BRAIN AND COGNITION 34, 48—71 (1997)
ARTICLE No. BR970906

Symbol Grounding: A Bridge from Artificial Life
to Artificial Intelligence

Evan Thompson

Department of Philosophy, York University, North York, Ontario, Canada

This paper develops a bridge from AL issues about the symbol—-matter relation
to Al issues about symbol-grounding by focusing on the concepts of formality and
syntactic interpretability. Using the DNA triplet-amino acid specification relation
as a paradigm, it is argued that syntactic properties can be grounded as high-level
features of the non-syntactic interactionsin a physical dynamical system. Thisargu-
ment provides the basis for arebuttal of John Searle’s recent assertion that syntax
is observer-relative (1990, 1992). But the argument as developed also challenges
the classic symbol-processing theory of mind against which Searle is arguing, as
well asthe strong AL thesisthat lifeisrealizable in apurely computational medium.
Finaly, it provides a new line of support for the autonomous systems approach in
AL and Al (Varela & Bourgine 1992a, 1992b). 0 1997 Academic Press

INTRODUCTION

What is the relation between form and matter? An echo of this rather
ancient philosophical question can be heard in the debates within two recent
scientific endeavors, the computational approach to the mind-brain in com-
putational neuroscience and artificia intelligence (Al) and the synthetic ap-
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proach to living systems in artificial life (AL). In Al and AL the question
arises mainly in connection with the nature and status of symbols, that is,
itemsthat are physicaly realized, formally identifiable, and semanticaly in-
terpretable.

In classical or *‘symbol processing’”’ Al the issue about symbols has two
sides, one having to do with semanticsand the other having to do with syntax.
Thesemantic sideisthe praoblem of how symbols as syntactically (formally)
individuated tokens of a given type get their meaning. The syntactic side,
which has been much less discussed, isthe problem of how something physi-
cal can aso be syntactic. As a conceptual and practical design problem in
Al the semantic side of the issue has been dubbed by Stevan Harnad the
“*symbol grounding problem’’ (Harnad, 1990). This term is better suited,
however, to cover both the semantic and syntactic sides of the issue. The
symbol grounding problem can thus be seen to comprise both a ** semantic
grounding problem’” —what fixes the semantic interpretation of the symbol
system?—and a ‘* syntactic grounding problem’ —what fixes the syntactic
(formal) interpretation of the physical system?

In AL the issues about symbols are broader. The main issue has been
dubbed by Howard Peattee the ‘*symbol—-matter problem’’ (Pattee, 1989).
The symbol—-matter problem takes many forms. To cite a few examples. In
abiological system, how can amaterial structure operate asa symbolic form?
Does evolution require certain types of interaction between materia struc-
tures and symbolic forms? Must something have a symbolic genotype and
amaterial phenotype to be a living system? In other words, is the symbolic
genotype/material phenotype coupling a necessary feature of life? Or is it
only contingent, accidental to life as we know it on Earth?

According to Christopher Langton’s influential AL manifesto (Langton
1989a), AL seeks to answer the above sorts of question by placing life as
we know it within the wider theoretical context of life asit could be. Thus
the AL research strategy involvestrying to discover the organizational princi-
ples that define life by ssimulating the behavior of actual and possible living
systems on a computer. But Langton also puts forward a more controversial
statement of the AL program, one which raises another type of issue about
the symbol —matter relation. This more controversia version of the AL pro-
gram hascometo beknownas*‘ Strong AL,”” aname drawn from the suppos-
edly analogous idea of ‘*Strong Al.”" (The latter term was coined by John
Searle who opposes the position [Searle, 1980]). Whereas ** Strong Al
holds that the mind is a computer program (that instantiating the right pro-
gram suffices for having mental states), ‘* Strong AL’ holds that the proper-
ties necessary and sufficient for life are purely formal, and so it is possible
not only to simulate but a so to realize living systems within a computational
medium (Langton 1989a; Morris 1991; Sober 1992). How cogent is this no-

1 This way of looking at the issue was originally suggested to me by Kenneth Cheung.
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tion of a system that qualifies as living yet has only a formal identity? And
to what extent can aformal system clarify the symbol—matter relations that
are characteristic of life on Earth (Emmeche, 1992; Peattee, 1989)?

The general aim of this paper is to suggest a possible bridge from these
issues about the symbol—matter relation in AL to the symbol grounding prob-
lemin Al. | will focus primarily on the concepts of formality and syntactic
interpretability in relation to the symbol—matter and symbol grounding prob-
lems. My specific concern is to build a bridge that leads from AL and the
biological realm toaconception of symbolic activity in Al-inspired cognitive
science that is more dynamical than the conception found in the classica
formalist paradigm.

SEARLE’'S ARGUMENT THAT “SYNTAX IS NOT INTRINSIC
TO PHYSICS”

Claus Emmeche (1992), in an endnote in his book on AL, observes that
John Searle’s (1990, 1992) recent argument against the classic symbol pro-
cessing paradigm in cognitive science, is relevant also to AL. Emmeche does
not explore this suggestion in the book; | will take it as my starting point
here.2

The classic symbol processing paradigm in cognitive science holds that
mental processes involve symbolic computations in an internal language of
thought and that the brain is accordingly a digital computer or physical sym-
bol system. Searle’'s earlier (and notorious) argument against this paradigm
is his so-called ‘* Chinese Room Argument’’ (Searle, 1980). This argument
addressed the relation between the syntactic and semantic features of mental
states. In contrast, his new argument addresses the relation between the phys-
ical and syntactic features of the brain. In anutshell the new argument is that
syntactic features are essentially observer-relativeand so it isnot possiblefor
a physical system, such as the brain, to be intrinsically syntactic; conse-
quently, the view that the brain is a ** syntactic engine’’ is incoherent.

The core of Searle’s argument has four steps, from which he then draws
two further conclusions:

1. Compuitation is defined syntactically in terms of symbol manipulations.

2. Syntactic features are defined formally (roughly, in terms of certain
shapes).

3. The formal and hence syntactic features of physical systems are always
specified rel ative to some mapping or assignment function provided by an
observer outside the system. (** * Syntax’ isan observer-relative notion.’”)

2 Emmeche does refer to a paper of his in preparation, ‘‘ The idea of biological computa
tion,”” where | imagine he discusses the issue further. But | have not seen this paper, and |
do not know whether it has appeared in print. | discussed Searle’s argument in relation to AL
in an earlier and considerably abridged version of this article (Thompson 1995).
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4. Therefore, physical systems are syntactic and hence computational only
relative to the mapping or assignment function, not intrinsically. (** Syntax
is not intrinsic to physics.”’)

On the basis of (1)—(4) Searle then argues:

5. One cannot discover that a physical system (such asthe brain) is intrinsi-
cally computational, though one can assignto it a computational interpre-
tation.

6. Syntactic features cannot function causally in the production of behavior.
(** Syntax has no causal powers.’’)

It is important to see how this argument both differs from and tries to
strike deeper than the Chinese Room Argument. The target of the Chinese
Room Argument is the Strong Al position that the mind is a computer pro-
gram, and the argument proceeds by trying to show that mental content can-
not be gotten simply from the syntactic operations of computer programs.
Incontrast, thetarget of the new argument isthe position, dubbed ** Cognitiv-
ism’’ by Searle, that the brain is adigital computer or physical symbol sys-
tem,® and the argument proceeds by trying to show that ‘‘ syntax’’ isan essen-
tially observer-relative notion and therefore it is incoherent to suppose that
a physical system could be intrinsically syntactic. In Searle’s formulation,
the Chinese Room Argument tries to show that ‘‘semantics is not intrinsic
to syntax,”’” but the new argument tries to show that ‘*syntax is not intrinsic
to physics.”” Thus the argument tries to strike deeper because it does not
challenge merely the idea that mental processes are computational; it chal-
lenges the very coherence of the idea of aphysical symbol system. If Searle
were right about the relation between physics and syntax, the implications
for both Al and AL would be considerable: The hypothesis that the brainis
a syntactic engine would be incoherent; consequently, the view that mental
processes are computational would not even be able to get off the ground
(unlessoneisadualist). And Strong AL too would be untenable, for it would
be incoherent to suppose that there could be an observer-independent compu-
tational medium in which to realize the principles definitive of life.

The crux of the issue as Searle sees it is whether there can be syntactic
features that are intrinsic to a physical system rather than based on some
outside assignment or interpretation. Thusfor Searle theissueisan ontologi-
cal one: Are syntactic properties intrinsic or observer-relative? And because
he insists that there is a principled distinction between ontology and episte-
mol ogy—questions about what something ismust be treated separately from
questions about how we know or determine what something is—Searle re-
jects attempts to answer the ontological issue about syntax on the basis of

8 Searle uses theterm *“digital computer”” but | think ‘‘physical symbol system’ is amore
precise designation for the kind of computational system he has in mind (see Newell 1980).
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considerations about what fixes the syntactic interpretation of a physica
system. His treatment of syntax thus runs parallel to his treatment of seman-
tics and intentionality. Searle insists that there is a distinction between the
“‘intrinsic intentionality’’ of mental states and the ‘‘derived intentionality’’
of, say, spoken utterances and written marks: As a matter of ontology, the
intentionality of a mental state is internal to it and does not depend on how
the state is used or interpreted (Searle, 1983). Thus ontological issues about
the intentional content of mental states must be treated separately from epis-
temological issues about what fixes the semantic interpretation of mental
states. Where the parallel breaks down, however, is that for Searle there is
no such thing as*‘intrinsic syntax’ ' —syntactic properties do depend entirely
on how the states of a system are used or interpreted.

Before taking up this issue in detail it is worth continuing for a moment
to consider how Searle’s position fits into his overall philosophy of mind.
Consider the question, ‘*what exactly is the nature of the observer or agent
who treats certain physical phenomena as syntactical’’ ? Here two tenets of
Searl€’ s philosophy of mind become relevant. Thefirst isthe aforementioned
distinction between intrinsic intentionality and derived intentionality. The
second is Searle’s view that, for a state to be an intentional or mental state,
it isnecessary that it be at least potentially accessibleto consciousness; hence
there cannot be mental statesthat are *‘in principle inaccessibleto conscious-
ness’ (Searle, 1992). Now if we combine these two tenets with Searle's
claim that syntax is observer-relative, we arrive at the claim that physica
systems have syntactic properties only in relation to observers who are con-
scious intentional agents. Although Searle does not himself make this con-
nection explicit, it is implicit in the following passage:

In Turing’s human computer [a person consciously applying an algorithm to solve
an arithmetical problem] there really is a program level intrinsic to the system, and
it isfunctioning causaly at that level to convert input to output. This is because the
human is consciously following the rules for doing a certain computation, and this
causally explains his performance. But when we program the mechanical computer
to perform the same computation, the assignment of a computational interpretation
isnow relativeto us, the outside homunculi. Thereisnointentional causationintrinsic
to the system. The human computer is consciously following rules, and this fact
explains his behavior, but the mechanical computer is not literally following any
rules. It is designed to behave exactly asif it were following rules; so for practical,
commercia purposes it does not matter that it is not actualy following any rules. It
could not be following rules because it has no intentional content intrinsic to the
system that is functioning causally to produce behavior. Now cognitivism tells us
that the brain functions like the commercial computer and that this causes cognition.
But without a homunculus, both commercial computer and brain have only patterns,
and the patterns have no causal powers in addition to those of the implementing
medium. So it seems there is no way cognitivism could give a causa account of
cognition. (Searle, 1992, p. 216)

Searl€'s position thus turns out to be in a sense the inverse of Daniel C.
Dennett’s (1978, 1987). Dennett holds that no intentionality isintrinsic; al
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intentionality is relative to a stance we adopt toward a system, the ‘‘inten-
tional stance.”” Adopting the intentional stance serves to revea ‘‘rea pat-
terns”’ (Dennett, 1991) in the system’ s behavior, but the explanation of how
these patterns are generated resides at the design level, the level at which a
complex system is a ‘‘syntactic engine.”” For Searle, on the other hand,
physical systems can be syntactic engines only in relation to the conscious
intentional agents who can assign syntactic interpretations to physical phe-
nomena

Although Searl€’ s position on syntax isthus linked to his general position
in the philosophy of mind, his claim that *‘ syntax is not intrinsic to physics'’
can be rebutted without entering into the philosophical debates about in-
tentionality and consciousness. First, one can sidestep Searle’s problematic
division between ontology and epistemology by holding that, as a matter
of scientific practice, questions about what something is cannot be treated
separately from questions about how we find out what something is. In the
present context, this would mean that the issue about what syntactic proper-
ties are cannot be treated separately from the issue of how a system gets
syntactically interpreted. On this view, the paralel between syntax and se-
mantics would be complete: Just as when one discovers that a system is
semantically interpretable there need be no further question about whether
itis*‘redly”’ semantic (see Haugeland, 1985), so too when one discovers
that a system is syntactically interpretable there need be no further question
about whether it is “‘really’’ syntactic.

Of course, “‘readlly’’ is not necessarily equivalent to “‘intrinsically.”
Something can be really F without being intrinsically F; it might be F only
relationally. There is therefore an interesting question that remains about
syntactic interpretation: Does what fixes the syntactic interpretability of a
system imply that syntax is assigned to the system? Or does it imply that
syntax is discovered in the system?

These questions cannot be answered a priori; instead, one must look at
the methodol ogical and empirical justifications given on behalf of the syntac-
tic level in computational endeavors such as Al and AL. The next two sec-
tionswill be devoted to this task and they will reveal that there isa straight-
forward refutation of Searle’sclaim that *‘ syntax isnot intrinsic to physics.””
Theline of argument to be pursued will have some interesting consequences,
however. It will provide little support to the view that Searle is actually
arguing against—the cognitivist or symbol processing paradigm; and it will
raise some questions about the cogency of the Strong AL thesis. But it will
also turn out to provide anew line of support for the so-called ‘ ‘ autonomous
systems'’ research program within AL, biology, and connectionist cognitive
science (Varela, 1979; Varela & Bourgine, 1992a, 1992b). And it is from
this research program that a more dynamical, rather than purely formalist,
conception of symbolic activity might be forthcoming.
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SYNTAX AND THE BRAIN

We can begin by looking at the standard cognitivist arguments for consid-
ering the brain to be, a a certain level of description, a physical symbol
system. Two main arguments have been given. The first appealsto intention-
ality, specifically to the intentional or semantic properties of mental states
that are implicated in the generation of behavior and that are presumed to
be in some way realized in the brain. The second appeals to complexity,
specifically to the organizational complexity of the brain and nervous system.

The first argument has been extensively presented by Fodor and Pylyshyn
(1988). According to Fodor and Pylyshyn, the symbol processing model of
mental processes rests on two ideas. The first idea is that one can construct
languages in which semantic features correspond systematically (within cer-
tain well-known limits) to syntactic features. The second ideaisthat one can
devise machines that have the function of operating on symbols, but whose
operations are sensitive only to the syntactic structure (physical form) of the
symbols. Fodor and Pylyshyn describe how the two ideas fit together:

If, in principle, syntactic relations can be made to parallel semantic relations, and
if, inprinciple, you can have amechanism whose operations on formulasare sensitive
to their syntax, then it may be possible to construct a syntactically driven machine
whose state transitions satisfy semantical criteria of coherence. Such a machine
would be just what' s required for amechanical model of the semantical coherence of
thought; correspondingly, theidea that the brain is such a machineis the foundational
hypothesis of Classical cognitive science. (1988, p. 30)

As they go on to discuss, this‘‘foundational hypothesis’” implies that the
symbol structures in the classical model of mental processes correspond to
real physical structuresin the brain. What Searle’s argument challengesis
the assumption that there could be any non-observer-relative fact of the mat-
ter about this correspondence. Hence what needs to be considered is how
the syntactic features of computational states are typically grounded within
the cognitivist or symbol processing framework.

In his book Computation and Cognition, Pylyshyn (1984) discusses how
computational explanations must be relativized to the mappings provided by
two interpretation functions, the semantic function (SF) and the instantiation
function (IF). The semantic function maps from articulated functional states
onto some domain of intended interpretation (e.g., positive integers). (It is
worth noting parenthetically that this function is required for something to
be a computation because a computation is a rule-governed process defined
over semantically interpretable items (Fodor, 1980; Pylyshyn, 1984). Hence
the first premise of Searle’'s argument, that computation is defined only syn-
tactically, is not strictly speaking correct within the context of the symbol
processing approach.) The instantiation function maps from physical states
to computational states; more precisely, it specifies the equivalence classes
of physical states that count as syntactically distinct computational states.
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This is the interpretation function relevant to syntactic interpretability, for
its purpose is to indicate how syntactic states are physically realized.

Unfortunately Pylyshyn’s treatment of the instantiation function does not
provide much clarification about syntactic interpretability. Here is how he
describes the IF:

By mapping from physical to computational states, such a function provides a way
of interpreting a sequence of nomologicaly governed physical state changes as a
computation, and therefore of viewing aphysical object as a computer. (1984, p. 56)

This description does not make clear just what isrequired of an instantiation
function for it to be the case that the syntactically distinct states figuring in
the interpretation are not simply assigned to the system, but discovered in
it.

The problem becomes more pressing when one remembers that computa-
tional states are said to be independent of any particular material medium
and hence multiply redlizable. As Pylyshyn goes on to observe, the physical
realizations of a given computational function are essentially open-ended:
Computational sequences*‘ can be realized in devices operating in any imag-
inable media—mechanical (asin Charles Babbage's Analytical Engine), hy-
draulic, acoustical, optical, or organic—even a group of pigeons trained to
peck as a Turing machine!’’ (1984, p. 57). Such multiple realizability has
typically been considered as a point in favor of applying the computational
framework to the mind, for it provides a model of how there need be only
weak token-token identities between mental states and physical states (rather
than strict type-type identities), and consequently how psychology can be
autonomous in relation to neuroscience. Searle counters, however, that the
multiple realizability of computational states is simply a sign that the states
are not intrinsic to the system, but depend on an interpretation from outside.
He thinks that a distinction should be drawn between devices whose func-
tions are multiply realizable (e.g., thermostats) but are nevertheless defined
in terms of the production of the same physical effects (e.g., regulating tem-
perature), and devices whose multiple realizability is due to the relevant
properties being purely formal or syntactic (e.g., Turing machines). For
Searle, it is this difference in types of multiple realizability that explains
why, for example, nobody would suppose it possible to make a thermostat
out of pigeons even though it might be possible to train pigeons to peck as
some simple Turing machine.

This distinction between what might be called functional multiple realiz-
ability, on the one hand, and formal multiple realizability, on the other, indi-
cates that there is another concept that is revelant here. This is the concept
of digitality. One reason that is typically given for why physical symbol
systems can be multiply redizable is that they are digital systems. Thereis
disagreement among philosophers and cognitive scientists about how to de-
fine adigital system (Haugeland, 1981; Lewis, 1971; Pylyshyn, 1984), but
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for our purposes adigital system isone whose states belong to afinite number
of types that are perfectly definite—that is, for any given type, a state is
either of that type or it isnot, and variation among the states that belong to
a given type is insignificant. In physical symbol systems, the insignificant
variations occur at the physical level (the level of the so-called ‘*physical
machine’’) and the perfectly definite types correspond to the syntactic states
of the system (the states at, say, either the level of the **logical machine”’
or that of the ** abstract machine’’). Thus syntactic properties can correspond
to arbitrarily many physical properties and syntactic state-transitions can in-
volve arbitrarily many physical causal laws. Hence physical symbol systems
are as a class independent of any particular material medium.

One rather large shortcoming of Searle’s argument is that he does not
address thisrelation between digitality and formal multiple realizability. But
certain remarks that he makes do suggest how he would view the relation
(p. 210). In these remarks Searle appears to admit that digitality is not ob-
server-relative, but he claims that although the states of a digital system
might more naturally support a syntactic characterization by an outside ob-
server, they are nevertheless syntactic only in relation to such a characteriza-
tion.

To address this claim we need to turn to the second line of reasoning given
by the cognitivist for supposing that the brain is a physical symbol system.
Thisargument is the one based on appealing to the organizational complexity
of the brain.

Ray Jackendoff (1987) gives a concise presentation of the argument from
organizational complexity in his book, Consciousness and the Computa-
tional Mind. Jackendoff argues that computational levels of description are
required for systems whose components interact combinatorially. In a com-
puter, the state of each component (e.g., binary switch, flip-flop—hence at
the level of the logical machine) is independent of the states of the other
components; consequently, the activity of larger componentsin the machine
is not a sum or average of the activity of the component parts, but depends
rather on the state of each component and their particular combinatorial prop-
erties. It is the complexity of the combinatorial properties that is ultimately
responsible for the medium-independence of computational systems: *‘any
device with the same combinatorial properties will have the same set of pos-
sible statesand will go through the same sequence of states. Sincethe combi-
natorial properties are formal rather than physical, we will have arrived at
a computational description’’ (1987, p. 30).

Jackendoff claims that a comparable case obtains in the organizational
complexity of the brain, though not in other biological organs, such as the
stomach. The activity of neuronal groups is not the sum or average of the
component neuronal activities, but depends rather on how the neurons inter-
act combinatorially. Such combinatoria properties are both formal and struc-
turally grounded in the brain; henceit isin virtue of its organizational com-
plexity that the brain is a syntactic engine.
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The original inspiration and foundation for this approach to the brain is
of course the seminal paper by Warren McCulloch and Walter Pitts (1943)
entitled ‘A Logica Calculus of the Ideas Immanent in Nervous Activity.”
By taking the neuron as the functional unit of the nervous system and by
treating neurona activity as binary, digital, and synchronous (neurons as
threshold devices that could be either active or inactive, and that al change
state at the same discrete time-steps), McCulloch and Pitts were able to show
formally that the organizational complexity of various neural nets is suffi-
cient for the computation of the logical operations of the propositional calcu-
lus. Thisresult has been foundational for the entire field of cognitive science
because it shows how the operation of the nervous system might at some
level be appropriately described using mathematical logic and hence how
the brain could be seen at that level to be a symbolic machine.

Appealing to organizational complexity provides the beginnings of amore
satisfactory approach to the issues about syntactic interpretability. Suppose,
for example, that McCulloch and Pitts's idealized neural nets reflected the
real functional architecture of the brain. It would then be the case that certain
equivalence classes of neuronal states would be computational states in vir-
tue of the roles that neurons play in nervous system activity. Of course it
would still be true that in constructing a computational model of the brain
we would have to map the all-or-none activity of neurons onto, say, 0's and
1I'siin binary notation, but the model would nonetheless be nonarbitrarily
grounded in an intrinsic (non-observer relative) feature of the brain, namely,
the role that neuronal activity plays in the operation of the nervous system
and the generation of behavior. Searle seems to consider this line of argu-
ment, but he simply dismisses it by repeating his assertion that **syntax is
not intrinsic to physics,”” which of course begs the entire question.

My invocation of McCulloch and PFitts is not intended as a claim about
how computational processes are actually supported by brain processes. On
the contrary, it is well known that real neurons are not simple binary
switches, and although neurons are the fundamental anatomical units of the
nervous system, the basic functional units are probably relatively invariant
patterns of activity in neuronal assemblies (Maturana & Varela, 1980;
Grossberg, 1980; Edelman, 1987; Freeman & Skarda, 1985; Singer, 1993).
Rather, by invoking McCulloch and Pitts | mean to illustrate the point that,
contrary to Searle, there is nothing incoherent in supposing that computa-
tional processes may be thus grounded in the organizational complexity of
the nervous system. It isfor this reason that | said the argument from organi-
zational complexity provides the beginnings of an approach to syntactic in-
terpretability: It answers the charge raised by Searle, while leaving open
the substantive (and ultimately more interesting) empirical issues about the
syntactic interpretability of complex systems such as the brain.

The line of argument | have been pursuing does have theoretical implica-
tions for these empirical issues. We have seen that to ground claims about
syntactic interpretability it isnot enough to appeal simply to an abstract map-
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ping from the syntactic to the physical, such as Pylyshyn’ sinstantiation func-
tion; we must also appeal to the organizational complexity of the realizing
system. For this reason | think that Fodor and Pylyshyn (1988) are wrong
when they claim that it is mistaken for philosophers such as Dennett (1978,
1987) and connectionists such as Smolensky (1988) to appeal to complexity
as away of distinguishing cognitive from noncognitive systems. On the con-
trary, it is the organizational complexity of certain systems that warrants
the hypothesis that there are additional syntactic (and semantic) levels of
description for their behavior.

One conseguence of this point is that the purely top-down approach that
characterizes the symbol processing treatment of syntactic interpretability is
unsatisfactory. What | mean by *‘ purely top-down’’ is an approach in which
hypotheses about the brain are made entirely on the basis of hypotheses
about mental representations. For example, Fodor and Pylyshyn write:

. . . the symbol structuresin a Classical model are assumed to correspond to real
physical structures in the brain and the combinatorial structure of a representation
is supposed to have a counterpart in structura relations among physical properties
of the brain. For example, the relation *“part of,”” which holds between a relatively
simple symbol and a more complex one, is assumed to correspond to some physical
relation among brain states. . . . (1988, p. 13)

Such a top-down approach cries out for lower-level constraints. Fodor and
Pylyshyn simply take for granted the idea that there is some appropriate
instantiation function from syntactic structures to physical structures in the
brain, even though, to use their example, no one has the foggiest idea how
the syntactic relation **part of '’ is supposed to correspond to some physical
relation among brain states. If the claim that thebrainisa’‘ syntactic engine’’
is to be taken seriously, then we must try to find out what type of syntactic
engine it is. To do this we need not only top-down hypotheses based on
models of mental representations, we also need detailed models of how syn-
tactic features can, in the first instance, emerge as a consequence of a sys-
tem’s organizational complexity, and in the second instance, act to constrain
the behavior of such a system. Nowhere is the necessity of such models
provided for within the symbol processing approach.

In contrast the new research area known as emergent computation holds
considerable promise (Forrest, 1990, 1991). Emergent computation is the
study of complex systems having three genera features: (i) they are com-
posed of a collection of agents each of which follows explicit instructions;
(i) the agents interact according to the instructions and thereby generate
implicit, emergent global patterns; and (iii) there is an interpretation function
that mapsthe global patterns onto computations (Forrest, 1990). Within such
emergent computational systemsthe low-level agentsare themselves devices
that have a purely formal specification, but since they are typically rather
simple—for example, the on-off cells of a cellular automaton—one can eas-
ily imagine biological analogues.
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Nevertheless, merely showing how certain kinds of global behavior can
be given a computational interpretationis not in itself sufficient to show that
their syntactic interpretability is equivalent to the syntax being discovered
in the system, rather than being merely assigned to it from outside. The
task specified by the problem about syntactic interpretability isto show how
(contra Searle) syntax can beintrinsic to physicsfor certain kinds of systems.
Consequently, what we need are not merely implicit (unprogrammed) global
patterns that naturally support a computational interpretation from outside
(asin for example Conway’s ‘*Game of Life’’ (Gardner, 1970); rather, what
we need are models of how a system can have an internal syntax that is not
merely assigned by an outside observer and thereby qualify as a naturally
syntactic system. Such a model would have to specify a particular sort of
relation between syntax and physics—one that emerges as a consequence
of the system’s own operation and yet can shape the system's behavior.

THE LIVING CELL

One well understood example of a system that has a syntactic level of
operation in this sense is the living cell. In fact the cell provides a minimal
yet paradigmatic example of a system that is both autonomous (in a sense
that will be made precise later) and that has a naturaly syntactic level of
operation, and so | will dwell on it a some length.

Inacell the syntactic level corresponds of course to the so-called *“ genetic
code’” whereby genes (lengths of DNA) specify the kinds of proteins a cell
can make. More precisely, the ‘*genetic code’’ refers to the rules that pre-
scribe specific amino acids given specific triplets of nucleotide bases in
DNA. Protein synthesis is thus said to involve specifications that are written
in DNA and then ‘*decoded’’ in acomplex process involving molecular tran-
scription (production of mRNA by RNA polymerase and nucleotides) and
trangation (production of protein by mRNA, ribosome, amino acid, tRNAs
and other molecules).

The specification relation between DNA and proteins has a number of
features that justify using the syntactic term *‘code’” to describe it. First,
the code is quasi-universal: With the exception of mitochondria, nucleotide
triplets always specify the same amino acids regardless of the organism; for
example, the triplet AAG (adenine—adenine—guanine) specifies lysine in all
organisms from bacteria to humans. Second, the code is arbitrary in the
sense that, as Maynard Smith putsiit, “*Itis hard to see why a code in which
GGC means glycine and AAG means lysine is either better or worse than
one in which the meanings are reversed”’ (Maynard Smith, 1986, p. 19).
Third, the codeis compositional in the sense that there are numerous possi bil-
ities for nucleotide triplet combinations in a linear array. Fourth, the code
isdigital because what a nuclectide triplet signifies depends on which token
it is out of a finite number of types and physical variation within certain
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[imits among tokens of a given type makes no difference to their belonging
to that type (Maynard Smith, 1988).

These four features—quasi-universality, arbitrariness, compositionality,
and digitality—warrant describing the genetic code as involving syntactic
(formal) relations. But the genetic code does not depend on an interpretation
function given by an outside observer; nor is it a set of instructions applied
by a control that is external to the cell. Rather, it is a set of specifications
that isand must be embedded in the metabolic dynamics that constitutes the
cell as an individual.

To give this point the emphasis that it deserves in this context, | wish to
make use of Howard Pattee’'s proposed explanation of the relation between
the physical and the syntactic in biological systems (Pattee, 1977). Pattee
distinguishes between, on the one hand, the laws of nature, which are univer-
sal and closed (holonomic), and on the other hand, structures that conform
to the laws of nature yet constrain the motion of matter in ways additional
to the laws (nonholonomic auxiliary conditions or constraints). In Pattee’s
view, the presence of such additional structures in a system can ground the
syntactic interpretability of a system: We map the structures onto syntactic
properties (e.g., formal rules), which can be described without referring to
the physical structures that realize them.

So far we have little more than what is also contained in Pylyshyn’ snotion
of an instantiation function that maps from the physical to the syntactic.
But Pattee goes further. Following Von Neumann's (1966) work on self-
reproducing automata, he focuses on a certain class of complex system—
those that can self-replicate in virtue of containing (among other things) their
own description (self-describing systems)—and explicitly raises the key
question: ‘*how can we tell if a self-describing system has its own interna
language in any objective sense? How do we know we are not interpreting
certain structures as descriptions, only because we recognize them as consis-
tent with rules of one of our own languages?’ And he gives as an answer:
“‘we must further restrict our model of a complex system to remove the case
of the external observer reading a message that is not really in the system
itself. This restriction is achieved by requiring that a complex system must
read and write its own messages’ (Pattee 1977, p. 262).

Againtheliving cell servesasaparadigm, and thuswe return to the genetic
code as a naturally syntactic system embedded in the internal operation of
the cell. The writing of its own messages corresponds in the cell to the syn-
thesis of the DNA molecules; the reading of its own messages corresponds
to the elaborate process of protein formation according to the universal rules
of the genetic code and the specific descriptionsin the structural DNA. This
code is both arbitrary, as previously mentioned, and rate-independent (what
a given nucleotide triplet designates is independent of how fast it is written
or decoded). But as Pattee goes on to observe, for the code to be read there
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must ultimately be a transduction from the rate-independent, *‘linguistic
mode,”’ as he cadls it, to the rate-dependent ** dynamical mode.’”” The trans-
duction happens when the rate-independent linear array of amino acidsfolds
to become a three-dimensional enzyme. Within the operation of the cell there
is thus a transformation from the enzyme as something designated in the
genetic code to the enzyme asan operational component. Moreover, as Pattee
remarks, this transformation (the protein folding) is not itself described in
the linguistic mode; it happens rather according to *‘ the laws of nature under
the nonholonomic constraints of the rule-constructed polypeptide chain de-
scribed by the cell’s structural DNA™ (1977, p. 263).

We can now appreciate how the genetic code as a naturally syntactic sys-
temisand must be embedded in the internal operation of the cell. In general,
nucleotide triplets are capable of predictably specifying an amino acid if
and only if they are properly embedded in the cell’s metabolism, i.e., in the
multitude of enzymatic regulations in a complex chemical network. This
network hasa ‘‘chicken and egg’’ character at severa levels. First, proteins
can arise only from adecoding process, but this process itself cannot happen
without proteins. Second, the protein specification and construction pro-
cesses must be properly situated within the intracellular environment, but
this environment is itself a result of those very processes. Finally, the entire
cell isan autonomous system of a particular sort: It iswhat Francisco Varela
and Humberto Maturana describe as an autopoietic system, that is, a self-
producing system defined by an operationally closed network of processes
that simultaneously both produce and realize the cell concretely in the physi-
cal space of its biochemical components (Varela et a., 1974; Maturana &
Varela, 1980; Varela, 1979).

The embedding of the genetic code in the cellular dynamics has important
consequences for our understanding of naturally syntactic systems. When
werefer to the ** coding relation’” between DNA and proteins we are really
choosing to focus on one particular sequence of events in the ongoing meta-
bolic turnover of the cell. We do so by abstracting away from a number of
the necessary intervening causal steps and by implicitly invoking a ceteris
paribus clause to cover the metabolic processes (Varela 1979, p. 75). Thus
when we talk about DNA coding for proteins we are not referring to a pecu-
liar type of syntactic causal relation; rather we are abbreviating a lengthy
but remarkably stable causal sequence of concrete biochemical events. It is
precisely the stability and predictability of the entire sequence that grounds
treating nucleotide triplets as in effect symbols that stand for amino acids.

It would seem, then, that the genetic code provides a counterexample to
Searl€' s assertion that syntax is essentially observer-relative. | think that this
is correct, subject to one important clarification.

Although| am arguing that it is legitimateto view the specification relation
between DNA and proteins on a symbolic level, | am not arguing that we
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can superimpose the software-hardware distinction from symbolic computa-
tion onto the living cell. For example, consider this statement from Freemon
Dyson’sbook Originsof Life: **Hardware processinformation; software em-
bodies information. These two components have their exact analogues in
living cells; proteinis hardware and nucleic acid is software’’ (Dyson, 1985).
But protein and nucleic acids are most definitely not ‘*exactly analogous'”’
to hardware and software. The analogy is misleading for reasons mentioned
two paragraphs back: although there is a legitimate sense in which the so-
called ‘*self-description’” of the protein-structure of the cell contained in
DNA can be described formally, it must be remembered that the term ** self-
description’” is an abbreviated way of referring to relations that must be
dynamically embodied. There is no precise analogue to this dynamical em-
bodiment in the case of software.

It can be seen from the points made in the previous two paragraphs that
the treatment of syntactic interpretability suggested by the example of DNA
in the living cell is hardly conducive to the physical symbol system model
of the brain, which is the target of Searle’s argument. This model simply
takes symbols at face value and treats them as if they were independent (in
principle) of the neural processes from which they emerge and by which
they are supported. In the case of the living cell, however—which is our
best understood example of a system that has a naturally syntactic level of
operation—we know that there is no such independence of the symbol vehi-
cles from the dynamical context in which they are embedded. This point has
important implications for the thesis of Strong AL and for the Al debate
between connectionism and the symbol processing theory.

STRONG AL

According to Christopher Langton, ‘‘the principle assumption made in
[Strong] Artificia Lifeis that the ‘logical form’ of an organism can be sepa-
rated from its material basis of construction, and that *aliveness will be
found to be a property of the former, not of the latter’” (Langton, 1989a,
p. 11). The context of this remark isadiscussion of machines, and of how, in
the devel opment of cybernetics and the mathematical theory of computation,
““The ‘logical form’ of a machine was separated from its material basis of
construction, and it was found that * machineness' was a property of the for-
mer, not of the latter.’”” The application of this idea to the corresponding
idea in the case of organisms requires only the additional premise that living
systems in general are atype or class of machine; the type or class can then
be defined by specifying a particular organization (see Maturana & Varela,
1980, for the classic statement of thisidea, and Fontana et a., 1994, for a
recent reformulation).

In philosophy this general idea is familiar not so much from discussions
of life but from discussions of mind, and is known as functionalism (Block,
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1980). The ideais that the logical form of amind can be separated from its
material basis, and that mentality is aproperty of the former, not of the latter.
As a theory about the nature of the mind, the idea is sometimes known as
“*metaphysical functionalism,”” and in its most pure form is the thesis that
what makes a state a mental state is not anything physical per se, but rather
simply its functional role, that is, the role the state characteristically plays
inrelation to other states. The functional role of astate is something abstract
and formal in the sense that it can be specified as a set of relations without
referring to the materiality of the states that happen to embody those rela-
tions; and any material that can support the appropriate network of relations
will suffice to realize the functiona role. Thus the multiple realizability of
mind follows from metaphysical functionalism. When metaphysical func-
tionalism is combined with what is sometimes called *‘ computation-repre-
sentation functionalism’’ —the thesis that, in psychological explanation,
mental states should be analyzed into component algorithmic processes de-
fined over symbols after the fashion of a computer program—then one ar-
rives at the view that minds are realizable in a purely computational (sym-
bolic) medium (Strong Al).

Adverting to functionalism enables us to specify the sense in which Strong
AL claimsthat materiality and logical form can be separated in an organism.
Strong AL would seem to be the computational version of metaphysical func-
tionalism as applied to the biological domain of life instead of the psycholog-
ical domain of mind. Strong AL holds that what makes a state a *‘vital™’
state (oneinvolved in, e.g., metabolism, reproduction, etc.) issimply itsfunc-
tiona role. Hence the logical form of an organism—the set of functional
relations holding among all its component states and processes—can be
specified without referring to the organism’'s material constitution; and the
material constitution can be anything aslong asit can support the appropriate
set of functional relations. Thus multiple realizability followsin the biologi-
cal domain. Strong AL also holds, however, that thelogical form of an organ-
ism can be captured entirely in a symbolic description, and so we arrive at
the view that life is realizable in a purely computational medium. There is
a difference in the type of computational approach taken in Strong Al and
Strong AL, however. In computation-representation functionalism, mental
processes are supposed to be recursively decomposed in a top-down manner,
whereasin AL biological processes are supposed to be recursively generated
in a bottom-up manner. But this difference does not affect the main point,
which is that the target domain of phenomenain each case (mind or life) is
considered to be realizable in a purely computational medium.

In evaluating Strong AL, then, the question that needs to be answered is
whether it is indeed possible to abstract the logical form of aliving system
from its material constitution in the form of a symbolic description that can
also be claimed to be a realization of a living system. The discussion in the
previous section suggests this may be impossible. Recall Pattee’s (1977)
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distinction between the rate-independent linguistic mode and the rate-depen-
dent dynamical mode in cellular activity. Two central points connected with
this distinction are important here. First, as Pattee emphasi zes, the transduc-
tion from the first mode to the second (i.e., the protein folding) is not itself
linguistically described, but rather is accomplished by the dynamic interac-
tion of the cellular components according to the laws of nature. Second, as
Pattee also emphasizes, if the transduction were linguistically described, the
speed and precision with which it is accomplished would be considerably
reduced. The conclusion at which he accordingly arrives is that **we would
not expect acomplete formal description or simulation of a complex system
to adapt or function as rapidly or reliably as the partialy self-describing,
tacit dynamic system it simulates’ (1977, p. 264).

This interdependence of matter and form in the bacterial cell has also been
taken up by Emmeche (1992) in a recent paper. He argues that the timing
of the processesiscrucial in both thetranscribing of DNA into mRNA chains
and in the synthesizing of enzymes from amino acids by the ribosomes
(trandlation). The timing is regulated by an *‘attenuation control system’’
that involves both the linguistic mode (protein coding) and the dynamical
mode (the physical form of the RNA chain). Hence Emmeche suggests that
Pattee may have drawn his linguistic-dynamical distinction too sharply:
““The ‘linguistic mode’ of the cell (i.e., instructions in the DNA) and the
‘dynamic mode' (the workings of the machinery) are so closely connected
in the prokaryote cell that the *logic’ that describes the behaviour of the cell
is time-dependent and for some part implicitly represented in the machinery
that reads the instructions (pace Pattee 1977)’" (Emmeche 1992, p. 470). In
any case, the point | wish to extract from these considerationsis that, because
the timing of transcription and tranglation processesin the cell is crucial, the
logical form of the cell as adynamical system is not atemporal (asis typical
of abstract symbolic forms), but rather time-dependent (temporally consti-
tuted). For this reason, matter and form may not be separable, even in princi-
ple, in biological systems such as the living cell.

The genera problemwith Strong AL, then, is how it conceivesthe relation
between matter and form in the biological realm. Langton writesthat *‘Life
is aproperty of form, not matter, a result of the organization of matter rather
than something that inheres in the matter itself’’ (1989a, p. 41). What is
right with this statement is that life is an emergent phenomenon dependent
on processes having acertain form or organization (Varelaet a., 1974; Var-
ela, 1979; Maturana & Varela, 1980; Fontana et al., 1994). But what iswrong
with it is that, in the biological ream at least, form is something that, as
Aristotle emphasized long ago, doesinhere in the matter itself. Susan Oyama
puts this well when she wrties: ‘‘Form emerges in successive interactions.
Far from being imposed on matter by some agent, it is a function of the
reactivity of matter at many hierarchical levels, and of the responsiveness
of those interactions to each other’” (Oyama, 1985, p. 22). Indeed, it is pre-
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cisely this conceptualization of the relation between matter and form that is
needed to provide a foundation for the familiar ideathat, as Langton putsiit,
“* Neither nucleotides nor amino acids nor any other carbon-chain moleculeis
alive—yet put them together in the right way, and the dynamic behavior
that emerges out of their interactionsis what we call life'”” (Langton, 1989a,
p. 41).

It isworth pointing out that the argument just presented does not prevent
applying the idea of multiple realizability per se to living systems. Rather,
what it challenges is the stronger notion of pure computational realizability
for living systems. In other words, none of the considerations advanced so
far rules out the possibility of life being realizable in many different physical
media (Searl€’ s notion of physical multiple realizability); what the consider-
ations call into question is the conceptual intelligibility of theidea of purely
computational life (Searle’ snotion of formal multiple realizability as applied
to life).

Similar conclusions have been reached by Stevan Harnad in hisdiscussion
of symbol grounding and AL (Harnad, 1994). Harnad argues that a computa
tional model in general is a semantically ungrounded symbol system; it be-
comes grounded only when supplied with an interpretation. Therefore, a
computational model of life, or of the organization proper to the living, can-
not itself be alive: even if the model turns out to be formally equivalent to
aliving system (whatever this might mean exactly), it is so only relative to
an interpretation, i.e., relative to some (semantic) interpretation function that
maps the symbols of the model onto aspects of living processes. An actua
living system, on the other hand, though it might involve symbolic processes
of various sorts, is not itself an ungrounded symbol system.

Although Harnad and | agree that the Strong AL thesis should be rejected,
the point of my argument is different from his. As Harnad clearly indicates
in his paper, he is willing to allow that every aspect essentia to life could
be systematically mirrored in a formal model. | am skeptical of this idea,
however. If, as Pattee and Emmeche suggest, the logical form of aliving cell
has a time-dependent aspect (having to do with rates of reaction, attenuation
control mechanisms, etc.), then it is possible that the logical form of aliving
system—its organi zation—cannot be completely captured in a purely com-
putational (symbolic) form. | state the point tentatively because a definitive
resolution of the issue one way or another requires a fully worked out theory
of the organization proper to life. The project of constructing such atheory
has certainly begun (Varela et d., 1974; Varela, 1979; Maturana & Varela,
1980; Fontana et a., 1994), but remains to be completed.

A BRIDGE TO ARTIFICIAL INTELLIGENCE

The foregoing discussion has implications also for the debate in Al be-
tween connectionism and the symbol processing paradigm. As noted above,
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the cognitivist model of the brain as a physica symbol system takes the
symbolic level for granted and treatsit asif it were independent (in principle)
of the neural processes within which it is supposed to be realized. In the
case of biological systems such asthe cell, however, thereisno such indepen-
dence of the symbolic level from the encompassing dynamical context. Ex-
cept for the biologically unconstrained, top-down hypotheses based on mod-
els of mental representation, there is no reason not to expect the same point
to hold for the varioustypes of formal regularitiesto befoundin the brain and
nervous system. Of course, in systemsthat are so organizationally complex it
is much harder to specify the processes responsible for these regularities.
Nevertheless, this difference in systemic complexity does not justify the in-
difference that the symbol processing paradigm typically shows to the dy-
namical context of symbolic activity.

This criticism of the symbol processing approach is nothing new to those
engaged in the connectionist research program (Grossberg, 1982; Rummel-
hart & McClelland, 1986; Smolensky, 1988). Connectionist models do not
take symbols at face value and then make entirely top-down hypotheses
about the realization of symbol structuresin the brain. Instead, symbols are
typically treated in the connectionist approach as approximate macrolevel
abbreviations of operations whose governing principlesreside at a*‘ subsym-
bolic’’ level (Smolensky, 1988).

This general type of relation between the symbolic and subsymbolic holds
for the genetic code in living cells. To describe nucleotide triplets as ** cod-
ing’”’ for amino acidsisto abbreviate a lengthy causal sequence of complex
intracellular processes whose governing principles reside at a subsymbolic
biochemical level. Thus my use of the cell as a minimal paradigm of how
syntax can be intrinsic to physics turns out to provide considerationsin sup-
port of connectionism.

The term ** connectionism’” is of course usually applied to models of sub-
symbolic principlesin neura networks. The goal here is both to understand
real, biological neural networks and to solve problems in the theory of ma-
chine learning. But J. Doyne Farmer (1990) has argued that the term ** con-
nectionism’’ should really be given a much broader signification. He defines
a connectionist model as onein which the interactions between the variables
at any given time arerestricted to afinite list of connections, and the values
of the connection strengths and/or the architecture of the connections them-
selves can change with time. Farmer then shows that this class of (meta)
dynamical systemsincludes not only neural networks, but also classifier sys-
temsin Al, immune networks, and autocatalytic chemical reaction networks.

Within connectionism thus broadly construed, the orientation most rele-
vant to the concerns of this paper is the theory of autonomous systems (Var-
ela& Bourgine, 19893, 1989b). The key distinction here is between heteron-
omous systems, which are defined by input-output functions and an external
control, and autonomous systems, which are defined by internal processes
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of self-organization. Francisco Varela (1979) has attempted to make this
characterization more precise by saying that the processes that make up an
autonomous system must (1) berelated as anetwork, (2) generate and realize
themselves, and (3) constitute the system as a unity in the domain in which
those processes exist. Varelasummarizes thisidea of an autonomous system
as a sdlf-constituting network of processes in what he calls the ‘*Closure
Thesis,’” which statesthat every autonomous system has operational closure
(1979, p. 58; Varela & Bourgine, 1989a). The term ‘‘closure’’ is used here
in its algebraic sense: a given domain has closure if all operations defined
in the domain remain within the same domain. Thus ** operationally closed”’
in this context does not mean that the systemis physically and interactionally
closed to the outside, but rather that inside and outside are determined by
the self-constituting dynamics of the system itself.

Once again the paradigm example of a system that is autonomous in this
general sense is the living cell. Intracellular processes generate and realize
ametabolic network that has biochemical closure involving a membrane and
that constitutes the cell as abiological individual. It is this particular sort of
autonomy at the biochemical level that Varelaand Maturana call autopoiesis
(Varelaet d., 1974; Maturana & Varela, 1980). Another important example
of a system that is claimed to be autonomous (but not autopoietic) is the
nervous system. As Maturana and Varela describe it:

Operationally, the nervous system is a closed network of interacting neurons such
that a change of activity in a neuron always leads to a change of activity in other
neurons, either directly through synaptic action, or indirectly through the participation
of some physical or chemical intervening element. Therefore, the organization of the
nervous system as a finite neuronal network is defined by relations of closeness in
the neuronal interactions generated in the network. Sensory and effector neurons. . .
are not an exception to this because all sensory activity in an organism leads to
activity in its effector surfaces, and all effector activity in it leads to changes in its
sensory surfaces. (1980, p. 127)

This idea of the nervous system as an autonomous rather than heterono-
mous system is directly relevant to connectionism and its concern with the
dynamical context of symbolic activity. For example, within neural network
research systems whoselearning isentirely ** supervised'’ qualify as heteron-
omous because changes to the connections in the network are directed by
an externa training signal, as in the learning algorithm known as ** back-
propagation’” (Rummelhart & McClelland, 1986; Rummelhart, 1990). Back-
propagation cannot be defined without reference to such a training signd
that is outside and independent of the system; thus back-propagation connec-
tionist systems cannot be autonomous. In contrast systems whose learning
is‘‘unsupervised'’ capture akey aspect of autonomy because changesto the
connections in the network typically depend on cooperative and competitive
relations among the nodes without the direction of any external supervisor
(Grossherg, 1987; Carpenter & Grossberg, 1990; von der Marsburg, 1990).
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Hence it isto this sort of autonomous neural network research that we should
look for models of how symbolic processes emerge in the brain and nervous
system.

One promising example is the ‘* adaptive resonance’’ neural network the-
ory of Stephen Grossherg, Gail Carpenter, and their colleagues (Grossberg,
1980, 1982, 1987; Carpenter and Grossberg, 1990). Their ART (adaptive
resonance theory) and more recent ARTMAP architectures use unsupervised
learning principles, but they can also operate in a supervised way when there
is feedback from the environment. The architectures embed competitive
learning principles in a self-regulating control structure that contains both
attentional and orientational subsystems. The cycles of interaction between
these two subsystems enabl e the network to self-organizein real time stable
internal configurations or ‘‘recognition categories’ in response to arbitrary
sequences of arbitrarily many input patternswithout any prior explicit repre-
sentation of the environment. Grossberg and Carpenter call a set of such
stable internal configurations a **‘recognition code;’’ the symbols (recogni-
tion categories) that constitute the code are*‘ compressed, often digital repre-
sentations, yet they are formed and stabilized through a process of resonant
binding that is distributed across the system’” (Carpenter & Grossberg,
1993). Adaptive resonance theory thus provides one model of how stable
formal configurations relevant to perception and action can emerge asaresult
of distributed subsymbolic processes and then act to shape the adaptive be-
havior of the system. For this reason, it provides the right sort of model for
understanding how syntax can be intrinsic to physics in the case of neural
and cognitive processes. (By ‘‘right sort’” 1 mean one that meets the require-
ment stated at the end of Section 3 of addressing how formal regularities
can emerge as a consequence of a system’s autonomous operation while also
serving to shape what the system can do.)

The autonomous systems research program in AL and Al thus seems to
be in a good position to claim that it may be able to discover the “‘laws of
qualitative structure’’ underlying symbolic activity in complex systems. This
idea of a law of qualitative structure was originaly invoked in cognitive
science by Alan Newell and Herbert Simon (Newell & Simon, 1977) on
behalf of their physical symbol system hypothesis. But as we have seen the
purely top-down approach this hypothesis takes toward symbol grounding
is unsatisfactory. In contrast connectionism and in particular the theory of
autonomous systems explicitly consider the dynamical context of symbolic
activity, and so hold out the promise of aformal theory of the necessary and
sufficient conditions for symbolic activity in natural and artificial dynamical
systems.
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