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1 Introduction Fodor, the purpose of modules is to translate the com-

plexity of raw sensory input into a common representa-
This is a short paper relating representations of intelli-tion used by a general-purpose reasoning system which
gence between three fields: psychology, neurosciencehooses the course of action. Presumably, Fodorian mo-
and artificial intelligence (Al). | particularly emphasize tor modules would translate similarly generic instruc-
the role of modularity in these three areas. Because spad®ns into the complexity of muscular control.

is limited, | will assume a general familiarity with modu- Fodor believes that the mind is constructed of both
lar Al architectures, and concentrate on relating them tovertical capacities, the afore-mentioned modules special-
natural intelligenck ized to task, andorizontal capacities, things like the

general-purpose reasoning system. At this high level,
his theory is consistent with some Al work. For exam-
2 Modularity in Psychology ple, although Minsky (1985) describes single modules
(or ‘agents’) capable of sensing, planning and action, he
I will begin with an incredibly simple definition of mod- also describes memory systems and organizational struc-
ularity from the psychological literature, due to Flom- tures (e.g. the B-brain) which are accessible to or have
baum et al. (2002): “Modularity is the thesis that the access to all agents. PRS and three-layered architectures
mind contains independent input systems that, when en(e.g. Georgeff and Lansky, 1987; Bonasso et al., 1997)
gaged, are restricted in the types of information that theyalso have both perception/action modules and monolithic
can consult” This definition is useful for two reasons. elements such as planners.
First, it introduces a very clean criteria for modularity:
that some part of the mind does not have access to some
other part of the mind. Given this simple criteria, any- 3 Modularity in Brains
one who accepts the idea of implicit knowledge or un-
conscious action has already acknowledged that there
some sort of modularity involved in human intelligence.
The second reason this quote is useful is the phras
“independeninput systems”. This makes clear the ori-
gins of a great deal of the theory underlying modularity
in the psychological literature &+he Modularity of Mind 3 1 Modularity by organ
by Fodor (1983). Although Fodor states that he believes
modularity may also exist in motor systems (p. 42) heWe know that different parts of the central nervous sys-
claims ignorance of these systems and concentrates aam have radically different structure, in terms of differ-
perception. An entire school of research has followedent component cells, different amounts of connectivity,
this lead (recently Coltheart, 1999; Downing et al., 2001;and different organizations of connectivity. Even if we
Spelke, in press). did not have behavioral evidence (as we do) that the neo-
Even if Fodorian psychology research did considercortex, cerebellum, hippocampus and so forth perform
motor as well as perceptual modules, it would neverdifferent functions, we would suspect as materialists and
consider the sorts of tightly-coupled perception-motorcomputer scientists that these organs must perform dif-
modules prevalent in artificial intelligence (e.g. Minsky, ferent computations, because of their different structure.
1985; Brooks, 1991; Albus, 1997). This is because, forThis point becomes more obvious when we realize there

Pwould now like to turn from psychology to neuro-
science. We have evidence of at least three sorts of mod-
flar decomposition in mammal brafs

1See Bryson (2000) for a review of the Al architectures mentioned here.
2Most of this discussion is true of vertebrate brains in general, but | am most familiar with primate brains so | restrict my claims.



is no particular reason not to extend it to more peripheral ~ Modularity by organ is a more analogous to hori-
organs, such as the spinal chord, the retina or the cochleaontal capacity — organs are often specialized to task

rather than perceptual domain and help the agent as a
3.2 Modularity by region whole. Qn the_other hand, _there are many more organs,

and their functioning more intertwined with the regular
Even within an organ which is fairly structurally homo- modules, than | think either Fodor or three-layered agent
geneous (at least in considerations likely to affect the naarchitectures imply. For example, a great deal of seman-
ture of its computations) there are differences in func-tic knowledge seems to be stored in specialized cortical
tion. In some cases these seem to be determined primategions rather than being associated tightly with a plan-
ily by connectivity: for example, the primary auditory ner as is the model of PRS. Minsky’s ‘Society of Mind’
and visual cortices are areas of the neocortex that mosir Soar (Newell, 1990) might be closer models of this
directly receive the sensory input of the two systemsknowledge distribution, but neither of these systems have
It has been suggested that other regions are modular s many sorts of specialized processing as the brain has
function, such as the ‘fusiform face area’ or the ‘parahip-dedicated organs.

pocampal place area’ (Downing et al., 2001). However, Temporal modularity — modularity by context — is
give_n the amgzing diversity of cortical computatio_n eVeNnot generally shown in modular Al; it has more in com-
in single regions (Kauffman et al., 2002, e.g.), it May mon with traditional computing systems. Modular Al
be that such apparent specialization also reflects CcoNNegystems tend to have all modules operating continuously
tivity, this time toward subcortical brain organs special-in parallel. However, Soar has always had the notion of
ized for purposes such as social interaction and naviyrgplem space to constrain search to a particular context
gation (the amygdalic and hippocampal systems respeqy 4ird and Rosenbloom, 1996). Developers of a related
tively.) Some cortical regions are steps along a streanp ;¢ simpler system, ACT-R, tried to do away with prob-
of processing, e.g. regions dedicated to identifying low-jo .y, spaces in order to simplify the system, but found

level features such as line orientations (Hubel, 1988), Ofhem necessary for successful problem-solving (Ander-
to higher-level concepts such as categories of objects Afyy 3nd Matessa 1998).

tasks (Freedman et al., 2001) or personal identity (Perrett
etal., 1992).

3.3 Modularity by context 4 Module Coordination and

Even within a given region, the semantics of a particu- Structured Action Selection
lar cell's firing seems to be dependent on the context in

which it fires. This has been demonstrated in the hip- )
pocampus (Kobayashi et al., 1997), in sensory corticeMY own Al research has been into the management

mapping receptive fields (Sen et al., 2001), and in thé?"d design of modular Al. | have come to the conclu-
prefrontal cortex (Asaad et al., 2000). | believe that theSion that 1) Semantic and task memory should be stored

extent of the consequences of thesnporalmodularity N speci_alized representations within behgviors (percep-
have not been fully recognized. It may be that some com{ion/action vertical modules), and 2) ordering the behav-
putations are mutually exclusive because their represerio" of such modules is best done using a specialized, hori-
tations cannot be active at the same time. Further, inZONtal module for sequencing behavior. This sequencing
dividual differences in developing these representation§"0dule is not a full planning system, but rather a system
(Skaggs and McNaughton, 1998, e.g.) might account fofor running established reac_tlve plans (see Bryson and
individual differences in insight and generalization based>t€in, 2001a, for further details).

on the relative accessibility of two representations. | believe that this behavior sequencing is directed by
a number of specialized organs in mammals. For exam-
ple, the affective forebrain systems including the amyg-
dala help redirect attention out of a complex plan se-
I would argue that modularity by region could be consid-quence in response to urgent environmental stimuli such
ered analogous to Fodor’s vertical capacities, the thingas loud noises. The amygdala can also learn to respond
he calls ‘modules.” They also correspond to Béhav-  to frequently salient stimuli such as particular sounds,
iors, as proposed by Brooks (1991), and used widely inpeople or rooms. The basal ganglia has recently been
modular Al. However, it may take a stream of severalimplicated in arbitrating between competing subsystems
cortical areas (for example) to correspond to one Fodor{Mink, 1996; Redgrave et al., 1999). The periaqueductal
ian module, and an even longer stream of processing tgray has been implicated in action sequencing for com-
create a full Brooksian behavior connecting perceptiorplex, species-typical tasks (Carlson, 2000; Lonstein and
to action. Stern, 1997).

3.4 Discussion



Other horizontal / organ-based biological modulesAnderson, J. R. and Matessa, M. (1998). The ra-
that | believe would have useful analogs for Al sys- tional analysis of categorization and theT-R

tems include the cerebellum, which provides dynamic grchitecture. In Oaksford, M. and Chater, N., ed-
smoothing between discrete position targets, and the hip- itors, Rational Models of CognitiarOxford Uni-
pocampus, which seems to provide for both episodic ;

versity Press.

memory and task learning (see further discussion in

Bryson and Stein, 2001b). Asaad, W. F., Rainer, G., and Miller, E. K. (2000).
Task-specific neural activity in the primate pre-

. . frontal cortex. Journal of Neurophysiology
5 Deliberation 84:451—459.

Deliberation, or conscious attention to a task, still seemBechara, A., Tranel, D., Damasio, H., Adolphs,
deeply mysterious to me. Although | have been studying R, Rockland, C., and Damasio, A. R. (1995).
planning and modularity with an eye to biological plau- 0, 16 dissociation of conditioning and declara-
sibility for over a decade, and although the accessibility tive knowledge relative to the amygdala and hip-

difference that determines explicit from implicit knowl- ) ) _
edge is a key indicator of modularityl still see no sys- pocampus in humansscience269(5227):1115-

tematic difference (other than qualia) between conscious 1118.
and unconscious thought other than a marked increase in )
cortical activity (Dehaene et al., 2001, 1998). Bonasso, R. P, Firby, R. J., Gat, E., Kortenkamp,

I am not convinced that consciousness is isomorphic  D., Miller, D. P., and Slack, M. G. (1997). Experi-
with having self-knowledge, although clearly having a ences with an architecture for intelligent, reactive
good representation of oneself is useful to planning. Nor agents. Journal of Experimental & Theoretical

is it with having language, although language may fun-  Artificial Intelligence 9(2/3):237—256.
damentallyalter the nature of consciousness, both by al-

lowing shorthand concept reference in what is clearly aBrooks, R. A. (1991). Intelligence without repre-
limited capacity system, and by increasing coherence as sentation Artificial Intelligence 47:139-159.

a consequence of language’s sequential temporal nature
(Spelke, in press). But | could easily construct an Al Brvson. J. J. (2000). Cross-paradiam analvsis of au-
straw-being that might have either or both of these at- ilonor’no.usl E’;lgent);architec?urdou?nal of I)E/Xper-

tributes but not seem particularly more alive or aware | . e .
than any other Al system. imental and Theoretical Artificial Intelligence

Most intriguing to me are a number of recent results 12(2):165-190.

showing that 1) humans can learn complex tasks with- . .
out explicitly understanding them and further 2) humansBryson, J. J. and Stein, L. A. (2001a). Modularity

who do gain an explicit understanding shave perfor- and design in reactive intelligence. Rroceed-
mance differencérom those who do not (Siemann and  ings of the 17th International Joint Conference on

Delius, 1993; Bechara et al., 1995; Greene et al., 2001). Artificial Intelligence pages 1115-1120, Seattle.
| suspect two things. First, that Dennett (2001) is abso- Morgan Kaufmann.
lutely right in thinking that, as we come to understand

consciousness, we'll realize we have been covering sevryson, J. J. and Stein, L. A. (2001b). Modularity
eral disparate functions with that one term, none of which and specialized learning: Mapping between agent
are magic, and second, that two of these functions will be architectures and brain 6r anization. In Wermter
focusing search and ordering behavior in time. S Austin J. and WiIIsth D editorE,mer !
gent Neural Computational Architectures Based

on Neurosciencepages 98-113. Springer.
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