
them in IQ. In a similar study McKinnon (24) compares scien
tists, mathematicians, and architects who had made distin
guished contributions to their fields with a matched group who 
had not made distinguished contributions. There was no dif
ference between the two groups in either IQ or school grades. 

It may appear puzzling that creative scientists and archi
tects have higher than average IQs when IQ does not predict 
which of two professionals will be the more productive. One 
explanation for this paradox may be that, in many fields, ob
taining the opportunity to display creativity depends on get
ting through college or graduate school. Since school perfor
mance is well predicted by IQ, it may be that one's opportunity 
to be, say, a biologist depends on IQ because of the degree 
requirement. Once one is certified as a biologist, whether one 
will be creative is unrelated to IQ or school grades. 

Although IQ and school grades do not predict creativity, 
neither do pencil-and-paper 'creativity' tests. The West
inghouse Science Talent Search is the only organization that 
has demonstrated the ability to predict creativity. The West
inghouse Science Talent Search has selected 40 high school 
students each year since 1942 on the basis of projects rather 
than written tests. In the group of 1520 students selected be
tween 1942 and 1979, there are 5 Nobel prize winners, 5 win
ners of MacArthur Fellowships, and 2 winners of the Fields 
Medal in Mathematics. It is interesting to ask if the success of 
the Westinghouse Science Talent Search in identifying crea
tive individuals depends on its use of performance measures 
(e.g., projects) rather than pencil-and-paper tests. 
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CYBERNETICS 

The phrase "control and communication in the animal and the 
machine" can serve as a definition of cybernetics. Although 
this term was used by Andre Marie Ampere about 150 years 
ago (1) and its concepts were used by Heron of Alexandria 
more than 1500 years ago (2), it was the mathematician Wie
ner who, in 1948, with the publication of Cybernetics (3), gave 
name and meaning to this notion in the modern context. The 
name cybernetics is derived from the Greek word for steers
man, Kv{3epvirrTJ<;, which in Latin became gubernator, gover
nor in English. The concept associated with this term was to 
characterize a mode of behavior that is fundamentally distinct 
from the customary perception of the operations of machines 
with their one-to-one correspondence of cause-effect, stimu
lus-response, input-output, and so on. The distinction arises 
from the presence of sensors whose report on the state of the 
effectors of the system acts on the operation of that system. 
Specifically, if this is an inhibitory action that reduces the 
discrepancy between the reported state of the effectors and an 
internal state of the system, the system displays goal-oriented 
behavior (4), that is, if perturbed by any outside means, it will 
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return to some representation of this internal state, the goal. 
Although this scheme does not specify the physical nature of 
the states alluded to, nor of the signals reporting about these 
states-whether they are electric currents, mechanical or 
chemical agents, abstract symbols, or whatever-the biologi
cal flavor of the language used is apparent. This is no accident; 
in the formative years of this concept the close cooperation of 
Wiener with the neurophysiologist Rosenblueth created a 
physiological context. Moreover, this cooperation stimulated 
the philosophical inclination of these two men, and together 
with Bigelow they set the stage for still ongoing epistemologi
cal inquiries with the publication in 1943 of "Behavior, Pur
pose and Teleology" (5). Another fruitful menage d: trois of 
philosophy, physiology, and mathematics was the collabora
tion first of McCulloch, philosopher, logician, neurophysiolo
gist, or "experimental epistemologist," as he liked to call him
self, with a young, brilliant mathematician, Pitts, who 
published together two papers of profound influence on this 
emerging mode of thinking. The title of these papers almost 
give away their content: "A Logical Calculus of the Ideas Im
manent in Nervous Activity" (6), written in 1943, and "How 
We Know Universals: The Perception of Auditory and Visual 
Forms" (7), published in 1947. Then von Neumann's fascina
tion with seeing a parallelism of the logical organization of 
computations in nervous tissue and in constructed artifacts (8) 
brought him close to McCulloch (9) and the people around him. 
The underlying logic of these various ideas and concepts was 
the topic for 10 seminal conferences between 1946 and 1953, 
bringing together mathematicians, biologists, anthropolo
gists, neurophysiologists, logicians, and so on, who saw the 
significance of the notions that were spelled out in the title of 
the conferences: "Circular Causal and Feedback Mechanisms 
in Biological and Social Systems" (10). The participants be
came the catalysts for the dissemination of cybernetic concepts 
into the everyday vernacular (e.g., "feedback"), for epistemo
logical inquiries regarding mentality, and of course "mental
ity in machines" (11). Should one name one central concept, a 
first principle, of cybernetics, it would be circularity. Circular
ity as it appears in the circular flow of signals in organization
ally closed systems, or in "circular causality," that is, in pro
cesses in which ultimately a state reproduces itself or in 
systems with reflexive logic as in self-reference or self-organi
zation, and so on. Today, "recursiveness" may be substituted 
for "circularity," and the theory of recursive functions (see 
Recursion), calculi of self-reference (qv) (12), and the logic of 
autology (13), that is, concepts that can be applied to them
selves, may be taken as the appropriate formalisms. 

Mechanisms 

Consider again systems with a functional organization whose 
operation diminish the discrepancy between a specific state 
and a perturbation. The system's tendency to approach this 
specific state, the "goal," the "end," in Greek TEAoo; (hence "tel
eology"), may be interpreted as the system "having a purpose" 
(14). The purpose of invoking the notion of "purpose" is to 
emphasize the irrelevance of the trajectories traced by such a 
system en route from an arbitrary initial state to its goal. In a 
synthesized system whose inner workings are known, this ir
relevance has no significance. This irrelevance becomes highly 
significant, however, when the analytic problem-the ma
chine identification problem-cannot be solved, because, for 
instance, it is transcomputational (15) in the sense that with 

known algorithms the number of elementary computations 
exceeds the age of the universe expressed in nanoseconds. 
Hence, the notion of purpose can become effective when deal
ing with living organisms whose goals may be known but 
whose behavioral trajectories are indeterminable. Aristotle 
juxtaposes the "efficient cause," that is, when "because" is 
used to explain the flow of things, with the "final cause," that 
is, when "in order to" is used for justifying actions. In the early 
enthusiastic stages of cybernetics language appropriate for 
living things like desires, wants, ethics, thought, information, 
mind, and so on were sometimes used in talking about synthe
sized behavior. 

Traces of this are found today in terms like "computer 
memory," "processing of information," "artificial intelligence," 
and so on. The fascination with "bio-mimesis," that is, "imitat
ing life" keeps the present-day followers of Aristotle searching 
for a synthesis of aspects of mentation by using the powers of 
the large mainframe computers. On the other hand, the ana
lytic problem "what is mind?" and "whence ideas?" in the 
Platonic sense keeps cybemeticians searching for principles of 
computation and logic underlying sensorimotor competence, 
thought, and language. 

Although in the early phases of this search the notion of 
purpose appeared in many studies of these processes, it is sig
nificant that a completely purpose-free language can be devel
oped for the same type of systems by paying attention to the 
recursive nature of the processes involved. Of interest are cir
cumstances in which the dynamics of a system transforms cer
tain states into these very states, where the domain of states 
may be numerical values, arrangements (arrays, vectors, con
figurations, etc.), functions (polynomials, algebraic functions, 
etc.), functionals, behaviors, and so on (16). Depending on do
main and context, these states are in theoretical studies re
ferred to as "fixed points," "eigenbehaviors," eigenoperators," 
and lately also as "attractors," a terminology reintroducing 
teleology in modem dress. Pragmatically, they correspond to 
the computation of invariants, may they be object constancy, 
perceptual universals, cognitive invariants, identifications, 
namings, and so on. Of course, the classical cases of ultrasta
bility and homeostasis should be mentioned here (17). 

Epistemology 

In thermodynamically open systems a significant extension of 
circularity is closure, either in the sense of organizational clo
sure as, for example, in the self-organizing system, or in the 
sense of inclusion as, for example, in the participant observer. 
Self-organizing systems are characterized by their intrinsic, 
nonlinear operators, (i.e., the properties of their constituent 
elements: macromolecules, spores of the slime mold, bees, 
etc.), which generate macroscopically (meta-) stable patterns 
maintained by the perpetual flux of their constituents (18). A 
special case of self-organization is autopoiesis (19). It is that 
organization which is its own Eigen-state: the outcome of the 
productive interactions of the components of the system are 
those very components. It is the organization of the living, 
and, at the same time, the organization of autonomy (20). The 
notion of "organization" carries with it that of order and then, 
of course, of disorder, complexity, and so on. It is clear that 
these notions are observer dependent, hence the extension of 
cybernetics from observed to observing systems and with this 
to the cybernetics of language (21). Here language is thought 
to be precisely that communication system that can talk about 
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itself: a language must have "language" in its lexicon. Au
tology is the logic of concepts that can be appli�d to them�elves 
(13). Among these are consciousness and conscience: Their �or
ollaries, epistemology and ethics, are the crop of cybernetics. 
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DADO: A PARALLEL COMPUTER FOR ARTIFICIAL 
INTELLIGENCE 

A considerable amount of interest has been generated recently 
in specialized machine architectures designed for the very 
rapid execution of AI software. The Japanese fifth-generation 
machine project (see Fifth-generation computing), for exam
ple, promises to deliver a device capable of computing solu
tions of PROLOG programs at execution rates on the order of 
many thousands of logical inferences per second. Such a device 
will require high-speed hardware executing a large number of 
primitive symbol manipulation tasks many times faster than 
today's fastest computers. This rather ambitious goal has led 
some researchers to suspect that a fundamentally different 
computer organization is necessary to achieve this perfor-

mance. Thus, parallel processing has assumed an important 
position in current AI research. This entry outlines the devel
opment of a specific parallel machine architecture that has 
come to be called DADO (1,2). DADO is a binary tree-struc
tured multiprocessor architecture incorporating thousands of 
moderately powerful processing elements (PEs). Each PE con
sists of a fully programmable microcomputer with a modest 
amount of local memory. 

Architecture of DADO 

DADO distinguishes itself from other parallel architectures in 
several ways. First, although DADO is designed as a mas
sively parallel system, the granularity (storage capacity and 
functionality) of each PE remains an open theoretical issue. 


