in which processes of continuous 

causal influence forge analytic unities that criss-cross brain/body/world boundaries. In the 

tennis example, for instance, we confront inner cognitive processes that must at some point 

interface with external (bodily and environmental) events whose temporal structure is 

crucial to the interaction. (Think of tracking the approaching ball, and factoring in leg 

motions and bodily reorientations). If we insist on a computationalist, hence fundamentally 

atemporal, model of all cognitive processes, then such interfaces present a problem; they 

must be analyzed in a  double-sided  fashion, by being shown both to successfully engage 

the real-time phenomenon and to figure in the more temporally-neutral computational 

specifications that are supposedly constitutive of the cognitive phenomenon. A common 

upshot of the pressure to preserve real-time profiles at the interface, however, is a kind of 

creeping temporal infection. The interface mechanism is depicted in dynamical (real-time 

involving) terms and this “drives dynamical conceptualizations inward, into the cognitive 

system itself “ (van Gelder & Port ibid., p. 29). This process repeats as the interface is itself 

required to make contact with more central processes and the real-time dynamics seep 

further and further into the system. The final result according to van Gelder & Port is a 

fully temporalized model in which all processes, from input all the way to output, are 

conceived in dynamical terms. One advantage of the fully dynamical approach is thus that 

it does not need to deploy different tools to model bodily and environmental processes on 

one hand and more traditionally cognitive ones on the other. Where inner and outer 

processes are linked in cycles of continuous reciprocal causation, there seems to be no need 

to draw special boundaries around the inner aspects, nor to use a different vocabulary to 

describe them. 



 
 
 

It is this same deep feature (CRC) that thus inclines the radical dynamicist to 

question even the traditional divisions between cognitive system, body, and world. For if 

similarly complex causal webs sometimes include neural, bodily and environmental factors 

(as in the tennis example), then we seem driven to the use of total state analyses that 

include all these factors on an equal footing. This, I believe, must be the reasoning behind 

bold12 assertions such as: 
Cognitive processes span the brain, the body and the environment: to understand 
cognition is to understand the interplay of all three. Inner reasoning processes are no 
more essentially cognitive than the skillful execution of coordinated movement or 
the nature of the environment in which cognition takes place. The interaction 
between  inner  processes and  outer  world is not peripheral to cognition, it is the 
very stuff of which cognition is made  

 
van Gelder & Port op. cit., p. ix. (My emphasis). 

 

All the truly radical consequences (skepticism concerning the notions of 

computation and representation and concerning the cognitive/non-cognitive boundary 

itself) thus flow from a single deep source: the idea that intelligent action implicates 

complex webs of continuous reciprocal causal influence. The problem, in short, is not 

(simply) that  time matters  and that traditional computational approaches leave it out. 

Instead, the real culprit is a very specific kind of causal complexity: one that impedes the 

step-wise problem de-composition characteristic (so the argument goes) of a computational 

approach, and that even fudges the boundary lines between the cognitive system and the 

environment. 

To sum up, there are three time-related problems that look to motivate recent anti-

computationalist conjectures. The first is the simple observation that real-timing matters 

deeply to adaptive success and practical intelligence. The second is that such timing often 

involves continuous processes rather than discrete steps. The third is that inner and outer 

events are linked in complex causal webs that defy decomposition into temporal (and non-

cognitive) and cognitive (and non-temporal) components. What we need, it seems, is some 

framework that builds the temporal facts into the very heart of the analysis, that uses a 



 
 
 
common vocabulary to describe inner and outer processes, and that is able to capture 

patterns involving continuous reciprocal causal influences among multiple (inner and outer) 

parts. Such, it transpires, is the profile (and hence the attraction) of Dynamical Systems 

Theory, as we shall now see. 

2. TOTAL STATE EXPLANATIONS. 

Dynamical Systems Theory is a well-established framework13 for describing and 

understanding the temporal evolution of complex systems. In a typical explanation, the 

theorist specifies a set of parameters whose collective evolution is governed by a set of 

differential equations. Such equations always involve a temporal element, and in this way 

timing is factored into the heart of the approach. Moreover, such explanations are easily 

able to span organism and environment. In such cases the two components are treated as a 

coupled system in a specific technical sense, viz, the equation describing the evolution of 

each component contains a term that factors in the other systems current state (technically, 

the state variables of the first system are the parameters of the second and vice versa). 

Thus consider two wall-mounted pendulums placed in close proximity on a single 

wall. The two pendulums will tend (courtesy of vibrations running long the wall) to become 

swing-synchronized over time. This process admits of an elegant dynamical explanation in 

which the two pendulums are analyzed as a single coupled system with the motion equation 

for each one including a term representing the influence of the other's current state14. 

A useful way to think of this is by imagining two co-evolving state spaces. Each 

pendulum traces a course through a space of spatial and temporal configurations. But the 

shape of this space is determined, in part, by the ongoing activity of the other pendulum, 

which is itself behaving in ways continuously modified by the action of its neighbor! This 

kind of complex, constant, mutual interaction is, van Gelder and others15 claim, much 

closer to the true profile of agent-environment interactions than is the traditional vision of a 

simple perception-computation-action sequence. 

The crucial upshot of the emphasis on constant mutual interaction is a 

corresponding emphasis on what van Gelder & Port (op.cit., p. 14) usefully term total state. 



 
 
 
Because it is assumed that there is widespread and complex interanimation between 

multiple systemic factors (x influences y and z, and x is itself influenced by y, which also 

influences z and so on), the dynamicist chooses to focus on changes in total system state 

over time. The various geometric devices used to put intuitive flesh on the models 

(trajectories through state spaces populated by attractors, repellors and so on-see note 13) 

thus reflect  motion  in a space of possible overall system states, with routes and distances 

defined relative to points each of which assigns a value to all the systemic variables and 

parameters. This emphasis on total state marks one of the deepest contrasts between 

dynamical and standard-computationalist approaches, and it is both a boon and a burden, as 

we shall see. 

A natural question, at about this point, is in what sense a dynamical/total state story 

counts as a real explanation of some phenomenon? Aren't such stories closer to descriptions 

than explanations? This is a big topic16, but one we need not dwell upon here. Suffice it to 

say that there is no doubt but that a good dynamical systems story is explanatory in at least 

this sense: it has the power to illuminate counterfactuals -- to predict how the system would 

behave if perturbed in various ways. This is unsurprising, since a dynamical model aims to 

display the constraints that determine how overall system-state changes over time. What we 

don't find, however, is anything that looks much like an account of systemic mechanisms. 

Instead we are shown sets of interlinked parameters, state variables, etc. The discontent 

which some cognitive scientists feel when confronted with a dynamical story is thus due to 

the failure to provide something closer to an engineering blueprint. Dynamical models do 

not speak directly to the project of how to build a device that would exhibit the target 

features and in this they differ from standard computational models. 

For present purposes, however, let us put such reservations aside. Let us use the 

term  total state explanation  for any dynamical model that emphasizes the fact that  all 

aspects of a system are changing simultaneously  (van Gelder & Port (op.cit.), p. 14) and 

that therefore invites us to understand the behavior of the system in terms of the possible 

sequences of changes in total state over time. It is this explanatory strategy that speaks most 



 
 
 
directly to the needs and worries displayed in section 1, since it is this which allows the 

dynamicist to respect the burgeoning complexity of causal webs in which everything (both 

inner and outer) is continuously influencing everything else. Such a strategy, for example, 

allows us to give a satisfying account of the action of the Watt Governor using a system of 

coupled differential equations in which the arm angle (and hence the setting of the throttle 

valve) appears as a parameter in the description of the engine and in which the engine 

speed appears as a parameter in the description of the governor. The mathematics of such a 

system of interlocking differential equations perfectly captures the way in which the two 

systems engage in their continuous, real-time and effectively instantaneous dance of mutual 

co-determining interaction17. 

The question before us is therefore this: should the undoubted power and success of 

dynamical explanations in such cases, combined with the demonstration of similarly 

complex causal webs criss-crossing agents and environments, lead us to reject the 

computational model of mind? I next scout some reasons to suppose it should not. 

3. DYNAMICS & THE FLOW OF INFORMATION. 

The deepest problem with the dynamical alternative lies precisely in its treatment of 

the brain as just one more factor in the complex overall web of causal influences. In one 

sense this is obviously true. Inner and outer factors do conspire to support many kinds of 

adaptive success. But in another sense it is either false, or our world-view will have to 

change in some very dramatic fashions indeed. For we do suppose that it is the staggering 

structural complexity and variability of the brain that is the key to understanding the 

specifically intelligence-based route to evolutionary success. And we do suppose that that 

route involves the ability, courtesy of complex neural events, to become appraised of 

information concerning our surroundings, and to use that information as a guide to present 

and future action. If these are not truisms, they are very close to being so. But as soon as we 

embrace the notion of the brain as the principal seat of information-processing activity, we 

are already seeing it as fundamentally different from, say, the flow of a river or the activity 

of a volcano. And this is a difference which needs to be reflected in our scientific analysis: 



 
 
 
a difference which typically is reflected when we pursue the kind of information-processing 

model associated with computational approaches, but which looks to be lost if we treat the 

brain in exactly the same terms as, say the Watt Governor, or the beating of a heart, or the 

unfolding of a basic chemical reaction18. 

The question, in short, is how to do justice to the idea that there is a principled 

distinction between knowledge-based and merely physical-causal systems. It does not seem 

likely that the dynamicist will deny that there is a difference (though hints of such a denial19 

are sometimes to be found). But rather than responding by embracing a different 

vocabulary for the understanding and analysis of brain events (at least as they pertain to 

cognition), the dynamicist re-casts the issue as the explanation of distinctive kinds of 

behavioral flexibility and hopes to explain that flexibility using the very same apparatus 

that works for other physical systems, such as the Watt Governor. 

Such apparatus, however, may not be intrinsically well-suited to explaining the 

particular way neural processes contribute to behavioral flexibility. This is because 1) it is 

unclear how it can do justice to the fundamental ideas of agency and of information-guided 

choice, and 2) the emphasis on total state may obscure the kinds of inner structural 

variation especially characteristic of information-guided control systems. 

The first point is fairly obvious and has already been alluded to above. There seems 

to be a (morally and scientifically) crucial distinction between systems that select actions 

for reasons and on the basis of acquired knowledge, and other (often highly complex) 

systems that do not display such goal-oriented behaviors. The image of brain, body and 

world as a single, densely coupled system threatens to eliminate the idea of purposive 

agency unless it is combined with some recognition of the special way goals and 

knowledge figure in the origination of some of our bodily motions20. The 

computational/information-processing approach provides such recognition by embracing a 

kind of dual-aspect account in which certain inner states and processes act as the vehicles 

of specific kinds of knowledge and information. The purely dynamical approach, by 

contrast, seems committed (at best) to a kind of behavior-based story in which the 



 
 
 
purposive/non-purposive distinction is unpacked in terms of such factors as resistance to 

environmental perturbation. 

The second point builds on the first by noting that total state explanations do not 

seem to fare well as a means of understanding systems in which complex information flow 

plays a key role. This is because such systems, as Aaron Sloman has usefully pointed out21, 

typically depend upon multiple, 'independently variable, causally interacting sub-states' 

(op. cit., p. 80). That is to say, the systems support great behavioral flexibility by being able 

cheaply to alter the inner flow of information in a wide variety of ways. In a standard 

computer, for example, we find multiple databases, procedures and operations. The real 

power of the device consists in its ability to rapidly and cheaply reconfigure the way these 

components interact. For systems such as these the total state model seems curiously 

unexplanatory. Sloman (op.cit. p.81) notes that: 
a typical modern computer can be thought of as having a [total] state represented by 
a vector giving the bit-values of all the locations in its memory and in its registers, 
and all processes in the computer can be thought of in terms of the machine's state 
space. However, in practice, this [Total State Explanation] has not proved a useful 
way for software engineers to think ... Rather, it is generally more useful to think of 
various persisting sub-components (strings, arrays, trees, networks, databases, 
stored programs) as having their own changing states which interact with one 
another 

 

The dynamicist may suggest that this is an unfair example, since of course a 

standard computer will reward a standard computational analysis. This, however, is to miss 

the real point, which is that information-based control systems tend to exhibit a kind of 

complex articulation in which what matters most is the extent to which component 

processes may be rapidly de-coupled and re-organized. This kind of articulation has 

recently been suggested as a pervasive and powerful feature of real neural processing22. The 

fundamental idea is that large amounts of neural machinery are devoted not to the direct 

control of action but to the trafficking and routing of information within the brain. The 

point, for present purposes, is that to the extent that neural control systems exhibit such 

complex and information-based articulation (into multiple independently variable sub-



 
 
 
systems) the use of total state explanations will tend to obscure the important details, such 

as the various ways in which sub-state x may vary independently of sub-state y and so on. 

The dynamicist may then reply that the dynamical framework really leaves plenty of 

room for the understanding of such variability. After all, the location in state space can be 

specified as a vector comprising multiple elements and we may then observe how some 

elements change while others remain fixed and so on. This is true. But notice the difference 

between this kind of dynamical approach and the radical, total state vision pursued in 

section 2. If, as I suspect, the dynamicist is forced to a) give an information-based reading 

of various systemic substates and processes and b) to attend as much to the details of the 

inner flow of information as to the evolution of total state over time, then it is unclear that 

we still confront a real alternative to the computational story. Instead, what we seem to end 

up with is a (very interesting) hybrid: a kind of dynamical computationalism in which the 

details of the flow of information are every bit as important as the larger scale dynamics, 

and in which some local dynamical features lead a double life as elements in an 

information-processing economy. 

This kind of dynamical computationalism is surely attractive. Indeed, it is the norm 

in many recent treatments that combine the use of dynamical tools with a straightforward 

acceptance of the notions of internal representation and of neural computation23. 

Nonetheless, such an accommodation is clearly rejected by those, who like van Gelder, 

depict the dynamical approach as in some deep sense non-computational. It is now time to 

face this characterization head-on. 

4. COMPUTATION & CONTENT. 

Three problems make it hard (but not impossible) to map computational ideas on to 

the dynamical framework. The problems, isolated in section 1, are: 

1). The presence of continuous variations in key physical quantities; 

2). The presence of complex loops of reciprocal causal influence; and 



 
 
 

3). The difficulty of mating rich external influence, described in 

dynamical and non-computational terms, with a computational account of 

inner activity. 

The mere presence of continuous variation does not, I think, pose any real problem. 

We may concede that the formal theory of computation (as exemplified in Turing Machine 

Computationalism) is defined only for discrete state machines, and that the feature of 

digitality is crucial to many classical results in the theory of computability. But there is also 

a less formal notion of computation (with an equally impressive historical pedigree in early 

work on so-called  analog computation ) which is tied to the much more general idea of 

automated information processing and semantically sensible transitions between 

representational elements24. A common worry about the proposal to thus 'allow in'  analog 

computation is that such liberality broadens the notion of computation so greatly as to rob it 

of explanatory force. The worry (see e.g., Sloman op. cit., p. 71) is that everything then 

turns out to be some kind of computer and hence the thesis that the brain computes 

becomes trivial and uninteresting. This result, however, does not follow. For one thing, 

what has genuine theoretical bite is never the bald claim that such-and-such a physical 

device computes. Rather, it is the much more substantive claim that such- and-such (a 

device or subsystem) computes some specific function. Thus25 even if every object 

computes something, our interest is focused on that special class of computations whose 

implementations support flexible behavior and reason-guided action. Moreover, given the 

liberal but intuitive characterization of computation as semantically sensible state-

transitions between representations, physical systems that do not traffic in representations 

(e.g. the solar system, on any intuitive reading) won't count as computational in any case. 

The threat of trivialization is thus more apparent than real26. 

The  analog-friendly  notion of computation thus shifts much of the burden to the 

presence or absence of internal representations. This seems sound enough, since even van 

Gelder asserts that "manipulable representations lie at the heart of the computational 

picture" (ibid., p. 351). But there is, alas, a large and complex current debate concerning 



 
 
 
exactly how we should unpack the notion of internal representation itself27. One very 

plausible constraint, however, is that an internal representation must be a reliably 

identifiable yet in some sense arbitrary configuration28 that plays a specifiable semantic role 

as an intermediary in some problem-solving process, i.e., it must be an item, state or 

process that we can pick out by physical means but whose functional role is that of 

carrying information. 

The presence of continuous variability is clearly compatible with meeting this 

minimal constraint. But what (moving now to problem number 2) about the presence of 

complex loops of reciprocal causal influence? Let us assume (for now) that the problematic 

loop is fully internal and involves some relation of continuous reciprocal causal influence 

binding the activity of two elements. Would it follow that we could not assign 

representational roles to the elements? Not at all. It might be, for example, that the coupled 

activity of the elements is itself the vehicle of some specifiable content. Thus two 

oscillators, each of which has a distinct, individual frequency of oscillation, can be joined 

(by continuous reciprocal coupling) so as to constitute a new  higher level  element with a 

new and uniform frequency of oscillation. Technically the  phase of each oscillator 

continuously influences the periodic behavior of the other [resulting in] an oscillation 

frequency for the coupled system29. Such regular coupled behavior could itself be used as a 

systemic stand-in for some state of affairs.(For example, a somewhat augmented circuit, 

known as an adaptive oscillator, can entrain its activity so as to replicate the frequency of 

an input pulse and to continue the rhythm in the absence of the input30.) The point, in any 

case, is just that there is no reason why entire inner loops, involving multiple components 

in continuous reciprocal causal exchange, should not, at times, themselves constitute the 

internal vehicles of specifiable contents. Such loops would stand revealed as high-level 

syntactic items whose functional role is to carry, communicate and transform specific 

bodies of information; in short, as internal representations implemented in complex 

dynamics. 



 
 
 

Here, then, is a new and fascinating way in which dynamical and computational 

analyses may proceed hand-in-hand. The dynamical analysis may help identify the complex 

and temporally extended physical exchanges that act as the vehicles of representational 

content. Traditional computationalism may have been too narrow-minded in its vision of 

the likely syntactic form of the inner bearers of information and content. Our fascination 

with the static characters and strings of natural language may have led us to expect simple, 

local, spatially extended states to function as inner content-bearers. Connectionist 

approaches helped us see beyond that vision, by identifying the content-bearers as 

distributed patterns of activity. But it may take the full firepower of dynamical systems 

theory to reveal the rich space of possible content-bearers: a space that includes very 

complex temporally and spatially extended processes and interactions. 

What, though, of those loops of continuous reciprocal influence that look to criss-

cross brain/body/world boundaries? These loops are especially problematic, as we saw in 

section 1, because they threaten to create tightly coupled systems that incorporate elements 

(neural, bodily, and environmental) that traditionally require very different kinds of 

description and explanation. The problem is especially acute when the external influences 

are described in richly temporal terms whilst the inner economy is depicted as purely 

computational31. This is the 'mating' problem identified as number 3 on our original list. 

Once again, the situation looks a lot worse then it really is. First of all, it is simply 

not the case that temporality must somehow fade away at the point where a computational 

story takes over. If, as we just conjectured, temporal features of inner processes can play 

representational roles (and why not? -- temporal duration is a perfectly good non-semantic 

feature that nature may employ for information-encoding purposes), then the dynamical 

characterization may be married32 to the informational and computational accounts. In this 

way the temporally-characterized inner states and processes are also given an information-

processing gloss, and this opens the door to viewing them as participants in processes of 

(perhaps analog) computation.  



 
 
 

If it is asked why we should offer this further gloss on the inner events and not on 

the outer ones, the answer is clear enough. It is that typically, the inner events are playing a 

very different functional role to the outer ones. The difference is two-fold. First, the inner 

events are acting to control the behavior of a well-defined individual organism whereas the 

outer events (again only typically) constitute the sources of variance with which the 

controller must cope. And second, the control in question is special insofar as it is 

information-and-goal based. Regarding the first point, we can see that even the Watt 

governor plays a different functional role to the engine, for it is the job of the governor to 

keep the engine speed constant, whereas there is no plausible teleological story in which 

the reverse is true. Governors  evolved  to control engines, and this fact alone marks an 

important difference that is unaffected by the dense continuous and reciprocal nature of the 

causal exchanges that bind the governor to the engine33. The Watt governor, however, is the 

kind of control system that does not in addition require us to invoke an information-based 

account of its control strategies. Instead, we gain a full and sufficient understanding of its 

operation by focusing on physical laws relating physical quantities. This is not the case in 

control systems that, for example, create and manipulate models of the domain with which 

they deal, or ones that maintain hierarchies of goals and sub-goals, reason about what 

action to perform next, and so on. 

To simply assert that human intelligence involves the use of inner models and 

representations would, of course, be to beg the question at issue. The point is rather that 

even if the leading skeptical consideration (concerning relations of continuous reciprocal 

causal influence that criss-cross brain, body, world boundaries) is correct, this is in itself no 

reason to suppose that we cannot motivate talk of inner models, representations, 

computations and all the rest. In so doing we opt for a distinctive vocabulary and 

explanatory style that highlights the special functional role of certain events as control 

structures and that reveals the control function as based on the extraction, preservation and 

use of specific types of information34. 



 
 
 

Next recall the argument35 that the complexities of certain organism/environment 

interactions may (courtesy of our old friend continuous reciprocal causation) be 'so subtle 

and complex as to defy description in representational terms' (Van Gelder, op. cit., p. 381). 

One immediate reaction is that even here the case remains unproven. Even in the example 

of the on-going tennis game, it is by no means obvious that there are not distinct inner 

states playing specific representational roles that may be identified by future neuroscientific 

investigations. Moreover, even if the temporal complexities of the interactions cannot be 

directly captured using talk of representations and information-flow, it does not follow that 

we should reject such descriptions outright. It is quite possible, for example, that the pure 

dynamical description is equally inadequate. If it highlights physical exchanges at the 

expense of revealing the fine structure of goals, strategies and desires that help modulate 

the play, it too will leave out much that is of interest. The point about the possible  super-

representational  status of the agent/environment relation gains its force from an implicit 

assumption to the effect that one kind of story (either dynamical or representational) ought 

to tell us all that we want to know about the agent-environment relation in question. I 

suggest, however, that this assumption is unwarranted. It is perhaps fueled by the use of the 

Watt governor illustration in which the dynamical account really does seem to tell us all we 

need to know. But this is not a demonstration we can trust since the governor does not 

produce the kinds of highly flexible, rapidly re-configurable, multiple goal and task 

oriented behaviors so characteristic of cognitive agents. The governing task is thus not  

'hungry' for the kind of information-and-representation based control strategies that seems 

especially illuminating in cases where the behavior is much more highly flexible and 

depends on the maintenance of many  bodies of information and complex goal structures. 

In such cases it is surely implausible to expect any model that eschews talk of information 

and representation to satisfy us. Instead we should pursue a hybrid approach that both 

tracks the complex interactive dynamics and makes some attempt to reveal the information 

processing roles of component states and processes. 



 
 
 

But there is, in any case, one last reason why we should not be overly troubled by 

the spectre of complex causal chains that criss-cross the agent/environment boundary. It is 

that such complexity is not characteristic of most of the (intuitively) core cases of 

genuinely cognitive phenomena. For both historically and intuitively the very idea of 

cognition has been tied to (a) the idea of reasoned behaviors selected in the absence of any 

local guiding stimulus (as in advance planning, counterfactual reasoning etc.), and  (b) to 

behaviors that seem to track non-nomic stimulus properties (such as 'being  a movie ticket' - 

a property that does not figure in any natural laws but one to which we can reliably respond 

nevertheless (see e.g. Fodor, J.  Psychosemantics (MIT Press, Cambridge, MA, 1986), 

p.14)). The idea of cognition has been tied, that is to say, to the idea of behaviors carried 

out in the absence of any constant, lawful and reliable signal from the local environment36. 

This is why a light-following robot does not strike us as a paradigmatically cognitive 

engine, whereas a robot that engages in off-line planning and abstract problem-solving 

does.  

It would be unfair to make too much of this, since it is an admirable part of the 

agenda of the dynamicist to combat the 'passive, reflective' model of cognition that has so 

deeply permeated traditional philosophical and scientific thought. Nonetheless, it is surely 

fair to comment that it was the project of explaining both environmentally detached 

reasoning and consistent response to non-nomic stimulus properties that originally led 

theorists to posit inner models and manipulable representations.  When, for example, an 

agent reasons about an event in advance, the theorist is led to ask what structural surrogates 

the system is using so as to select appropriate actions in the absence of actual local triggers 

and cues. And when an agent reasons about movie tickets, the theorist is led to ask how a 

physical system can possibly key it's responses to a feature of the world that does not fall 

(qua that feature) under the laws of physics.  

In sum, the worries about temporality and complex causal exchanges look, on closer 

examination, unable to bear the kind of weight required by recent skeptical arguments. It is 

by no means clear that pure dynamical stories can even in principle do justice to the special 



 
 
 
requirements imposed by the project of explaining reason-guided action. Nor is it clear that 

the kinds of case to which the skeptical considerations most plausibly apply are really on a 

par with the cases for which the target notions (of internal representation and computation) 

were originally invoked.  

5. CONCLUSIONS: ACCOMMODATION NOT ELIMINATION. 

Suppose we accept that traditional computational models have tended to  screen off  

a little too much of the real physical and temporal structure of events, and have tended to 

erect somewhat too firm a barrier between the cognitive system and the rest of the world. 

One response to these excesses is to reject outright the notion that cognition is a matter of 

computation, and with it the whole apparatus of internal representation and information-

processing theory. But this, I have argued, is a distortive and even dangerous overreaction. 

It is distortive insofar as there is nothing in the detailed considerations and arguments put 

forward (concerning the importance of timing, and the possibility of continuous reciprocal 

causal influence) that is in any way inimical to a substantive computational and 

informational analysis. And it is dangerous insofar as it threatens to deprive us of the 

special kinds of tool and understanding needed to make sense of the special class of 

information-based control systems. 

What is indicated is thus not the rejection of the computational/representational 

vision so much as the addition of an irreducibly dynamical dimension to the analysis. Such 

a dimension manifests itself in several ways, including: the use of dynamical tools to 

recover potential information-bearing vehicles from highly complex webs of causal 

exchange; the recognition that intrinsically temporal features may play representational and 

computational roles; and the extension of computational ideas to systems that change 

continuously in time and that exploit continuous state. 



 
 
 

Accommodating this dynamical dimension clearly calls for a substantial broadening of 

the standard computationalist outlook. But as long as we maintain the distinctive and 

explanatorily potent physical/informational dual aspect that is at the heart of computational 

framework, we confront (I suggest) only refinement and progress, not outright elimination. The 

future of cognitive science may thus lie in a delicately negotiated union between the familiar 

framework of computational, representational and information-processing description, and the 

challenging and temporally charged project of dynamical analysis. For such a union to succeed, 

the dynamicist must look beyond total state explanations, attending as much to the details of 

mechanism and information-flow as to the shape of overall systemic unfolding. While the 

computationalist must recognize the large and baroque space of physical and temporal processes 

that nature may plunder for representational gain.  

Andy Clark 1997 
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