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COGNITIVE SCIENCE

RELATION TO OTHER FIELDS

Cognitive science is an emerging field of study, bound-

aries of which are far from being well defined. A report

prepared for the Alfred P. Sloan Foundation (a portion of

which is reproduced as an appendix to Pylyshyn, 1983)

defines it as "the study of the principles by which intelli-

gent entities interact with their environments" and notes

that "by its very nature this study transcends disciplinary

boundaries." In particular, the distinctions among cogni-

tive psychology (qv), AT, and cognitive science are ex-

tremely blurred in practice. This blurring is additionally

exacerbated by the fact that research that clearly qualifies

as cognitive science is being done in academic depart-

ments (as well as government and industrial research lab-

oratories), the titles of which identify them with disci-

plines as diverse as psychology, computer science,

linguistics, anthropology, philosophy, education, mathe-

matics, engineering, physiology, and neuroscience. From

an informal survey of cognitive science publications, it is

shown that papers in cognitive science journals cited other

papers in a very wide range of fields (Pylyshyn, 1983).
Cognitive science is also extremely closely related to

AT. When the editors of the journal Artificial Intelligence

decided to help their readership keep up with some of the

literature in closely related disciplines by publishing reg-

ular "Correspondent's Reports" on work in these fields,

they selected the areas of philosophy and logic, robotics,

software engineering, natural language, cognitive psy-

chology, and vision. Of these, all but perhaps software
engineering and parts of robotics would be considered core
areas of cognitive science research. Indeed, it has been
argued (Newell, 1970, 1973; Pylyshyn, 1979, 1980) that
Al and cognitive science may be nothing more than two
paths to the same end: understanding the nature of intel-
ligent action in whatever physical form it may occur. The
difference between them, according to this view, consists
mainly in research style: Al takes the high road of asking
how instances of intelligence can be realized (ie, how they
are possible) within the constraints of known computa-
tional mechanisms or how they might be attainable by the
design of new mechanisms (ie, new computational archi-
tectures), whereas cognitive science places greater em-
phasis on the question of how instances of intelligence are
in fact realized within one particular architecture, the one
constituted by the human mind. Because of this difference
in orientation, many experimentally oriented cognitive
scientists tend to place a somewhat greater premium on
empirical fit, on testing processes against psychological

data to determine not only whether the two are input—

output equivalent but also whether they are strongly
equivalent, that is, whether in both cases the behavior is

produced by the same information-processing means. The

notion of strong equivalence is central to much cognitive

science, although it is not often discussed explicitly. Ac-

cording to one interpretation (Pylyshyn, 1984), two pro-

cesses can be strongly equivalent only if they produce the

same behavior using the same computational process (or

algorithm) and the same symbolic representations, some-

thing that is possible only if the two systems have func-
tionally identical computational architectures (ie, the

same primitive operations, the same resource constraints,

and the same symbolic notation).
Despite this difference in principle between cognitive

science and Al, differences in practice are minimal. In-

deed, it has even been argued (Pylyshyn, 1979) that a

convergence of the two approaches may be inevitable inas-

much as both adhere to a notion of intelligence that is

inherently anthropocentric or human relative, at least at

the present time.
Of course, the two fields diverge considerably in their

applied side. A great deal (though by no means all) of

applied cognitive science deals with such problems as de-

signing better human—machine interfaces (see HUMAN—

COMPUTER INTERACTION), better pedagogical methods (see ED-

UCATION, AI IN) better communications techniques, better

aids for the disabled (see PROSTHESES), or better methodolo-

gies for discovering such useful things as what experts

know (see KNOWLEDGE ACQUISITION) or why children fail to

read or do mathematics. What identifies these as cognitive

science rather than simply applied psychology investiga-

tions is the fact that they take a fundamentally computa-

tional view of the nature of the cognitive process involved;

they view cognitive process as consisting of the execution

of symbol manipulation procedures. Although it is clear

that the fruits of such pursuits are relevant to what people

in AT do, the work itself frequently requires different

skills and proceeds using different methodologies than are

typically (though, again, not always) found in AT laborato-

ries.
In contrast to this approach, applied AT places heavy

emphasis on finding a practical match between available

computational techniques and applications crying out for

solution. As in all engineering or applied technology pur-

suits it must find suboptimal solutions to practical prob-

lems and proceed by incremental refinement. In terms of

what has been referred to as the power generality trade-

off (Ernst and Newell, 1969), applied Al must perforce

settle for the power end of the dimension. But none of this

need be true, and indeed generally is not true, of basic

research in either Al or cognitive science, where the over-

lap is great enough that many are tempted to view Al as

the more theoretical and more formal end of the spectrum

of cognitive science research.
This still leaves the question: what is cognitive sci-

ence? If it is simply the attempt to understand mental

activity (or, as in the earlier quote from the Sloan report,

to understand how intelligent entities interact with their

environments), how is it different from psychology, espe-

cially from that branch of psychology that studies think-



ing, perception, memory, language, and so on, that is, cog-
nitive psychology (qv)? Many people believe that cognitive
science represents a new paradigm for understanding cog-
nition, a paradigm that clearly owes much to develop-
ments in computer science. Yet a better characterization
is desired, because if it is a new paradigm, it would be
useful to know how it differs from other paradigms and on
what assumptions it stands. It would be helpful to know
this both in the abstract (ie, what are some distinguishing
principles of cognitive science?) and in terms of concrete
examples of how the new science is practiced and what
it is seen as accomplishing, or at least trying to accom-
plish.
Many attempts at a statement of what cognitive sci-

ence is have been made. One of the earliest was the un-
published report prepared by a committee (under the edi-
torship of George Miller) for the Alfred P. Sloan
Foundation from which the earlier quote was taken. This
report characterizes what is special about cognitive sci-
ence and what runs through all the diverse work that falls
under its scope by defining its research objective as being
"to discover the representational and computational ca-
pacities of the mind and their structural and functional
representation in the brain." Although extremely general,
this represents a fair statement. In addition to this early
statement, the journal Cognitive Science, the official organ
of the Cognitive Science Society, has published a number
of articles that attempt to characterize the field, begin-
ning with its initial editorial, and has included a number
of papers first presented at the inaugural conference of the
Cognitive Science Society in 1979 (these were published
in several issues of the journal, beginning with volume 4,
1980). An attempt at a systematic argument that cogni-
tive science is not just a marriage of convenience but a
genuine field of study has been published (Pylyshyn,
1984).

This article provides examples of the kinds of problems
that cognitive scientists are interested in pursuing and
the approaches that they take, pointers to literature that
gives further details of such examples, and a brief state-
ment of why some people believe that cognitive science is
not just a collection of research problems that in one way
or another are concerned with reasoning but a genuine
scientific domain or inquiry. It should be noted, however,
that this review is not without personal bias. It is primar-
ily an attempt to characterize cognitive science rather
than to catalog its current research directions, which are
likely to change radically in the next few years in any
case. Moreover, this article presents a view of what is
constitutive of cognitive science which the author believes
to be correct and borne out by the classic work in the field
(and which is defended at some length Pylyshyn, 1984),
Yet this view nonetheless flies in the face of claims being
made by some people who are legitimate researchers in
Fognitive science. This view concerns the symbol-process-
ing nature of cognition (what is referred to below as the
representational metapostulate). Although this is not the
Proper forum for a debate on such issues, it is believed
that the notion of symbolic representation is so very cen-
tral to cognitive science and continues to be the central
theoretical assumption underlying virtually all work in
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the field that it is appropriate to lay it out explicitly, even
in the sketchy form presented here.

SOME EXAMPLES OF COGNITIVE SCIENCE
RESEARCH PROBLEMS

Language

The study of the human capacity for language is one of the
oldest areas of research in cognitive science. It is also one
that has changed dramatically in the past two decades,
partly under the influence of formal linguistics and partly
because of attempts to develop computer systems for un-
derstanding natural language (see NATURAL LANGUAGE UN-
DERSTANDING). It thus provides a prime example of cross-
disciplinary cognitive science research, albeit one that
continues to be steeped in controversy. In recent years
this study has also encompassed work by philosophers, as
researchers become more concerned with issues of seman-
tics and pragmatics, with problems of meaning and dis-
course that had occupied philosophers long before these
problems arose in Al. It also brought in the work of clini-
cal neuroscience, which investigated the taxonomy of lan-
guage deficits caused by trauma and disease.

This work has led to computational models of language
performance. At the present time a number of alternative
models of syntactic analysis (see PARSING) have been pub-
lished and psycholinguistic research provides provocative
evidence that parsing proceeds with only minimal input
from the rest of the cognitive system, as is also the case, by
the way, in most computational language understanding
systems; a notable exception is the work of Schank and his
colleagues (Schank and Abelson, 1977). Experimental
studies have also shown clearly that the lexical lookup
(see MORPHOLOGY) phase of grammatical analysis retrieves
many homographs or homonyms of ambiguous words
(Swinney, 1979; Seidenberg and Tanenhaus, 1985), thus
empirically validating one computational proposal.

Vision

The idea, popular in the 1950s, that perception consists of
hypothesis testing was challenged first by people working
on computational vision (see EARLY VISION) (Zucker and co-
workers, 1975; Man-, 1982), who argued that it would be
highly wasteful to not extract as much information as
possible from the initial image before bringing cognitive
processes to bear. Some models (Man-, 1982) showed that
a considerable amount of processing could be done in a
data-driven manner (see PROCESSING, Borrom UP AND TOP
DOWN). These ideas were then validated by psychophysical
investigations as well as by findings from neuroscience
feg, concerning the existence of separate spatial frequency
channels, motion detectors (see VISUAL MOTION ANALYSIS),
sensitivity to maxima in intensity derivatives, etc]. Some
of this cross-fertilization has been nicely illustrated
(Brady, 1981). Although this work is described in some
detail elsewhere in this encyclopedia, it is in fact an excel-
lent example of cognitive science research that falls at the
more computational end of the spectrum. The relevance of
both the vision and the psycholinguistics work to the un-
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derstanding of mind has been discussed in an insightful

and provocative way (Fodor, 1983).

Expertise and Qualitative Reasoning

The study of expert systems (qv) (or, as it is sometimes

called, knowledge engineering) both inspires and benefits
from experimental investigations of how experts in such

areas as physics, mathematics, electronics, medicine, or
chess differ from their inexperienced counterparts. Find-
ings concerning how experts structure their knowledge
and how this structure differs from that of less experi-
enced performers is an interesting chapter in recent cogni-
tive science. These investigations also relate to studies in
both psychology and Al of how people reason by building
qualitative mental models (qv) (Hobbs and Moore, 1984;
Gentner and Stevens, 1982; Johnson-Laird, 1983).

Models of Human Performance in Various Tasks

In this category is found computational models of human

performance on arithmetic (Brown and Van Lehn, 1980),
tasks involving interacting with text editors (Card and co-
workers, 1983), typing and other skills (Cooper, 1983),
and reasoning with spatial problems (Kosslyn, 1980).
Closely related to this work is the general study of cogni-
tive skill, its acquisition, and its nature (Anderson, 1982).
Understanding cognitive skill requires distinguishing
cognitive capacities from performance differences that
arise from differences in knowledge or habit, a difference
that parallels the distinction between functional architec-
ture and computational procedures. The importance of
this distinction to understanding the nature of cognitive
processes (and of strong equivalence) has been discussed
(Pylyshyn, 1984, 1981).

Learning

The area of learning was one of the most thoroughly in-

vestigated during the last half century of psychology, with

very little progress on what people call learning in every-

day life. The work was guided by preconceived ideas about
the underlying mechanism (namely, association) rather
than by a careful analysis of the types of learning and the

types of mechanism capable of meeting the sufficiency
condition that is central to cognitive science. More recent

work on language learning by cognitive scientists has
shown that the acquisition of syntax from the kind of evi-
dence generally available to the child would not be possi-
ble without severe constraints on both the structure of the
languages that can be learned and severe constraints on
the mechanisms that could learn such languages. In par-
ticular, it is necessary that the range of grammars that
the organism could consider as possible hypotheses must
be extremely limited (Wexler and Cullicover, 1980). The

same may also be true of concept acquisition (Demopoulos

and Man-as, 1985). More recent work on learning within
Al has also provided new ways to look at some forms of
learning in humans (Michalski and co-workers, 1986).
(see also LEARNING, MACHINE).

CONCLUSION: SOME CHARACTERISTICS OF
COGNITIVE SCIENCE

Cognitive science is not the only form in which the search
for an understanding of mind is proceeding. What charac-
terizes this particular class of approaches is an allegiance
to the network of ideas that might roughly be summarized
as follows (Pylyshyn, 1983).

1. The approach is formalist in spirit: that is, it at-
tempts to formulate its theories in terms of symbolic
mechanisms of the sort that have grown out of symbolic

logic (qv), although the apparatus of formal logic itself

very rarely appears in cognitive science theories.

2. The level of analysis, or the level at which the expla-
nations or theories are cast, is functional and is described
in terms of its information flow. What this means in par-
ticular is that this approach factors out questions such as
how biological material carries out the function and how
biochemical and biophysical laws operate to produce the
required information-processing function. This factoriza-

tion is analogous to the separation of electrical engineer-
ing considerations from programming considerations in

computer science. This does not mean that questions of
biological realization are treated as any less important,

only that they represent a distinct and to a large extent

independent area of study. According to this view, neuro-
science contributes an understanding of how such compu-
tational processes as are uncovered by empirical observa-
tions of human capacities are realized by biological mech-

anisms.
Not everyone agrees that cognition can be studied inde-

pendently of its neurophysiological instantiation. There

is, for example, an approach, sometimes called connec-

tionist (see CONNECTIONISM), which attempts to build

models of cognition that are guided more closely by ideas

from neuroscience than by symbol-processing ideas from

current computer science. Some examples of such models

have been published (Anderson and Hinton, 1981; Cogni-
tive Science 9(1), 1985). Although this approach is ex-

tremely promising from the perspective of modeling the

functional architecture of the mind, there is considerable

doubt that it can displace rule-governed symbolic pro-

cesses entirely, as some have claimed (Pylyshyn, 1984).

3. In addition to factoring apart questions of capacities

from questions of biological realization, the approach is

also characterized by the techniques it uses in formulat-

ing its theories and in exploring the entailments of its

assumptions. The most widely used (although not univer-

sal) technique is that of computer implementation. Thus

an important methodological goal of cognitive science is to

specify symbol-processing mechanisms that can actually

exhibit aspects of the behavior being modeled. Adherence

to such a sufficiency criterion makes this approach in
many respects like a design discipline rather than natural

science, at least insofar as the latter typically attempts to

uncover a small set of fundamental axioms or laws. Its

concern with synthesis makes it one of the "sciences of the

artificial," (Simon, 1969) along with AT.



4. The approach tends to emphasize a strategy some-
times referred to as top-down analysis, in which a pre-
mium is given to the task of understanding how the gen-
eral cognitive skill in question is possible (consonant with
the constraint of mechanism) in contrast with the task of
accounting for empirical particulars. This difference in
style contrasts with the traditional approach in experi-
mental psychology that emphasizes the observational fit
of models. The contrast has been examined (Pylyshyn,
1979; Newell, 1970; Sloman, 1968).

5. This commitment to the informational level also
places the enterprise in contrast to the phenomenological
approach in which the existential notions of significance,
meaningfulness, and experiential content are given a cen-
tral role in the analysis and with behaviorism, which at-
tempts to analyze behavior without appeal to internal rep-
resentational states. These issues have been discussed
(Pylyshyn, 1984; Cummins, 1983; Fodor, 1981; Hauge-
land, 1981; Dennett, 1979).

The above general characteristics of cognitive science
are also shared to various degrees by other scientific disci-
plines. The formalist or symbolic mechanistic character 1
is deeply entrenched in contemporary linguistics (espe-
cially in generative grammar), decision theory, and even
parts of anthropology (eg, Levi-Strauss). The functionalist
Perspective 2 is now quite general in psychology and phi-
losophy of mind as well as in engineering, where it is
referred to as the black-box approach. Both 1 and 2 are
fundamental to computer science as well as to any science
that concerns itself with notions such as the flow of infor-
mation or the distribution of control. Such ideas have thus
affected everything from engineering to management sci-
ence and even political science (Deutsch, 1963). Criteria 3
and 4 are not quite so prevalent as the first two. For exam-
ple, the desire to synthesize aspects of the phenomena
being modeled as part of the attempt to understand it is
not widespread in the social sciences outside of the areas
of cognitive psychology and management science [espe-
cially the branch of the latter called industrial dynamics
(Forrester, 1971)], nor is it yet very common in biology
[see, however, Marr's critique (1975) of theories in neuro-
physiology that fail to characterize the constructive com-
putational aspect of biological function]. Even modern lin-
guistics, which is in many ways a prototypical cognitive
science, places little emphasis on the human capacity to
actually generate samples of performance. However, ex-
amples of the contrary trend are available (Marcus, 1979;
Berwick and Weinberg, 1984).

The Representational Metapostulate

Although, as suggested earlier, there are a number of the-
oretical and methodological characteristics that pervade a
variety of approaches to the understanding of intelligence
and human cognition, there is one overriding theme that
more than any other appears to characterize the field of
ognitive science. There are a number of ways of express-
ing this theme, for example, as the attempt to view intelli-
gent behavior as consisting of the processing of informa-
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tion or as the attempt to view intelligence as the outcome
of rule-governed activity (see RULE-BASED SYSTEMS). These
characterizations express the same underlying idea. Com-
putation, information processing, and rule-governed be-
havior all depend on the existence of physically instan-
tiated codes or symbols that refer to or represent things
and properties extrinsic to the behaving system. In all
these cases the behavior of the systems in question (be
they minds, computers, or social systems) are explained
not in terms of intrinsic properties of the system itself but
in terms of rules and processes that operate on representa-
tions of extrinsic things. Cognition, in other words, is ex-
plained in terms of regularities holding over semantically
interpreted symbolic representations, just as the behavior
of a computer evaluating a mathematical function is ex-
plained in terms of its having representations of mathe-
matical expressions (eg, numerals) and in terms of the
mathematical properties of the numbers these expressions
represent. This is also analogous to explaining economic
activity not in terms of the categories of natural science
(eg, speaking of the physicochemical properties of money
and goods) but in terms of the conventional meaning or
symbolic value of these objects (eg, that they are taken to
represent such abstractions as legal tender). Although in
both economics and cognitive science the meaning-bear-
ing objects (or the instantiation of the symbols) are physi-
cal, it is only by referring to their symbolic or referential
character that we can explain the observed regularities in
the resulting behavior.

There has been some misunderstanding of the signifi-
cance of the assumption that cognition is explained in
terms of regularities. For example, some people have sug-
gested that this is no different from any other science,
because all scientific theories deal with representations
(eg, mathematical symbols that designate certain objects
or properties). Hence simulations involving such theories
(eg, simulations of planetary motions) are sometimes
thought to be no different in principle from simulations of
cognition. But the difference in two types of simulation is
in fact fundamental, because in the case of cognition, the
claim is that the organism being modeled, not just the
theorist, actually manipulates physical tokens of the sym-
bols, a claim that clearly has no parallel in physics unless
the physicist is being modeled!

This representation thesis, sometimes referred to in
philosophy as the representational theory of mind (Fodor,
1981) and in cognitive science as the physical-symbol sys-
tem hypothesis (Newell, 1980, 1982) is one of the corner-
stones of the discipline of cognitive science and is one of
the features that links it in a fundamental way to AT. The
intellectual and philosophical underpinnings of these two
fields are now so closely linked that the distinction be-
tween them remains mostly at the pragmatic level, rest-
ing on such things as how big a role actual computer pro-
grams play and how technical are the immediate
applications of the research. Some people expect that as
cognitive scientists become better trained in computer sci-
ence, and as AT begins to tackle the harder problem of
what makes general intelligence possible, the distinction
between the fields will fade. Similarly, the philosophy of
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mind is being influenced more and more by developments

in Al and might be expected to play a more central role in

clarifying the difficult conceptual issues that face both

empirical and theoretical studies of intelligence.
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—Language Technolog

"Excellent bibliographies are attached to most of t cles,
and diagrams and sketches are clear and helpful. dexing
and cross-indexing are exemplary. As the editor s out the
reader will be led by the extensive cross-refer s to almost
every other article. " —Artificial Int nceltporter_i 
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"The Encyclopedia is a first-class piece of
indispensable part of any Al library"

"... A tour de force...a truly fantastic
in the field of artificial intelligenc
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fford to be without."
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