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2 Introduction

Minds: Artificial and Natural

What are minds? What is thinking? What sets people apart, in all
the known universe? Such questions have tantalized philosophers
for millennia, but (by scientific standards anyway) scant progress
could be claimed . . . until recently. For the current generation has
seen a sudden and brilliant flowering in the philosophy/science
of the mind; by now not only psychology but also a host of related
disciplines are in the throes of a great intellectual revolution. And
the epitome of the entire drama is Artificial Intelligence, the exciting
new effort to make computers think. The fundamental goal of
this research is not merely to mimic intelligence or produce some
clever fake. Not at all. “Al” wants only the genuine article: ma-
chines with minds, in the full and literal sense.! This is not science
fiction, but real science, based on a theoretical conception as deep
as it is daring: namely, we are, at root, computers ourselves. That
idea—the idea that thinking and computing are radically the
same—is the topic of this book.

We’ve all chuckled nervously over the cartoon computer typing
out “I think, therefore I am’ or some comparable profundity. But
when it comes to taking Artificial Intelligence seriously, people
tend to split into “scoffers” and “boosters.” Scoffers find the
whole idea quite preposterous—not just false, but ridiculous—
like imagining that your car (really) hates you or insisting that a
murderous bullet should go to jail. Boosters, on the other hand,
are equally certain that it’s only a matter of time; computers with
minds, they say, are as inevitable as interplanetary travel and
two-way pocket TV. The remarkable thing is how utterly confident
each side is: “It's so obvious,” they both say (while thumping
the table), “only a fanatic could disagree.” Well, here we shall
not be fanatics in either direction, no matter who disagrees.
Artificial Intelligence is neither preposterous nor inevitable. Rather,
it is based on a powerful idea, which very well might be right
(or right in some respects) and just as well might not.

More specifically, we have three ambitions: first and foremost,
to explain, clearly and with an open mind, what Al is really all
about; second, to exhibit the philosophical and scientific credentials
behind its enormous appeal; and finally, to take a look at what
actually has and has not been accomplished. Along the way we
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shall have to develop an abstract account of what computers are;
confront some knotty metaphysical puzzles about “meaning” in
a material universe; disentangle various common-sense confusions
about language, knowledge, personality, and even common sense
itself; and, in general, delve into quite a stack of tricky and con-
troversial issues. Since this is an unusual juxtaposition of problems,
some part of what follows will be new, even to professional sci-
entists and philosophers. But the discussion as a whole is designed
deliberately for nonspecialists; technical assumptions in any area
have been carefully avoided.

Fiction, Technology, and Theory

The concept of Artificial Intelligence did not, of course, spring up
from nowhere, nor did it originate with computers. Its proper
intellectual heritage is the subject of chapter 1; but in the meantime,
we can distinguish two familiar and well-developed themes on
intelligent artifacts in science fiction. One is the “creature feature”
genre, starring monsters or androids—basically like natural an-
imals except for being man-made (and thus somehow peculiar,
superior, or horribly flawed). Included are the mythical creations
of Hephaestus and Dr. Frankenstein as well as miscellaneous
anthropoid slaves, indistinguishable from ordinary people save
for serial numbers, emotional oddities, and the like. The other
genre is populated by various mechanical “robots”: typically
blinking, clanking contraptions, with springs and pulleys in lieu
of flesh, wires for nerves, and maybe wheels instead of legs—
plus emotional limitations even more serious than the androids’.

While the monster theme often invokes mystery and black
magic, robots tend to be extrapolations of industry’s latest high-
tech marvel. Early designs were based on the intricate gear and
ratchet mechanisms that so enchanted Europe when clockworks
were new; and, through the years, steam engines, automatic looms,
hydraulic controls, and telephone switchboards have all fueled
fantastic projections. Contemporary Artificial Intelligence, needless
to say, is rooted in fancy programmable electronics; in particular,
no current work is based on chemical wizardry or bioengineering
(it belongs at IBM, not at du Pont or Genentech). Al, therefore,
is direct heir to the contraption line. But there’s one crucial dif-
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ference: whereas few respectable scientists ever tried to build
intelligent clockworks or switchboards (let alone androids), re-
search on intelligent computers is big time. Why?

The real issue has nothing to do with advanced technologies
(or corporate specialties), but with deep theoretical assumptions.
According to a central tradition in Western philosophy, thinking
(intellection) essentially is rational manipulation of mental symbols
(viz., ideas). Clocks and switchboards, however, don’t do anything
at all like rational symbol manipulation. Computers, on the other
hand, can manipulate arbitrary “tokens” in any specifiable manner
whatever; so apparently we need only arrange for those tokens
to be symbols, and the manipulations to be specified as rational,
to get a machine that thinks. In other words, Al is new and different
because computers actually do something very like what minds
are supposed to do. Indeed, if that traditional theory is correct,
then our imagined computer ought to have ““a mind of its own’”
a (genuine) artificial mind.

To call something a symbol or a manipulation is to characterize
it quite abstractly. That doesn’t mean the characterization is vague,
formless, or even hard to understand, but rather that inessential
details are omitted. Consider, for instance, two ways of specifying
the motor for an appliance. One engineer might describe it in
great detail, giving the precise shape of each little part, what it’s
made of, how it’s attached, and so on. (That would be a “concrete”
characterization, the opposite of abstract.) Another engineer,
however, might stipulate only the minimum horsepower required,
the space into which it has to fit, and how quietly it must run—
leaving the details up to the motor designer. The resulting motor
could be made of metal or plastic, be round or square, be based
on one physical principle or another, and still satisfy the abstract
specifications exactly.

According to the symbol manipulation theory, intelligence de-
pends only on a system’s organization and functioning as a symbol
manipulator—which is even more abstracted from concrete details
than are horsepower and noise level. Hence low-level specifics,
such as what the symbols are made of or their precise shapes,
are irrelevant to whether the system might be intelligent; the
symbols need only satisfy some higher-level, abstract specifica-
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tions. In other words, various ““details,” like whether the under-
lying structure is electronic or physiological (or hydraulic or fiber
optical or whatever), are entirely beside the point. By the same
token, contemporary computer technology is relevant only for
economic reasons: electronic circuits just happen to be (at the
moment) the cheapest way to build flexible symbol manipulating
systems.

But the lesson goes deeper: if Artificial Intelligence really has
little to do with computer technology and much more to do with
abstract principles of mental organization, then the distinctions
among Al, psychology, and even philosophy of mind seem to
melt away. One can study those basic principles using tools and
techniques from computer science, or with the methods of ex-
perimental psychology, or in traditional philosophical terms—
but it’s the same subject in each case. Thus a grand interdisciplinary
marriage seems imminent; indeed, a number of enthusiasts have
already taken the vows. For their new “unified” field, they have
coined the name cognitive science. If you believe the advertise-
ments, Artificial Intelligence and psychology, as well as parts of
philosophy, linguistics, and anthropology, are now just “subspe-
cialties”” within one coherent study of cognition, intelligence, and
mind—that is, of symbol manipulation.

Artificial Intelligence in this sense (as a branch of cognitive
science) is the only kind we will discuss. For instance, we will
pay no attention to commercial ventures (so-called “expert sys-

’

tems,” etc.) that make no pretense of developing or applying
psychological principles. We also won’t consider whether com-
puters might have some alien or inhuman kind of intellect (like
Martians or squids?). My own hunch, in fact, is that anthropo-
morphic prejudice, “human chauvinism,” is built into our very
concept of intelligence. This concept, of course, could still apply
to all manner of creatures; the point is merely that it’s the only
concept we have—if we escaped our “prejudice,” we wouldn’t
know what we were talking about.

Be that as it may, the only theoretical reason to take contem-
porary Artificial Intelligence more seriously than clockwork fiction
is the powerful suggestion that our own minds work on com-
putational principles. In other words, we're really interested in
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Al as part of the theory that people are computers—and we’re all
interested in people.

What Is Intelligence?

How shall we define intelligence? Doesn’t everything turn on
this? Surprisingly, perhaps, very little seems to turn on it. For
practical purposes, a criterion proposed by Alan Turing (1950)
satisfies nearly everyone. Turing was annoyed by fruitless disputes
over word meanings; he thought you could never find out anything
interesting about what machines could do by armchair philoso-
phizing about what we mean by ‘think’ and ‘intelligent’. So he
suggested that we ignore the verbal issue and adopt a simple test
which he devised; then we could concentrate on building and
observing the machines themselves. He predicted that by the year
2000 computer systems would be passing a modest version of
his test and that contrary “definitions” would eventually just look
silly (and quietly fade away).

Turing’s test is based on a game, called the “imitation game,”
played by three mutual strangers. Two of them are “witnesses,”
and they are of opposite sex; the third player, the “interrogator,”
tries to guess which witness is which, purely on the basis of how
they answer questions. The trick is that one witness (say the man)
is trying to fool the interrogator (by systematically pretending to
be the woman), while the other (the woman) is doing all she can
to help the interrogator. If the interrogator guesses correctly, the
woman wins, otherwise the man does. In order to avoid any
extraneous clues, like tone of voice, all questions and answers are
transmitted via teletype. So far no computers are involved. Turing’s
idea, however, was to substitute a computer for the male witness
and see whether, against average women opponents, it can fool
the average (human) interrogator as often as the average man
can. If it can, it ““passes’ the test.?

But why would such a peculiar game be a test for general
(human-like) intelligence? Actually, the bit about teletypes, fooling
the interrogator, and so on, is just window dressing, to make it
all properly “experimental.” The crux of the test is talk: does the
machine talk like a person? Of course this doesn’t mean sounding
like a person, but rather saying the sorts of things that people
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Box 1
Why 1Q Is Irrelevant

It might seem that we already have a perfectly reasonable
standard of intelligence: namely, performance on an |Q test.
There are, however, two things wrong with that supposition.
First, IQ tests are intended to measure degree of intelligence,
on the assumption that the subject has some intelligence to
measure. But for computers that assumption is the issue; we
must know whether it makes sense to attribute intelligence to
them at all before we can ask how much of it they have. Sec-
ond, 1Q tests are designed specifically for people, and thus
they may depend on indicators that are actually valid only in
this special case.

To take a simplified example, it might be found that some
peculiar skill, like solving logic problems or comparing line
diagrams, is reliably correlated with how smart a person is;
so a test could take advantage of this correlation, for pur-
poses of convenient measurement. But that doesn’t mean
that such a task actually requires intelligence; it could happen
that a manifestly unintelligent device could perform splen-
didly, by virtue of some coincidence or gimmick. (The fact
that many people can’t remember how to extract square
roots doesn’t mean that pocket calculators are more intelli-
gent than they.) What we need is a general test for whether
an entity is intelligent at all (in the human sense, of course)
and not a special purpose measuring device convenient for
use in schools or the army.
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say in similar situations. But again, why should that be a sign of
general intelligence? What's so special about talking? Turing says:
“The question and answer method seems to be suitable for in-
troducing almost any one of the fields of human endeavor that
we wish to include.” That is, we can talk about pretty much
anything.

Further, and more important, to converse beyond the most
superficial level, you have to know what you're talking about.
That is, understanding the words alone is not enough; you have
to understand the topic as well. Turing points out (1950, p. 446)
how similar his imitation game is to an oral quiz and gives us a
sample:

Interrogator: In the first line of your sonnet which reads “Shall
I compare thee to a summer’s day,” would not ““a spring day”
do as well or better?

Witness: It wouldn't scan.

Interrogator: How about “a winter’s day””? That would scan all

right.

Witness: Yes, but nobody wants to be compared to a winter’s
day.

Interrogator: Would you say Mr. Pickwick reminded you of
Christmas?

Witness: In a way.

Interrogator: Yet Christmas is a winter’s day, and I do not think
Mr. Pickwick would mind the comparison.

Witness: 1 don’t think you're serious. By a winter’s day one
means a typical winter’s day, rather than a special one like
Christmas.

This student has displayed not only competence with the English
language, but also a passable understanding of poetry, the seasons,
people’s feelings, and so on—all just by talking. The same could
be done for politics, fine wines, electrical engineering, philoso-
phy ... you name it. What if a machine could pass all those
examinations? That’s why the Turing test is so powerful and
compelling.

It's also quite convenient in practice; typing and reading at a
terminal, after all, are the standard means of interacting with a
computer. Since there’s no physical barrier to having a friendly



9 Introduction

conversation with a machine, Al research is free to attack the
underlying theoretical issues. By accepting the Turing test (in
spirit, if not the letter), scientists can concentrate almost entirely
on the “cognitive”” aspects of the problem: what internal structure
and operations would enable a system to say the right thing at
the right time? In other words, they can dispense with messy
incidentals and get on with computational psychology.
“They canonly ... "
Many people are especially doubtful about “automating’” cre-
ativity, freedom, and the like. No computer, they suppose, could
ever be truly inventive, artistic, or responsible, because “it can
only do what it's programmed to do.” Everything depends, how-
ever, on just what this alleged limitation means. In one technical
and boring sense, of course, it's perfectly true that computers
always follow their programs, since a program is nothing but a
careful specification of all the relevant processes inside the ma-
chine. That, however, doesn’t prove anything because a similar
point might be made about us. Thus, assuming there were a
“careful specification” of all the relevant processes in our brains
(laws of neuropsychology, or something like that), it would be
equally easy to say: “We—or rather our brain parts—always act
only as specified.”® But, obviously, no such fact could show that
we are never creative or free—and the corresponding claim about
computers is no more telling.

The underlying problem with the argument is that it ignores
distinctions of organizational level. A stereo, for instance, can be
desribed as a device for reproducing recorded music, as a com-
plicated tangle of electronic components, or as a giant cloud of
subatomic particles. What you can say about it depends on the
level of description you adopt. Thus, none of the components (let
alone the particles) could properly be termed “high fidelity”’; that
characteristic makes sense only at the level of music reproduction.
Likewise, none of our individual brain functions, and none of the
individual operations in a computer, could properly be termed
“creative” or “free”’; such descriptions belong at a completely
different level—a level at which one speaks of the system or
person as a whole.*
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Unfortunately, confusions remain because the notion “is-pro-
grammed-to” is ambiguous. Instead of the above sense, in which
programming refers to a detailed specification of internal processes,
one can use the term more broadly, to describe a system’s overall
design or intended capacities. For example, I might say “this com-
puter is programmed to keep the payroll accounts” or “that com-
puter is programmed to find the best flight path in bad weather.”
These descriptions apply to the system as a whole; yet even at
this level it seems that the systems “can only do what they’re
programmed to do”’—as long, anyway, as they don’t malfunction.
Here the underlying problem is quite different: namely, it’s simply
not clear that being “programmed” (in this sense) is incompatible
with being creative or free. After all, why not just program the
system to be creative, free, or whatever? Then it would have those
characteristics by design.

You might think that being “programmed for creativity”” is a
contradiction in terms. But it can’t be, as we can see by again
considering ourselves. In some sense, surely, we are elaborate
integrated systems with an overall design—the result of evolution,
perhaps. Thus when we’re healthy (not malfunctioning), we “only
do what we're designed to do.” But then, assuming that creativity
and freedom are not (always) unhealthy, we must be “designed
for creativity,” etc. This is no contradiction because the relevant
sense of “design” relates only to overall capacities and charac-
teristics; but that’s also the very sense of “programming” in
question.

Still, there’s one last argument: it’s only a metaphor to say that
we were “designed” by evolution; evolution is not an actual de-
signer, but only a mindless natural process. Computers, on the
other hand, are quite literally programmed by actual (human) pro-
grammers. So when we’re creative, it’s all our own; but when a
computer printout contains something artistic, that’s really the
programmer’s artistry, not the machine’s. But wait: how does that
follow? Why should an entity’s potential for inventiveness be
determined by its ancestry (like some hereditary title) and not by
its own manifest competence? What if, for instance, the very same
computer system had resulted from an incredible laboratory ac-
cident; could that make any difference to whether the resulting
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Box 2
Why Not Start with Learning?

Sometimes it seems that learning is to psychology what en-
ergy is to physics or reproduction to biology: not merely a
central research topic, but a virtual definition of the domain.
Just as physics is the study of energy transformations and
biology is the study of self-reproducing organisms, so psy-
chology is the study of systems that learn. If that were so,
then the essential goal of Al should be to build systems that
learn. In the meantime, such systems might offer a shortcut
to artificial adults: systems with the “‘raw aptitude’’ of a
child, for instance, could learn for themselves—from experi-
ence, books, and so on—and save Al the trouble of codify-
ing mature common sense. But, in fact, Al more or less
ignores learning. Why?

Learning is acquisition of knowledge, skills, etc. The issue
is typically conceived as: given a system capable of knowing,
how can we make it capable of acquiring? Or: starting from a
static knower, how can we make an adaptable or educable
knower? This tacitly assumes that knowing as such is
straightforward and that acquiring or adapting it is the hard
part; but that turns out to be false. Al has discovered that
knowledge itself is extraordinarily complex and difficult to im-
plement—so much so that even the general structure of a
system with common sense is not yet clear. Accordingly, it's
far from apparent what a learning system needs to acquire;
hence the project of acquiring some can’t get off the ground.®

In other words, Artificial Intelligence must start by trying to
understand knowledge (and skills and whatever else is ac-
quired) and then, on that basis, tackle learning. It may even
happen that, once the fundamental structures are worked
out, acquisition and adaptation will be comparatively easy to
include. Certainly the ability to learn is essential to full intelli-
gence; Al cannot succeed without it. But it does not appear
that learning is the most basic problem, let alone a shortcut
or a natural starting point.
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system was creative? Or, turning the tables, what if you or I had
been concocted out of petroleum by-products at Exxon; would
that mean that all our later inventions and artworks automatically
belonged to a team of chemists? I certainly hope not.

Of course, if those inventions had actually been dreamt up in
advance by the relevant programmers or chemists and merely
stored in the machine or us for later “playback,” then the credit
would be theirs. But that’s not at all the way AI works, even
today. What gets programmed directly is just a bunch of general
information and principles, not unlike what teachers instill in their
pupils. What happens after that, what the system does with all
this input, is not predictable by the designer (or teacher or anybody
else). The most striking current examples are chess machines that
outplay their programmers, coming up with brilliant moves that
the latter would never have found. Many people are amazed by
this fact; but if you reflect that invention is often just a rearrange-
ment (more or less dramatic) of previously available materials,
then it shouldn’t seem so surprising.

None of this proves that computer systems can be truly creative,
free, or artistic. All it shows is that our initial intuitions to the
contrary are not trustworthy, no matter how compelling they
seem at first. If you're sitting there muttering: “Yes, yes, but I
know they can’t; they just couldn’t,”” then you’ve missed the point.
Nobody knows. Like all fundamental questions in cognitive sci-
ence, this one awaits the outcome of a great deal more hard
research. Remember, the real isssue is whether, in the appropriate
abstract sense, we are computers ourselves.
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1 The Saga of the Modern Mind

Copernicus and the End of the Middle Ages

Our commonsense concept of “the mind” is surprisingly recent.
It arose during the seventeenth century, along with modern science
and modern mathematics—which is no mere coincidence. These
historical roots are worth a look, not only because they're fas-
cinating, but also because they give a richer perspective on cog-
nitive science (which is, after all, just the latest theory in the
series). Fortunately, the story itself is rather more suspenseful and
intriguing than one might expect. One scholarly confession first,
however: in bringing out the main contours, I have streamlined
historical fact, omitting miscellaneous important people and subtle
distinctions. For instance, I mention “the medievals” as if they
were all alike, which is a scandal; and many of the ideas I associate
with, say, Galileo or Descartes were really current at the time and
were being discussed by many writers. Still, the larger drama is
about right, and that’s what matters.

Though the plot didn’t really get rolling till the time of Hobbes
and Descartes, it began building steam a century or two earlier,
as the Middle Ages gave way to the Renaissance. The medieval
world view was largely a Christian adaptation of ancient Greek
philosophy and science, especially the works of Plato and Aristotle.
The principal modification was putting God at the foundation,
as creator and cause of everything (else) that exists. Prior to the
creation, however, the Creator did need ideas of all that there
would be (His plans, you might say); and these ideas played an
important role for philosophers. In the first place, obviously, or-
dinary worldly objects were just more or less corrupt materiali-
zations of God's original, perfect ideas. (The corruptions, of course,
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must also have been planned by God; but medieval rationalizations
for that got rather sticky and needn’t concern us.)

The human intellect or soul had ideas too, something like God’s;
but their status and relation to objects was more problematic. One
charming story (loosely Platonic in inspiration) had the thought/
thing relation as really the base of a triangle, with God’s intellect
at the apex. Human ideas were true insofar as they were more
or less accurate copies of God’s ideas; mundane objects, in turn,
were also true, though in another sense, insofar as their construc-
tion more or less conformed to those same divine ideas, now seen
as designer’s blueprints. Thus our thoughts could be “true of”
things only via a detour through the original plans that they each
imperfectly matched, in their respective ways.

A more common (and more Aristotelian) approach skipped the
detour through the apex and postulated a direct relation between
thought and thing at the base. But what relation could that be?
By virtue of what could an idea in a mind be of or about some
particular worldly object(s)? The most appealing and also standard
answer was that ideas are like pictures or images: they resemble
the objects they stand for, and they stand for those objects because
they resemble them. Thus a thought could be true of a thing by
“conforming” with it directly—that is, by sharing the same form.
In a sense, the mind was just like the world (i.e., in form), only
realized in a different substance (mental instead of material). This
account of how thoughts could relate to things had the double
advantage of intuitive plausibility and the lack of serious com-
petition. As we shall see, however, the emergence of modern
science slowly sabotaged the standard resemblance theory and
eventually forced a quite different view of mental contents.

Medieval cosmology—the theory of the universe—was also
basically Aristotelian. Our Earth was at the very center, surrounded
in various rotating spheres by the visible heavens, which were
surrounded ultimately by God’s heaven, motionless and invisible.'
The sensible world was composed of five elements: earth, water,
air, fire, and the so-called quintessence (fifth element). Each of
these had its “natural place” toward which it naturally tended to
travel, if it were ever removed. The heavens were composed en-
tirely of quintessence, and since this is where the quintessence
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belonged, the heavens never changed (the spheres just rotated
ceaselessly in place). The other four elements, however, were all
jumbled up in the lowest sphere, below the moon; and hence this
sphere was in constant turmoil, with things always subject to
change and decay. For example, wood was flammable because
the fire and air in it “tended” to go up and the earth “tended”
to go down, if they ever got the chance. This same fire and air
component also explained why wood floated on water while stones
and ashes (which were more concentrated earth) did not float—
water’s natural place being above earth, but below fire and air.

All told, it was a pretty picture; but by the late middle ages
there was trouble brewing. For sundry practical reasons, astronomy
was the most advanced empirical science. The calendar had to
be right, for determining religious holidays; and navigators, ven-
turing ever farther from known waters, needed more accurate
astronomical tables. Unfortunately, as more careful observations
accumulated, it became progressively harder and more complicated
to square them with the accepted geocentric (Earth-centered) the-
ory. The situation was so serious and exasperating, especially with
regard to predicting the positions of the planets, that by the thir-
teenth century Spain’s King Alfonso X could exclaim: “If God had
consulted me when creating the universe, He would have received
good advice!””?

On the Revolution of the Spheres, published by the Polish as-
tronomer Nicolaus Copernicus (1473-1543) in the last year of his
life, turned the medieval world literally upside down. Its helio-
centric (Sun-centered) theory of the universe was surely the most
disorienting scientific innovation of all time—though Copernicus’s
successors were oddly slow in appreciating all its implications.
The basic ideds were that

1. the daily motions of the heavens are just an illusion,
brought about by rotation of the Earth on an internal axis;
and

2. the annual circuit of the Sun through the Zodiac, as well as
some of the stranger wanderings of the planets, are equally
illusory, due to the Earth slowly orbiting around the Sun.
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The Earth itself was reduced to the status of another planet, situated
between Venus and Mars in its distance from the Sun at the
center.

Not only was this proposal destined to transform astronomy,
but it also (eventually) threw the rest of accepted science into
disarray. For now the natural places, which were the basis of the
account of all mundane movement and decay, were totally dis-
located. Which directions were up and down? Why would the
four elements of the universe (besides the quintessence) have their
natural “tendencies” tied to some peculiar moving point inside
the Earth? Where, indeed, were Heaven and Hell? The questions
for the theory of motion were equally serious. Why didn’t loose
objects whirl off the spinning Earth and then get left behind in
space as we sailed on around the Sun? Or why, at least, didn’t
a falling stone come down slightly “‘behind” (west of) its original
location as the Earth rotated out from under it? These were ex-
tremely hard problems, and it was many years before the laws
of inertia, force, and gravitation were all worked out to solve
them.

The modern mind was invented (‘invented’ is the right word)
in this same scientific ferment; and its first impulse came from
the Copernican distinction between appearance and reality. It is
a commonplace, of course, that things are not always what they
seem; and, even in ancient times, Plato had elevated this into a
philosophical principle: never are things really what they seem.
The ordinary objects of perception, he maintained, are only pale
imitations of true reality, like mere shadows cast on a wall by a
dancing fire. (For Plato, true reality was the realm of perfect eternal
“forms”’—Ilater appropriated as God’s intellect, full of divine ideas.)

Copernicus, however, needed a more drastic distinction. The
illusion of the Sun rising in the east is no pale shadow or imperfect
mental picture of the Earth’s rotation—it’s totally different. The
same can be said for the Sun’s motion through the Zodiac, and
even more so for the planets’ complicated wanderings back and
forth among the stars. According to the new theory, astronomical
appearances weren’t even similar to reality. That opened breath-
taking new possibilities for the sorts of things science could con-
ceivably discover; and at the same time, by undermining
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resemblance, it drove a crucial wedge between the mind and the
world—a wedge that ultimately transformed our whole under-
standing of thinking and ourselves.

Galileo and the New Science

One final stop, before Hobbes draws the fateful computational
conclusion, is the great Italian physicist Galileo Galilei
(1564-1642), who enters our story in several ways. He is perhaps
most famous for introducing the telescope into astronomy and
thereby discovering the moons of Jupiter, the mountains on Earth’s
moon, the changing phases of Venus, and so on. These were all
important factors in the ultimate triumph of Copernicanism. (For
his trouble, Galileo was tried by the Inquisition and sentenced to
house arrest for the last eleven years of his life.) But in the history
of the modern mind (and also in the development of modern
physics), what is most important is his application of mathematics
to the problem of motion.

Galileo was convinced that the only way to understand physical
nature is in terms of mathematical relationships among quantitative
variables. He himself expresses the idea both colorfully and lucidly:

Philosophy is written in that great book, the universe, which is
always open, right before our eyes. But one cannot under-
stand this book without first learning to understand the lan-
guage and to know the characters in which it is written. It is
written in the language of mathematics, and the characters

are triangles, circles, and other figures. Without these, one
cannot understand a single word of it, and just wanders in a
dark labyrinth.?

Mathematics, for Galileo, was essentially geometry (and arith-
metic). This is evident, for example, if you look at his proof of
Theorem 1 (see box 1), where he relies on geometrical concepts
and relationships to say things that we would say with algebraic
equations.

What matters historically, though, is not just that Galileo used
geometry, but how he used it. Traditionally, geometry was the
study of figures and relations in space. But Galileo conceived of
it more abstractly. So, for example, lines in his diagrams wouldn’t
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Box 1
Galileo’s Theorem 1

The time it takes a uniformly accelerated body to cover any
given distance, starting from rest, equals the time it would
take the same body to cover the same distance at a constant
rate of speed equal to half the maximum speed finally
achieved by the accelerated body.*
cT Let line AB represent the time in which
G A some body uniformly accelerated from
rest covers the distance represented by
line CD. Let line BE (intersecting AB at
/ any angle) represent the maximum speed
/ achieved by that body at the end. Then
all the line segments parallel to BE and
I connecting intervening points on AB to
line AE represent the gradually increasing
/ speeds during time interval AB. Let F be
/ the midpoint of BE, and draw lines FG
and AG, parallel to BA and BF, respec-
/ tively, thereby constructing parallelogram
E F B AGFB, which is equal in area to triangle
DL AEB (with side GF bisecting AE at I); and
suppose the parallels in triangle AEB are extended straight
out to line IG. Then we have the aggregate of all the parallels
contained in the quadrilateral equal to the aggregate of those
comprised in triangle AEB; for the ones in triangle IEF exactly
match those in triangle GIA, and trapezoid AIFB is common
to both cases.
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Now, the instants in time AB correspond one for one to the
points in line AB; and, taking the parallels from all those
points, the portions enclosed by triangle AEB represent the
increasing speeds, while, likewise, the portions contained in
the parallelogram represent nonincreasing speeds, of which
there are just as many, even though they are all equal. Hence
it is apparent that exactly as many momenta of speed are
consumed in the accelerated motion (given by the increasing
parallels in triangle AEB) as in the constant motion (the paral-
lels in parallelogram GB); for surely the deficit of momenta at
the beginning of the accelerated motion (as represented by
the parallels in triangle AGI) is made up by the momenta rep-
resented by the parallels in triangle IEF. Thus two bodies will
clearly travel through the same distance in the same time,
when the motion of one is a uniform acceleration from rest,
while that of the other is constant, with just half the momen-
tum of the accelerated motion at its maximum speed.

Q. E. D.

always represent lines or even distances in space, but might just
as well represent times, speeds, or any other interesting physical
variable. Theorem 1 is a case in point: though it is about bodies
traveling a given distance, no line in the diagram represents either
the paths or the distance. (As if to emphasize this fact, Galileo
draws CD off to the side and then never mentions it again.) Instead,
the lines actually represent times and speeds. Thus point A is the
“starting point,” but only in time, not in space; points further
down from A on the line AB represent later instants, not sub-
sequent positions. Lines GF and AE don’t represent anything;
but, in effect, they determine the speeds as functions of time. That
is, all the equal line segments drawn over to GF from points on
AB represent equal speeds at all those times, while the gradually
lengthening segments from AB to AE represent gradually increas-
ing speeds (i.e., uniform acceleration). The distances traveled are
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then represented by (of all things!) the respective “aggregate”
areas;® hence the proof reduces to the trivial theorem that triangle
AEB encloses the same area as parallelogram AGFB.

Obviously Galileo’s main contribution is not the proof itself
but the abstract representation in which such a proof could be
given. Discovering and validating this strange way of representing
instantaneous velocity, uniform acceleration, total distance, and
so on cost Galileo many years of struggle. It looks so simple or
even clumsy now; but it is one of the great achievements of the
human intellect. What made it really significant, though, was not
any particular result but rather the fact that now all the familiar
techniques of geometry could be used to establish all kinds of
results. Euclid’s whole deductive system could be abstracted away
from geometric shapes and applied instead to motions. For ex-
ample, given the empirical hypothesis that falling bodies accelerate
uniformly, Galileo was able to prove his classic “times-squared”
law;® and, assuming the motion of a projectile to be a combination
of uniform horizontal motion and vertical free-fall (a stunning
insight in itself), he could show that the actual path would be a
parabola.

Like Copernicus before him, Galileo didn’t “philosophize” much
about the mind or soul; hence, though his dramatic new uses of
geometry had important consequences for the theory of mental
representation, it took Hobbes and Descartes to bring them out.
Galileo did, however, draw one famous and influential conclusion
about “metaphysics”’—that is, about what’s really real:

I believe that for external bodies to excite in us tastes, odors,
and sounds, nothing is required in those bodies themselves ex-
cept size, shape, and a lot of slow or fast motions [namely,

of countless “tiny particles”]. I think that if ears, tongues, and
noses were taken away, then shapes, numbers, and motions
would well remain, but not odors, tastes, or sounds. The latter
are, I believe, nothing but names, outside of the living
animal—just as tickling and titillation are nothing but names,
apart from the armpit and the skin around the nose.”

In neighboring paragraphs Galileo also included colors and heat
in the same category: qualities that aren’t really present in external
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objects as such but arise only in our perceptions. This general
idea is as old as the Greek “atomist”” Democritus (fifth century
B.C.), but Galileo gave it a whole new credibility. For he held
that nature herself is “written in mathematical characters” (i.e.,
shapes, sizes, and motions) and supported that doctrine with totally
unprecedented precision and detail, by actually deciphering those
characters in his laws and proofs.

Most philosophers since Galileo have accepted some form of
this distinction between properties that objects really have in
themselves and properties that only appear in them because of
the nature of our perceptual apparatus. Perhaps the best known
discussion is by the English philosopher John Locke (1632-1704),
who called the two groups “primary”” and “'secondary” qualities,
respectively.® But the important point, from our perspective, is
that the distinction drives in the Copernican wedge between how
things seem and how they really are; that is, it further separates
thought from the world. As we shall soon see, however, Galileo’s
methods of mathematical representation were destined to have
an even deeper influence on the evolving modern mind.

Hobbes— The Grandfather of Al

“By RATIOCINATION, I mean computation,” proclaimed the English
philosopher Thomas Hobbes (1588-1679), prophetically launching
Artificial Intelligence in the 1650s.” This slogan, he explained,
conveys two basic ideas. First, thinking is ““mental discourse”;
that is, thinking consists of symbolic operations, just like talking
out loud or calculating with pen and paper—except, of course,
that it is conducted internally. Hence thoughts are not themselves
expressed in spoken or written symbols but rather in special brain
tokens, which Hobbes called “phantasms” or thought “parcels.”
Second, thinking is at its clearest and most rational when it follows
methodical rules—like accountants following the exact rules for
numerical calculation. In other words, explicit ratiocination is a
““mechanical” process, like operating a mental abacus: all these
little parcels (which, of course, need not stand only for numbers)
are being whipped back and forth exactly according to the rules
of reason. Or, in cases where the rules are being ignored or bent,
the person is simply confused.
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Here is how Hobbes himself elaborated the point in his magnum
opus, Leviathan:

When a man reasoneth, he does nothing else but conceive

a sum total, from addition of parcels; or conceive a remainder,
from subtraction of one sum from another. . .. These opera-
tions are not incident to numbers only, but to all manner

of things that can be added together, and taken one out of an-
other. For as arithmeticians teach to add and subtract in
numbers; so the geometricians teach the same in lines, fig-
ures, . . . angles, proportions, times, degrees of swiftness, force,
power, and the like; the logicians teach the same in conse-
quences of words; adding together two names to make an
affirmation, and two affirmations to make a syllogism; and
many syllogisms to make a demonstration.'

Hobbes no doubt overstretched the metaphor of “addition,” but
we can wink at that after all these years. More interesting is his
inclusion of time, swiftness, force, etc. in the domain of geome-
tricians; clearly he is thinking of Galileo.

Hobbes greatly admired Galileo, and in 1634 journeyed all the
way to Italy just to meet him. More particularly, the great Italian’s
discovery that physics could be conducted with all the methodical
rigor of geometric proof directly inspired Hobbes’s conception of
intellectual method in general. Thus his momentous suggestion
that thinking as such is basically computation was clearly an ex-
trapolation from Galileo’s idea that the study of motion is basically
geometry. And Hobbes’s own main philosophical work was (wild
as it seems) an attempt to do for politics what Galileo had done
for physics. Needless to say, his definitions and proofs were not
quite as precise and convincing as Galileo’s (or we might live in
a better world today); but his overall approach transformed the
field—and, in recognition of that, he is often called “the father
of modern political science.”

Closer to our present topic, Hobbes also eagerly embraced the
idea that reality itself is fundamentally “‘mathematical”: ultimately
nothing but tiny moving particles. Hence he readily agreed that
so-called sensible qualities (colors, odors, tickles, and the like)
are not really in objects at all but only in perceivers. At this point,
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however, Hobbes went his predecessor one better; for he argued,
as Galileo had not, that if all reality is just particles in motion,
then that must include the mind and its contents as well.

All which qualities, called sensible, are [nothing] in the object,
but so many several motions of the matter, by which it
presseth our organs diversely. Neither in us that are pressed,
are they any thing else, but divers motions; for motion pro-
duceth nothing but motion.”

Thus when I receive blue or tickling sensations from a colored
feather, these sensations are really just complex patterns of tiny
motions in my sense organs and brain; they are no more blue or
tickling in themselves than the feather is in itself. Or rather to
call them blue or tickling sensations is simply to classify them
among certain repeatable patterns of movement in my body. This
makes it evident, among other things, that when Hobbes speaks
of putting thought parcels together and taking them apart again,
he means it literally—at least to the extent that he means real
physical manipulations of tiny physical symbols.

But there is a fundamental difficulty in Hobbes’s whole program:
to put it starkly, he cannot tell (that is, his theory cannot account
for) the difference between minds and books. This is the tip of
an enormous iceberg that deserves close attention, for it is pro-
foundly relevant to the eventual plausibility of Artificial Intelli-
gence. The basic question is: How can thought parcels mean
anything? The analogy with spoken or written symbols is no help
here, since the meanings of these are already derivative from the
meanings of thoughts. That is, the meaningfulness of words de-
pends on the prior meaningfulness of our thinking: if the sound
(or sequence of letters) “horse” happens to mean a certain kind
of animal, that’s only because we (English speakers) mean that
by it. Hobbes even agrees

that the sound of this word stone should be the sign of a stone,
cannot be understood in any sense but this, that he that
hears it collects that he that pronounces it thinks of stone.'?
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Box 2
Causal Determination of Meaning

Suppose | am looking at an apple and having an experience
of it. If we ask why that experience is of that apple (rather
than of another apple or of Calcutta), the answer seems
clear: that particular apple is causing my experience. More-
over, if | later remember the apple, that too is of that apple
by virtue of a causal connection (via the initial perception). Fi-
nally, perhaps even my concept ‘apple’ gets its meaning from
causal relations to various apples, such as those used to
teach me the concept in the first place.

Here then is an account of meaning that is neither deriva-
tive nor based on resemblance. Does it solve the mystery?
Not until questions like the following get answered:

1. WHICH CAUSES? Overindulgence causes splitting head-
aches, but splitting headaches don’t mean (represent,
stand for) overindulgence. When | see the apple, my ex-
perience is also caused by the photons entering my eye,
the act of opening my eyes, and the microtexture of the
apple’s skin. Why do some causes generate meanings
while others don’t?

2. WHICH MEANINGS? As | regard the apple, | can see (no-
tice, think of) an apple, a fruit, a particular gift from a stu-
dent, lunch, its redness, its distance from me, and so on.
These all differ in meaning (content), yet the causal con-
nection between the apple and me seems just the same.

3. INFORMED MEANING: Mechanic and client alike hear the
engine ping; but it “‘means’* more to the mechanic, both
in the experience (what kind of ping) and in the concept
(what pinging actually is). Again there is more to meaning
than is determined by the cause.

4. NONCAUSAL OBJECTS: | can think of the number eleven,
and mean it; yet the number eleven itself has never
caused anything. Likewise, | can think of the future or a
possibility that didn't happen, though neither has had any
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effects. And what about abstractions: has the species
raccoon caused anything not caused by individual
raccoons?

None of this argues that causal factors couldn’t form part of
a more elaborate approach to original meaning; indeed, much
current work is along such lines—but incorporates ideas not
available to Hobbes.

Now obviously the meaningfulness of thoughts themselves cannot
be explained in the same way; for that would be to say that the
meanings of our thoughts derive from the meanings of our
thoughts, which is circular. Hence some independent account is
required.

I call this the mystery of original meaning. For the problem
is: Where does meaningfulness originate? Some meanings can
derive from others, but not all of them can; if the meanings of
public symbols (e.g., language) derive from the meanings of in-
ternal symbols (e.g., thoughts), then the latter cannot be similarly
derivative—they must be the “originals.” In other words, Hobbes
cannot explain thinking by saying it’s just like talking or writing,

‘ except for being internal. There has to be some further difference
that accounts for the fact that thoughts can have original meaning,
while word meanings are only derivative. This “further difference”
is then clearly the crux of the matter.

The standard resemblance theory did offer a kind of answer:
if thoughts, unlike words, resembled or pictured their objects,
then this special relation could be the ultimate source (origin) of
meaningfulness. Hobbes, however, couldn’t use that answer. In
making discourse and computation his model of ratiocination, he
effectively gave thoughts the structure of sentences or formulae,
composed of distinct, arbitrary symbols. Images don’t have that
structure: a picture of a fat man running is not composed of three

11 oas

separate symbols for “’fat,” ““man,” and “running.”” Thus the rules
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for manipulating such symbols, as in proofs and derivations, don't
work for images either. Therefore, in proposing a computational
account of thinking, Hobbes essentially forfeited the resemblance
account of meaning. Yet he had, I think, nothing else to offer—
which is to say he couldn’t solve the mystery of original meaning
or explain the basic difference between minds and books.

Descartes

Galileo and Copernicus were outstanding physicists and first-
class mathematicians, but they weren’t all that much as philos-
ophers. Hobbes was a great philosopher but an inconsequential
physicist and a truly abysmal mathematician. That towering French
intellect René Descartes (1596-1650) was, on the other hand, a
world-shaker at everything he touched. Commonly deemed the
“father of modern philosophy,” he might equally be called the
father of modern mathematics; and his contributions to physics,
though eventually eclipsed by Newton’s, were for a generation
the foundation of the discipline. Perhaps his most lasting mark,
however, is in the theory of the mind; for, remarkable as it seems,
this is the one point at which all his work comes together.

Descartes’s career and outlook began with mathematics, in the
history of which he is famed for two enormous innovations: first,
his development of analytic geometry, and second, his astonishing
interpretation of that development. Analytic geometry is that
branch of mathematics in which geometric points, lines, and re-
lationships are represented by numbers and algebraic equations,
using the system we now call “Cartesian coordinates”” ( = graph
paper; see figure 1). Of course, parts of the idea were old; as-
tronomers, for instance, had long used a sort of coordinate system
to keep track of stars. Descartes’s contribution was a systematic
approach to solving geometric problems by algebraic methods. And,
while he was at it, he greatly improved the algebra of his time,
basically introducing the notation we still use today.

Descartes began his famous work, La Geometrie, by saying:

Any problem in geometry can easily be reduced to such
terms that one need only know the lengths of a few straight
lines in order to construct it.'?
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P: x> + 4y = 36

Figure 1 Cartesian Coordinates

A point in the plane corresponds to a pair of numbers, called its ““X-coordi-
nate” and "“Y-coordinate,” respectively. For instance, the point D above corre-
sponds to the pair (4,5) because it is located 4 units out along the X-axis and 5
units up along the Y-axis. The values 4 and 5 (for x and y) also happen to sat-
isfy the equation x + 6 = 2y; and, as you can see, the coordinates for points
A, B, C, and E satisfy it too. In fact, all and only the points on line L have
coordinates which satisfy that equation; hence the equation and the line “’de-
fine”” each other, given the coordinate system. And (first-order) equations like
that are now known as “linear’” equations.

In a similar way the coordinates of F, B, G, H, D, I, and ] all satisfy the (sec-
ond-order) equation x* + 4y = 36; and these points (plus all the others deter-
mined by the same equation) lie on the curve P, which turns out to be a
parabola. (Other equations define circles, ellipses, and so on.) Notice, finally, if
the above two equations are taken together and solved for x and y, the only
two solutions are (—6,0) and (4,5), which correspond to points B and D, where
the two curves intersect.
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Most geometers in those days, Galileo and Kepler included, ex-
pressed quantitative relationships by means of geometrical pro-
portions, such as:

Line (or area) A (in some diagram) is to B as C is to D

—which quickly got tedious and complicated. Descartes, however,
saw a way to cut through all that. He regarded geometric pro-
portions and numerical operations, like multiplication and division,
as just different forms of a single more general relational structure.
So instead of struggling with a lot of complicated proportions,
Descartes calmly talked about multiplying, dividing, and extracting
roots of his line segments (lengths)—and always got other line
segments for answers.

Geometrically this is a bizarre idea. What could the square root
of a line segment be? Moreover, the product of two lengths ought
not to be another length but an area. Descartes’s idea was to define
some convenient “‘unit length” and then treat all those relations
as special cases of proportions. Thus any given length is to its
square root as the latter is to unity; or, unity is to one length as
a second length is to the product of the two. In other words:

If: ListoRasRisto 1, then: L = R2
If: 1isto AasBistoC, then: A X B = C.

All these relations are proportions among lengths; yet, in terms
of them, the “algebraic’” operations make perfect sense. The other
side of the coin is that geometric proportions can themselves be
re-expressed as algebraic equations, which in turn means (given
the above quotation) that any geometric problem can be “trans-
lated” into algebraic notation and solved by algebraic methods.

As if unifying algebra and geometry weren’t enough, Descartes
also realized that physics was in the same boat. If physical laws
could be represented geometrically and geometrical relationships
could be expressed algebraically, then physics too could be for-
mulated in algebraic terms. Today it seems so obvious that physical
laws can be equations that we forget the intellectual leap required
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to conceive such a thing. In particular, we forget that science can
be quantitative and mathematically rigorous without algebra (not
to mention calculus); Galileo (and Kepler, etc.) established that,
using geometry.

Inventing analytic geometry was Descartes’s first great step; his
second step essentially redefined the field of mathematics. He
explains the basic idea in a semi-biographical passage in his Dis-
course on Method:

Still, I had no intention of trying to learn all the particular
sciences commonly called mathematics. For I saw that, al-
though these sciences treat different objects, they all agree in
considering nothing about the objects but the various relations
or proportions found in them. Hence I thought it more worth-
while to examine just those proportions in general, free of

any specific assumptions about the subject matter—except ones
which might make understanding easier. And even then, of
course, the assumptions were never binding, for my ultimate
aim was a better ability to apply the same proportions to what-
ever other objects they fit."*

Galileo ““abstracted”” Euclid’s methods away from purely spatial
problems so he could apply them to physics, and now Descartes
drives the principle to its radical conclusion: geometry, algebra,
and physics are all equally just “applied math.”” Mathematics as
such is not concerned with any specific subject matter (figures,
numbers, motions, or what have you), but only with the very
abstract relationships that might be found in them, or in any other
objects.

Surprisingly, these same discoveries were just as revolutionary
in the philosophy of mind as in mathematics. For the essential
innovation is a reconception of the relation between symbols and
what they symbolize—what we would now call the theory of
meaning. Though mathematical notations were the model for
Descartes’s new ideas, he soon extended them to cover everything
meaningful—especially thoughts. In other words, he regarded
thoughts themselves as symbolic representations, fundamentally
analogous to those used in mathematics; and, as a result, he could
apply all his conclusions about representations in general to the
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special case of the mind. This profound maneuver, and its startling
consequences, basically launched modern philosophy.

The new approach to representation has two distinct compo-
nents: the negative half, rending symbol and symbolized asunder,
and the positive half, getting them back together again. The neg-
ative half is clearly manifested in the mathematical work: the
basic point is that algebraic formulations don’t intrinsically rep-
resent numbers, and Euclidean formulations don’t intrinsically
represent geometric figures. Rather, algebra and geometry are two
separate notations, each equally adequate for expressing numerical,
spatial, kinematic (motional), or any other quantitative relation-
ships. Nothing about either notation connects it, as such, to any
particular subject matter.

Extend this negative realization to mental representations
(thoughts), and you finally conclude the divorce of thought from
thing, mind from world, that began so innocently in the old
appearance/reality distinction. Suddenly a thought is one thing
and its alleged object quite another—and there is no intrinsic
relation between them. My thoughts of numbers are no more
connected, as such, to numbers, than algebraic notation is con-
nected, as such, to numbers. Those very same thoughts could
equally well represent spatial facts or kinematic facts or even
nothing at all (and perhaps I could never tell; see box 3). This
disconcerting picture is the essence of the modern mind; we owe
it all to Descartes.

The positive half—getting the symbols to symbolize again—
turns out to be harder. If we read between the lines in Descartes,
we can see him dividing it into two stages (with mathematics
again the inspiring example):

1. What makes a notation suitable for symbolizing (represent-
ing) some subject matter?

2. What makes a suitable notation actually symbolize (repre-
sent) that subject matter?

Descartes barely answers the first question at all; but, via impli-
cation and creative anachronism, we can put good words in his
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Box 3
Epistemological Skepticism

Being ‘skeptical’ means doubting, reserving judgment, or re-
maining unconvinced. ‘Epistemological’ means having to do
with knowledge or the theory of knowledge. Epistemological
skepticism is the infamous philosophical stance of doubting
whether we can ever really know anything. A classic line
goes like this: Given that our senses are often unreliable (we
are fooled by illusions, hallucinations, dreams, etc.) and that
even our most careful reasonings sometimes go astray, then
how can we know for sure, at any particular moment, that
we are not being fooled or irrational right then? But if we
could never know that, we could never know anything.

Descartes used a skepticism like this to introduce one as-
pect of his new conception of mind (namely the divorce be-
tween thought and thing). But, as befits his genius, he first
transformed the argument into something far more compel-
ling and sinister. Suppose, he suggested, there were an “‘evil
demon,’’ divinely powerful but malicious, bent on deceiving
me about everything. For instance, the demon might create in
my mind sense impressions and even theoretical concepts
that bear no relation whatever to the outside world; further-
more, he might cleverly arrange them all so that they seem to
hang together and make perfect sense. Indeed, my whole life
could be a single, diabolically orchestrated hallucination. How
would | ever know?

How could Descartes ever dream up such a thing? After all,
the illusion of the Sun rising depends directly on the real
Earth turning; the ticklings around Galileo’s nose are still inti-
mately related to the shapes and motions in the feather. But
the evil demon could strip us of all contact with reality what-
soever. Descartes could dream that up because he had a new
vision of thoughts as mere symbols in a notational system;
and he knew full well that such symbols could equally repre-
sent one subject matter or another, or none at all, and the
system itself would be no different.

In my own view, epistemological skepticism has been
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largely a digression within the history of philosophy and the
cause of a lot of wasted effort. In any case the issue is cer-
tainly tangential in Artificial Intelligence, and we won’t con-
sider it again.

mouth. First, however, we should give a brief nod to his elaborate
and sadly influential answer to the second qtiestion.

Notice that external notational systems aren’t the problem. When
external symbols actually represent, it’s because they express
thoughts, which already represent; they thereby acquire meanings,
but only derivative meanings. The real issue, clearly, is those
already meaningful thought-symbols; that is, it’s a variation on
our old friend, the mystery of original meaning. Unlike Hobbes,
Descartes at least saw the problem; and he offered an amazing
solution. In barest outline, he argued that (1) he could prove, just
from what he found within his own mind, that a nice God exists;
and (2) it wouldn’t be nice to let creatures be radically misguided
(especially if they worked conscientiously). Therefore, if we're
conscientious, our thoughts will represent reality. Though Des-
cartes’s own version was a lot less crude, its main impact was
still to send other philosophers after better answers.

Let’s return to the first question: What makes a notation “suit-
able” for symbolizing some subject matter? It isn’t just that con-
venient symbols can be invented for all the relevant items or
variables—that, by itself, is trivial. Galileo didn’t just say “‘the
area within the triangle represents the distance traveled” and let
it go at that. Nor is analytic geometry merely the clever idea of
identifying geometric points with numerical coordinates (that
wouldn’t have cost Descartes much effort). No, what earned these
men their reputations was demonstrating how, if you represented
things in certain very specific ways, you could solve problems.

When a notation can be used to solve problems about a subject
matter, then it is suitable for representing that subject matter.
Galileo showed how, using his geometrical representations, he
could derive his famous laws from a few simple assumptions; and
thereby he also showed how Euclid’s system can be suited to
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representing kinematics. Descartes did the same for algebra and
geometry ("“Any problem in geometry can easily be reduced . . .”)
and then recognized the general point: any number of different
notations might be equally suitable for representing any number
of different subject matters.

This point about solving problems has two subtle but important
corollaries. First, it wouldn’t do to get just a few scattered problems
right, while giving silly (or no) results on others, for then the
occasional successes would seem like mere flukes (or even hoaxes).
In other words the notation-cum-problem-solving-method must
form an integrated system that can be used systematically and
reliably in a well-defined area. Second, solving problems obviously
involves more than just representing them. There must also be
various allowable steps that one can take in getting from (the
representation of) the problem to (a representation of) the solution
(for example, in derivations, proofs, etc.). Hence the integrated
system must include not only notational conventions, but also
rules specifying which steps are allowed and which are not.

Descartes himself didn’t really say all this. Pioneering ideas
often bubble beneath the surface in authors who can’t quite ar-
ticulate them. (Later writers will finally get those ideas explicit,
while struggling with still newer ones.} Anyway, we can see rules
and steps bubbling beneath Descartes’s way of distinguishing
people from “unreasoning” machines:

For we can well imagine a machine so made that it utters
words and even, in a few cases, words pertaining specifically
to some actions that affect it physically. For instance, if you
touch one in a certain place, it might ask what you want to
say, while if you touch it in another, it might cry out that
you're hurting it, and so on. However, no such machine could
ever arrange its words in various different ways so as to re-
spond to the sense of whatever is said in its presence—as even
the dullest people can do."

Incredible! In 1637 this man could imagine not only the loud-
speaker, but also the talking Toyota; perhaps we can forgive him
if he couldn’t quite imagine mechanical reasoning. For to arrange
words appropriately in response to the sense of a previous
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utterance is just to say something ““reasonable,” given the context.
And what’s reasonable (in Descartes’s eyes) is determined by the
rules of reasoning—that is, the rules for manipulating thought
symbols, in the notational system of the mind.'® So, essentially,
Descartes is saying that machines can’t think (or talk sensibly—
he’s anticipated Turing’s test too) because they can’t manipulate
symbols rationally.

That, obviously, is hitting Artificial Intelligence where it lives.
Yet the worry over “mechanical reason” is deep and challenging;
it deserves a section of its own.

The Paradox of Mechanical Reason

Descartes was a dualist: he believed that minds and the physical
universe were two entirely different kinds of substance. Minds,
by their nature, can have thoughts in them—beliefs, desires, wor-
ries, decisions, and the like—all subject to the order of reason.
Meanwhile, the physical universe can, by its nature, have bodies
in it—physical objects and mechanisms—all subject to the order
of physical law. Note the two radically different notions of ‘in’.
Thoughts are “in” minds, but not in the sense of being inside a
three-dimensional container; minds and their ““contents” have no
spatial properties at all. The universe, on the other hand, essentially
is space; all physical objects are within it spatially and always
have definite sizes, shapes, and locations. It follows from this
contrast that no mind can ever have a physical object in it and
likewise that there can never be any thoughts in the physical
universe.

Dualism actually has a strong commonsense appeal; and since
it would rule out Artificial Intelligence at a stroke, we should pay
attention. Suppose Frank remembers Frankfurt, or hankers for a
Frankfurter. What could his thought be like spatially (the thought
itself, not what it's about)? Is it one inch wide (or a millimeter or
a mile)? Is it round like a ball (or conical or doughnut shaped)?
There is something perverse about such questions; and the problem
isn’t just that thoughts are fuzzy or hard to measure. I can’t even
imagine a thought shaped like a fuzzy, one-inch doughnut. Lo-
cation seems initially easier than size and shape: thoughts are “in
our heads,” aren’t they? But if they have no size or shape, how
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can they have a place? And anyway, when Frank remembers
Frankfurt, exactly how far is it from his recollection to, say, his
left earlobe? Of course, science may someday come up with sur-
prising answers; but, on a common-sense level, Cartesian dualism
does seem very reasonable.

There is, alas, one fundamental difficulty that no dualist has
ever resolved: if thought and matter are so utterly disparate, how
can they have anything to do with one another—how can they
interact? This is the notorious mind-body problem, and it has driven
dualists to some of philosophy’s most desperate gyrations ever
(see box 4 for a few samples). Here’s how it goes. The laws of
physics suffice to explain every movement of every material par-
ticle entirely in terms of physical forces; and these forces are all
exactly determined by specified physical properties, like mass,
distance, electric charge, and various quantum oddments. But if
thoughts can have no size, shape, or location, they’re even less
likely to sport mass, charge, or queer quark quirks; hence, they
can never exert any physical forces on matter (or vice versa, pre-
sumably). Consequently, all movements of material bodies can
be completely explained without reference to anything mental.

So, for a dualist, the price of admitting mind-body interactions
would be forfeiture of modern physics, which no mere philosopher
could ever afford. On the other hand, foreswearing interactions
is also rather awkward. Thus when I decide to raise my hand
and then my hand goes up, it sure seems that my (mental) decision
causes that (physical) movement. Conversely, the (physical) light
rays entering my eyes sure seem to cause my (mental) visual
experiences of the world. In short, mind-body interaction seems
physically impossible; yet without it we could neither perceive
nor act. So, despite all its intuitive appeal, dualism is a tough row
to hoe.

Most alternatives to dualism turn out to be some sort of
monism—theories that say there is really only one kind of substance
instead of two. In the nineteenth century, the most popular variety
of monism was idealism, according to which minds and ideas are
the only ultimate reality; material objects were regarded either
as purely illusory or as special “constructs,” somehow built up
out of ideas. In our own century, idealism has fallen on hard
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Box 4
Dualist Desperados

INTERACTIONISM: Descartes himself actually maintained (to
everybody’'s amazement) that mind and body do interact.
This, of course, would be an eminently sensible view but for
the minor inconvenience of contradicting everything else Des-
cartes believed—and his reasons therefor. He did gingerly re-
strict the effect to subtle vapors in the pineal organ, a still
mysterious body near the bottom of the brain; but somehow
that didn’t help much with the problem of principle.

PARALLELISM: According to this clever idea, mind and matter
are related like two perfect clocks set in motion simultane-
ously at the creation. Each obeys its own laws and proceeds
entirely independently; but, due to God’s marvelous planning
and workmanship, they “*keep time"’ flawlessly and forever.
Thus when the hammer crushes my thumb, and the pain in-
stantaneously clouds my judgment, there is no causal con-
nection, but only another “‘coincidence,’’ like the noon
whistle and the church bells always sounding at 12:00.

OCCASIONALISM: Though mind and body can never affect
each other, God can affect anything. So another charming
line has watchful Providence intervening helpfully on each
“‘occasion’’ when mind and matter would interact, if only
they could. For instance, that hammer doesn’t really affect
me (my mind) at all; but God alertly creates for me exactly
the excruciation my thumb nerves signal—and then bravely
forms on my carnal lips those colorful words | no sooner in-
tend than regret.

EPIPHENOMENALISM: Here's one for agnostics. The universe
is a superbly engineered machine, ticking and whirring
smoothly, with everything complete and in order. Minds and
conscious experiences play no role in the mechanism but are
incidental by-products (“‘epiphenomena’), like the ticking and
whirring. This peculiar approach is curiously ambivalent about
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interaction: matter causes or ‘‘gives off’” mind, but thought
has no effect on matter. So we can watch the world go by,
but we can’t do anything about it (our impressions to the
contrary being but a cruel hoax).

times, and the most popular monism is materialism, according to
which (naturally) matter is the only ultimate reality. Materialists
hold either that thoughts and ideas are purely illusory or else
that they are special constructs, somehow built up out of matter.
The difficulties that toppled idealism are not particularly relevant
to Al; so we mention them only in passing and concentrate on
the materialist side.

Materialism, however, has troubles of its own. For one thing,
materialists find it hard to say anything terribly comforting about
immortal souls; but we set that issue aside. Of more immediate
concern is what to say about thoughts, if all reality is ultimately
material. The crux of the issue is a deep and traditional conundrum,
which I call the paradox of mechanical reason. Its resolution is,
simultaneously, the philosophical foundation of the Artificial
Intelligence boom and also the most attractive current alternative
to hopeless dualism and zany idealism (not to mention vulgar
behaviorism).

So what's the paradox? Reasoning (on the computational model)
is the manipulation of meaningful symbols according to rational
rules (in an integrated system). Hence there must be some sort
of marnipulator to carry out those manipulations. There seem to
be two basic possibilities: either the manipulator pays attention
to what the symbols and rules mean or it doesn’t. If it does pay
attention to the meanings, then it can’t be entirely mechanical—
because meanings (whatever exactly they are) don’t exert physical
forces. On the other hand, if the manipulator does not pay attention
to the meanings, then the manipulations can’t be instances of
reasoning—because what’s reasonable or not depends crucially
on what the symbols mean.

In a word, if a process or system is mechanical, it can’t reason;
if it reasons, it can’t be mechanical. That's the paradox of
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mechanical reason. Unfortunately, the issue is just too important
to be quietly forgotten. So people have struggled with it coura-
geously, generating a vexed and amusing history that is also
somewhat enlightening (at least in retrospect).

Consider again the alternative where the meanings are taken
into account. Ironically, the problem is essentially a reenactment,
within monist materialism, of the basic dualist difficulty about
interactions, only this time the mysterious troublemakers are
meanings rather than thoughts. Materialists try to escape the
interactionist trap by claiming that thoughts are really just a special
kind of material object (viz., symbols), which therefore obviously
can “interact” with matter. But the meanings of those symbols are
not material objects (they are “abstract” or “conceptual” or some-
thing). The trouble is, they still have to affect the operation of
the mechanism for the manipulations to be reasonable. Hence all
the old embarrassments return about exerting forces without hav-
ing any mass, electric charge, etc.: meanings as such simply cannot
affect a physical mechanism.

But suppose this problem could be resolved. (I think many
philosophers ignored it, convinced that it had to be resolvable
somehow.) Would that finish the matter? Not quite; for the status
of the manipulator remains disconcertingly unsettled. We're
assuming, for the moment, that it manipulates thought symbols
reasonably, by “paying attention” to the meanings of the symbols
and the rules of reason. But how, exactly, does that work? Consider
Zelda. We imagine a manipulator “reading” the symbols in her
mind, figuring out what they mean, looking up various rules of
reason, deciding which ones to apply, and then applying them
correctly—which generally means “‘writing” out some new mental
symbols (whatever Zelda thinks of next).

This manipulator turns out to be pretty smart. It can read and
understand both the symbols it's working on and the rules it’s
following; it can figure things out, make decisions, apply rules to
novel cases, do what it’s told, and so on. But so what? Isn’t Zelda
the manipulator of her own thoughts, and doesn’t she understand
them as well as anybody? No! That cannot possibly be right.
Zelda’s thoughts and understandings are the symbols being
manipulated; if carrying out the manipulations also requires
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thoughts and understandings, then these latter thoughts and
understandings must be distinct from Zelda’s. The point of the
computational theory is to explain Zelda’s thinking in terms of
rational manipulations of her thought symbols. Her thinking can-
not itself be employed in explaining the manipulations, on pain
of rendering the account circular.

How humiliating! In order to explain thinking, the theory has
to invent an inner “manipulator’” who thinks, understands, de-
cides, and acts all on its own. Philosophers have dreamt up various
soothing names for this inconvenient little fellow, such as the
“faculty of the will” or the lofty “transcendental ego.” But the
name which sticks is the one used by mocking opponents: he’s
the homunculus (which is just Latin for “little fellow’’). Whatever
the name, the bottom line is a simple, shattering question: If a
thinking homunculus is needed to explain how Zelda can think,
then what explains how the homunculus can think? A still smaller
homunculus?

We should appreciate that this debacle follows directly from
assuming that (rational) thought manipulations require ““attention”
to what the thought symbols and rules mean; for that's what
entailed a manipulator who could understand and think on his
own. In other words, sticking to the “reason” side of the paradox
of mechanical reason leads to the homunculus disaster. What
happens if we try the “mechanical” side?

Hume— The Mental Mechanic

Scotland’s most celebrated philosopher, David Hume (1711-1776),
was the first to spell out consistently the mechanical conception
of thinking. The subtitle of his monumental Treatise of Human
Nature (written in his twenties) announces the central plan of his
entire philosophy: “An Attempt to introduce the experimental
Method of Reasoning into Moral Subjects.”'” By “‘moral subjects”
Hume meant not only ethics and the theory of justice but all of
what he called “the science of man”—beginning with psychology.
By the “experimental method of reasoning” he meant the methods
of natural science, especially physics.

In other words, Hume proposed to establish a new category of
human sciences, explicitly modeled on the wonderfully successful



42 Chapter 1

physical sciences. More particularly, he wanted to explain thinking
and feeling in terms of how various mental mechanisms work;
or, as he put it, to

discover . . . the secret springs and principles by which the
human mind is actuated in its operation.

In the same paragraph, Hume effectively compares his own efforts
to those of the great English physicist Sir Isaac Newton
(1642-1727), whom he describes as having

determined the laws and forces by which the revolutions of
the planets are governed and directed.

For he goes on to conclude:

The like has been performed with regard to other parts of
nature. And there is no reason to despair of equal success in
our inquiries concerning the mental powers and economy, if
prosecuted with equal capacity and caution.’

So Hume wants to discover the laws and forces by which ideas
are governed and directed; he wants to be the Newton of the
mind.

The centerpiece of Hume’s theory is the famous principle of
““association of ideas,” which he adopted pretty much intact from
the English empiricist John Locke (1632-1704), who, in turn, got
a good deal of it from Hobbes. Locke is the philosopher who said
the mind starts out as a tabula rasa (clean slate), on which ex-
perience “writes”” the sense impressions basic to all knowledge;
then the mind’s natural “association’” combines and recombines
all these fundamental “ideas” into ever more complex and
sophisticated science. Locke’s main concern was to legitimate
Newton’s empirical method against the Cartesians (who still
wanted physics to be “intuitive,” like mathematics). He was using
physical knowledge as a kind of acid test for philosophical theories:
no theory of the mind could be right, in Locke’s view, unless it
could show why Newtonian science is good science.
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Hume, on the other hand, was inspired by Newton more directly:
his theory was designed not merely to accommodate Newton'’s
physics but to imitate it. That is, Hume really put forward a “mental
mechanics”’; his impressions and ideas were not so much the basic
evidence on which all knowledge rested but rather the basic pieces
out of which all knowledge was composed—or, better yet, the
basic “corpuscles” (particles) to which all the mental forces and
operations applied. And the association of ideas is just the general
category for all these forces; Hume himself describes it as

a kind of ATTRACTION, which in the mental world will be
found to have as extraordinary effects as in the natural, and to
shew itself in as many and as various forms."

Obviously he’s thinking of universal gravitation (and maybe
magnetism).

It is important to appreciate how different Hume is not only
from Locke, but also from Hobbes. The latter shared Hume’s
“mechanical” outlook, even to the point of regarding thoughts
as actual movements of matter in the brain. The difference is that
Hobbes took thoughts on the mode] of numerals or words: physical
symbols to be manipulated according to the rules of calculation
or rational discourse. And that led, as we saw, to the question of
how there could be such manipulations, for they seem to require
an intelligent manipulator (the homunculus). Hume, however,
had no such problem; his science of the mind was to be entirely
analogous to physics, plus maybe a bit of engineering.

But, crucially, this analogy occurs at the level of explanation.
Unlike Hobbes, Hume didn’t claim that ideas actually are physical
(he didn't, in fact, seem to care much about the materialism/
dualism issue). Rather, he said, ideas are like physical particles,
in that their interactions are to be explained in terms of natural
forces governed by natural laws. Hence the account doesn’t beg
its own question by assuming some behind-the-scenes intelligence
making it all work. There is no more difficulty about “how”” ideas
obey the laws of association than there is about “how’ planets
obey the law of gravity; they just do. In other words, Hume, like

Newton, can say, “I frame no hypotheses.”?
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Unfortunately, however, in avoiding the homunculus pickle,
Hume landed himself in another: What makes his ideas ideas,
and what makes their interactions count as thinking? What, in
short, is mental about the mind? Hume has so thoroughly elim-
inated meaning and rationality from the basis of his account that
he might as well be talking about some new and strange kind of
physics. In a way, of course, that was the whole point; but he
now owes us an explanation of how meaning and reason get back
into the picture; otherwise he hasn’t produced a “mechanics of
the mind” after all. Unfortunately, Hume has no such story to
tell; indirectly, I think, he even admits it, in his own peculiar
brand of “skepticism” (see box 5).

But this just brings us back to the paradox of mechanical reason:
either meanings matter to the manipulations, in which case the
processes aren’t really mechanical (they presuppose an homun-
culus); or else meanings don’t matter, in which case the processes
aren’t really rational (they’re just some meaningless “machine-
like” interactions). Hume is simply caught on the second horn of
the dilemma. Historically, this is the point at which transcendental
idealism thundered to the rescue; that is, Kant, Hegel, and their
legions bravely returned to the first horn and gave up on matter.
But, as mentioned earlier, this otherwise remarkable and difficult
episode is really a digression within the pedigree of Artificial
Intelligence. So we will skip over it and plunge back in with
confident and all-conquering twentieth-century materialism.
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Box 5
Semantic Skepticism

In the section of the Treatise entitled “*Of scepticism with re-
gard to the senses,”” Hume describes what he calls the “‘dou-
ble existence’’ theory, according to which our perceptions
and the objects they (allegedly) represent are distinct entities.
Perceptions are fleeting and dependent on us, whereas ob-
jects are supposed to be durable and external; moreover, ob-
jects supposedly cause perceptions, which, in turn, resemble
them. But Hume (as you might have guessed) thinks all of this
is rubbish. Our minds work only with perceptions themselves;
that is, we never have any "‘direct’”” experience of objects, in-
dependent of perceptions. Further, the existence of percep-
tions could never logically imply that anything else exists.
Hence these "‘external objects’ can be nothing but figments
of our imaginations.

Hume has a subtle and ingenious story about why our
imaginations do such a thing to us, why the confusion itself
is so irresistible, and why philosophers have no hope of ever
clearing it up. But the fact remains that, according to Hume's
own theory, mental representation of nonmental objects is in-
conceivable. Thus, insofar as the meaningfulness of thought
essentially involves “‘representational content,”” Hume has no
place for it. So while Descartes’s skeptic asks: “'How can |
know what | know?'* Hume's skeptic grapples with the more
basic question: ‘‘How can | even mean what | mean?”’
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Formal Games
Late in our own century it’s hard to take the “paradox” of me-
chanical reason quite so seriously. Obviously (one insists impa-
tiently) there can be reasoning machines—many of us carry them
in our pockets. In philosophy, however, nothing is so treacherous
as the “obvious.” Even if it’s true (as it may be) that the paradox
is now resolved, we must see exactly how the solution works; we
must understand just which new ideas and discoveries finally
broke through where Hobbes, Descartes, and Hume (not to men-
tion introspective psychologists, psychoanalysts, and behaviorists)
had failed. In other words, we must understand, in fundamental
terms, what a computer really is. The concepts involved are not
particularly difficult; but they’re not, in fact, all that obvious either.

A computer is an interpreted automatic formal system. It will take
us two chapters to spell out what that definition says. More spe-
cifically, this chapter will explain what an automatic formal system
is; then the next can get on to interpreting them, which is where
meaning and rationality come in. In the meantime, before we can
talk about automation, there’s quite a bit to say about old-fash-
ioned, “manual” formal systems.

A formal system is like a game in which tokens are manipulated
according to rules, in order to see what configurations can be
obtained. In fact, many familiar games—among them chess,
checkers, Chinese checkers, go, and tic-tac-toe—simply are formal
systems. But other games—such as marbles, tiddlywinks, billiards,
and baseball—aren’t formal at all (in the sense we care about).’
What's the difference? All formal games have three essential fea-
tures (not shared by other games): they are “token manipulation”
games; they are “digital”; and they are “finitely playable.” We
must see what these mean.

The tokens of a formal game are just the “pieces” (““markers,”

’

“counters,” or whatever) with which the game is played. For
instance, chessmen, checkers, and go stones are the tokens with
which chess, checkers, and go are played. These tokens happen
to be handy little physical objects, which you can pick up and
move with your fingers; but formal tokens don’t have to be like

that. Thus the tokens for tic-tac-toe are usually O’s and X's, written



49 Automatic Formal Systems

down with chalk or pencil; and, for many electronic games, the
tokens are actually switch settings and colored light patterns.
Manipulating tokens means one or more of the following:

1. Relocating them (e.g., moving them around on some board
or playing field);

2. altering them (or replacing them with different ones);

3. adding new ones to the position; and/or

4. taking some away.

In chess and checkers, for example, the pieces are mostly moved,
sometimes removed (captured), and occasionally altered (pro-
moted); but new ones are never added. In go, on the other hand,
each play consists of adding a new stone to the board and oc-
casionally also removing some; but once a stone is on the board,
it is never moved around or altered. Obviously writing down O’s
and X’s, or flipping switches to turn lights on and off, can also
be token manipulations, depending on the game. (Often it is con-
venient to use the term move for any sort of token manipulation,
not just relocations.)

In order to define completely any particular token manipulation
“game’’—any formal system—you have to specify three things:

1. what the tokens are;

2. what the starting position is (or what the alternative starting
positions are); and

3. what moves {manipulations) would be allowed in any given
position—that is, what the rules are.

A position, clearly, is an arrangement or configuration of tokens
(at a given moment). Play begins with some starting position and
proceeds by modifying the position, one step at a time. Many
formal games (chess and checkers, for instance) have a standard
starting position that is always the same; but go has several starting
positions, depending on the relative strengths of the players; and
other systems may allow any number of possible starting
positions.?
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Positions are modified by (and only by) legal moves: that is, by
token manipulations permitted by the rules. Just which manip-
ulations the rules permit depends, at each point, on the current
position and on nothing else. Thus a move that’s legal in one
position might not be legal in another; but if it is ever legal in a
certain position, then it will always be legal whenever that position
occurs. The latter point is emphasized by saying that formal sys-
tems are self-contained; the “outside world” (anything not included
in the current position) is strictly irrelevant. For instance, it makes
no difference to a chess game, as such, if the chess set is stolen
property or if the building is on fire or if the fate of nations hangs
on the outcome—the same moves are legal in the same positions,
period. The players or spectators might have wider interests, but
all that matters in the game itself are the current and possible
positions.?

A crucial consequence of formal self-containedness is the ir-
relevance of meaning. By concentrating so far on games, we have
neatly postponed any questions about formal tokens having
meanings. But it doesn’t take a crystal ball to see that those ques-
tions are coming (in the next chapter, to be exact). Suffice it to
say here that meaning is not a formal property—because (roughly)
meanings relate to the “outside world.” To take a contrived ex-
ample, imagine a game in which the following string of letters is
part of the position: “The cat is on the mat.” (And, for clarity,
suppose also that no cats or mats are tokens in the game.) Then
the point is: nothing about any cat, mat, or cat/mat relations
makes any difference to what formal moves are legal in that game.
Of course the string of letters might perfectly well mean something
(about some cat and mat, say); but that meaning (if any) cannot
be relevant to the formal system as such.

Those formal systems we think of as games typically have some
special class of positions designated as the goal or “winning”
positions. In such games the player or players strive to achieve
one of those positions by carefully planning and selecting their
moves; when there is more than one player, they are often op-
ponents, competing to see who can reach a winning position first.
But it is essential to realize that not all formal systems are com-
petitive or even have goal positions; these characteristics are com-



51 Automatic Formal Systems

mon in games only because they add to the excitement and fun.
But many important formal systems are important for reasons
quite apart from amusement (computers being a salient case in
point).

A simple example of a formal system not involving competition
(but still having a goal position) is the familiar solitaire game
played with pegs on a board with a cross-shaped array of holes
in it. The starting position appears below. The solid dots represent

e o o

e O o
e O o o o o o
e o 6 O o o o
e o o o o o o

e O o

e o o

holes with pegs in them, and the circle in the center represents
an empty hole (the only one in the starting position). This game
has only one kind of legal move: if you have two pegs next to
each other in a row or column and an empty hole next to one of
them in the same row or column, then you can remove the middle
peg, while “jumping’ the other peg over to the hole that was
empty. (Thus the two holes that had pegs in them end up empty,
and the one that was empty gets a peg.) The goal of the game is
to remove pegs by a sequence of jumps, until only one remains,
and it’s in the center.

This solitaire game is a simple but genuine formal system. It
is not just an analogy or suggestive comparison; it is a formal
system. All the essential elements are here; and we will refer back
to them periodically to make various points explicit. To be sure,
miscellaneous subtle and important complications are lacking from
such a primitive example—thereby setting the stage for illustrative
contrasts as well.
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The first “important complication” is really quite basic and
should be introduced right away. In the solitaire game there is
only one kind of token: they're all pegs, completely alike and
interchangeable. But in most interesting formal systems there are
numerous distinct token types. In chess, for instance, there are
six different types of token (for each side): king, queen, rook,
bishop, knight, and pawn. Formal tokens are freely interchangeable
if and only if they are the same type. Thus it doesn’t make any
difference which white pawn goes on which white-pawn-square;
but switching a pawn with a rook or a white pawn with a black
one could make a lot of difference. Of course it can be a legal
move to switch tokens of different types; but that results in a new
and different position. Interchanging tokens of the same type isn't
a move and doesn't affect the position. By the way, “altering” a
token (one of the kinds of manipulation mentioned above) really
means changing its type (or replacing it with one of a different
type).

Ultimately, the rules are what determine the types of the tokens.
The rules specify what moves would be legal in what positions.
If interchanging two particular tokens wouldn’t make any dif-
ference to which moves were legal in any position, then it couldn’t
make any difference to the game at all; and those tokens would
be of the same type. To see the significance of this, consider chess
again. In some fancy chess sets, every piece is unique; each white
pawn, for instance, is a little figurine, slightly different from the
others. Why then are they all the same type? Because, in any
position whatsoever, if you interchanged any two of them, exactly
the same moves would still be legal. That is, each of them con-
tributes to an overall position in exactly the same way, namely,
in the way that pawns do. And that’s what makes them all pawns.

Formal systems, it was said at the outset, are distinctive in three
essential respects: they are token-manipulation games, they are
digital, and they are finitely playable. We have seen now some-
thing of what “token-manipulation” means, so we may turn to
the other two characteristics, beginning with digital systems.

Digital Systems
The word ‘digital” generally brings to mind electronic computers
or perhaps discrete numeric “‘readouts” (as in digital clocks, tuners,
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and thermometers). But digital systems include far more than
these—comprising, indeed, a fundamental metaphysical category.
Every formal system is digital, but not everything digital is a
formal system. The alphabet is digital, as are modern currency
(money), playing cards, and the rotary function-switch on your
stereo. On the other hand, photographs, gold bullion, pick-up
sticks, and stereo volume controls are generally not digital. What's
the basic difference?

A digital system is a set of positive and reliable techniques
(methods, devices) for producing and reidentifying tokens, or con-
figurations of tokens, from some prespecified set of types. Let’s
distill the main idea out of that: first, we can disregard configu-
rations of tokens (“complex tokens”) for the time being and also
quietly take reliability and the prespecified types for granted. Sec-
ond, we can substitute “writing” and “reading” for the more
cumbersome “producing” and “reidentifying,” but only with two
warnings: (1) writing isn’t just making pen or pencil marks but
rather any kind of token manipulation that changes the formal
position (thus, putting a peg in the center hole is “writing” a
token of the type: peg in center hole); and (2) reading implies
nothing about understanding (or even recognition) but only dif-
ferentiation by type and position (an elevator “reads” the button
pressings and shows as much by stopping at the proper floors).
These simplifications render the definition quite elegant: a digital
system is a set of positive write/read techniques.

Clearly everything turns on what ‘positive’ means. A positive
technique is one that can succeed absolutely, totally, and without
qualification; that is, “positively.” The opposite would be methods
that can succeed only relatively, partially, or with such qualifi-
cations as “almost exactly,” “in nearly every respect,” or "close
enough for government work.” Whether a given technique is
positive depends heavily on what would count as success. Imagine,
for instance, carefully measuring off six feet on a board, drawing
a perpendicular line there with a square, and then sawing right
along the line. Is that a positive technique? Well, it depends. If
the specified goal is to get a board between five feet eleven inches
and six feet one inch, then the technique can succeed totally; so
it’s positive. But if the goal is a board exactly six feet long, then
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the method is not positive, since it could succeed at best
approximately.

A positive technique isn’t guaranteed to succeed; success may
not even be very likely. The question isn’t whether it will succeed
(or how often), but rather how well it can succeed: a positive
technique has the possibility of succeeding perfectly. When we
ask instead about the likelihood of success, that’s a question of
reliability. Thus, the above method for cutting a board within an
inch of six feet is not only positive but also reliable because it
would be successful almost every time. If the goal were to be
within a sixteenth of an inch of six feet, then it would still be
positive, but it might or might not be reliable, depending on the
skill of the sawyer. But if the specification were plus or minus a
millionth of an inch, then the technique would be neither positive
nor reliable because it is impossible to cut wood that precisely.

Many techniques are positive and reliable. Shooting a basketball
at the basket is a positive method (for getting it through), since
it can succeed absolutely and without qualification; moreover, for
talented players, it is pretty reliable. Counting is a positive tech-
nique for determining the number of pencils in a box, and most
people can do it reliably. Closing a switch is a positive method
for turning on a furnace, and thermostats can do it reliably. On
the other hand, there is no positive method for keeping the tem-
perature at exactly 68 degrees: even the best thermostat could
only approximate the goal. No technique can positively determine
the exact weight of the pencils in a box or get a ball exactly
through the center of a basket, and so on.

Digital techniques are write /read techniques. “Writing"’ a token
means producing one of a given specified type (possibly complex);
“reading” a token means determining what type it is. A “write/
read cycle” is writing a token and then (at some later time) reading
it; a write/read cycle is successful if the type determined by the
read technique is the same as the type specified to the write
technique. A digital system is a set of write/read techniques that
are positive and reliable, relative to this standard for write/read
success (and some prespecified set of relevant types).

There is considerable latitude in what one counts as producing
and then identifying tokens. Thus one could say that getting a
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ball through a basket and not getting it through are two types of
“basket-shooting tokens”: shooting the ball is writing a token,
and seeing whether it went through or not is reading the token.
Then, given a shooter who can reliably hit or miss on command
and a judge who can reliably tell hits from misses, you have a
simple digital system. But it’s kind of silly. Not quite so silly is
a multiposition electrical switch. The types are the different pos-
sible positions; writing a token is setting the switch to some po-
sition; and reading the setting is sending electricity to the switch
and having (only) the relevant circuit conduct. This is positive
and reliable because the different settings are clearly separated
(e.g., by “click stops”) and because it is totally unambiguous and
determinate which circuit conducts (for each setting).

But the real importance of digital systems emerges when we
turn to more complicated cases. Consider, for a moment, the re-
spective fates of Rembrandt’s portraits and Shakespeare’s sonnets.
Even given the finest care, the paintings are slowly deteriorating;
by no means are they the same now as when they were new.
The poems, by contrast, may well have been preserved perfectly.
Of course a few may have been lost and others miscopied, but
we probably have most of them exactly the way Shakespeare
wrote them—absolutely without flaw. The difference, obviously,
is that the alphabet is digital (with the standard write /read cycle),
whereas paint colors and textures are not.

In the real world there is always a little variation and error. A
ball never goes through a basket the same way twice; the angle
of a switch is microscopically different each time it’s set; no two
inscriptions of the letter A are quite alike. “Nothing is perfect,”
we often say. But digital systems (sometimes) achieve perfection,
despite the world. How? Essentially, they allow a certain “margin
for error” within which all performances are equivalent and success
is total. Thus the exact token doesn’t matter, as long as it stays
“within tolerances.”’* In basketball, a basket is a basket is a basket;
and a miss isn’t. There are many slightly different ways to inscribe
a character which is totally and unqualifiedly an A. Hence two
copies of a poem can be equally perfect, even though they're in
different handwriting (or fonts), as long as each character remains
clearly recognizable (and correct).
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One reason this is important is that it permits a kind of com-
plexity that is otherwise difficult or impossible. To see how, con-
sider two contrasting conventions for keeping track of money in
a poker game. Each uses different colors for different denomi-
nations: blue, red, and white for a hundred, ten, and one, re-
spectively. But in one system the unit of each denomination is a
colored plastic disk (i.e., a poker chip), whereas in the other system
it is a tablespoon of fine colored sand. What are the relative merits
of these two arrangements? Well, the sand system allows fractional
bets, by using less than a full tablespoon of white sand. You can’t
do that with chips. But the chip system is digital: there is a positive
technique for determining the amount of any wager (namely,
counting the chips of each color), and, therefore, every bet is exact.

The advantage of the digital arrangement becomes apparent in
the case of large, precise wagers. Since a volume of sand can
never be measured exactly, there would always be some small
error in any sand-system wager—say =+ 2 percent, for purposes
of discussion. Now imagine trying to be + 914 units. With chips
it’s easy: you count out nine blue, one red, and four white ones,
and you have it exactly. But with the sand, things aren’t so nice.
Two percent of 900 units is 18 units; so the expected error on the
blue sand (the grains that stick to the spoon and so on) is worth
more than all the red and white sand combined. In effect, the
imprecision in large denominations swamps the entire significance
of small denominations and renders them superfluous. But modest
“imperfections”” don't affect the value of blue chips. Even when
they're scratched and worn, they're still worth exactly 100 white
chips; therefore additional white chips are never superfluous.

Of course two percent is not a very accurate measurement, and
914 units is kind of an odd wager anyway. But the difference is
a matter of principle: at some point the elaboration and versatility
afforded by denominational distinctions is only feasible in a system
with positive write /read techniques. The same holds for any com-
plicated system where tiny deviations in one part can make all
the difference in the world to other parts; there has to be some
way to prevent the influential components from accidentally over-
whelming the sensitive ones. Digital designs are one of the most
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powerful means known for dealing with this problem, which is
one of the main reasons they are so important.

By definition every formal system is a digital system. Formal
systems can thus get extraordinarily intricate and complicated
without getting out of control—a fact important to Artificial In-
telligence in several different ways. But first we should consider
the more straightforward cases, beginning with our old solitaire
example. Why is that digital? “Writing” a token means producing
a new position by making a move (that is, by jumping one peg
over another and removing the latter), and “reading” that token
means recognizing what the new position is (and thereby deter-
mining what moves would be legal next). This cycle is positive
and reliable because one can (easily) get the pegs unambiguously
and totally in and out of the various holes in the board and then
tell exactly and flawlessly just which holes they're in. It doesn’t
matter if a peg is leaning slightly or is not quite centered in the
hole: it’s still absolutely and perfectly in that hole and no other,
as any child can see.

The same is true for chess, though with the added complication
of the different piece types. But positively discriminating the pieces
(of any decent set) is as trivial as identifying what squares they’re
on. Again, the wide margin for error, the fact that the pieces are
quite distinct and don’t have to be exactly centered on the squares,
is what makes the positive techniques possible. Billiards, on the
other hand, is not digital: the precise positions of the balls can
be quite important. Consider the difference between accidentally
messing up a chess game and a billiards game. Chess players
with good memories could reconstruct the position perfectly (bas-
ically because displacing the pieces by fractions of an inch wouldn’t
matter). A billiards position, by contrast, can never be reconstructed
perfectly, even with photographic records and the finest instru-
ments; a friendly game might be restored well enough, but jostling
a tournament table could be a disaster.

The digitalness of formal systems is profoundly relevant to
Artificial Intelligence. Not only does it make enormous complexity
practical and reliable, but it also underlies another fundamental
property of formal systems: their independence of any particular
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material medium. Intelligence, too, must have this property, if
there are ever to be smart robots.

Medium Independence and Formal Equivalence
Formal systems are independent of the medium in which they
are “embodied.” In other words, essentially the same formal sys-
tem can be materialized in any number of different media, with
no formally significant difference whatsoever. This is an important
feature of formal systems in general; I call it medium independence.

To begin with a familiar example, it obviously doesn’t matter
to pegboard solitaire whether the pegs are made of wood or plastic,
are red or green, or are a quarter or a half an inch high. You
could change any or all of these and still play the very same
game: the same positions, the same moves, the same strategies,
the same skills—everything. And, of course, the changes could
be bigger: the pegs could be eliminated altogether and replaced
with marbles resting in little craters, X’s chalked in squares, or
even onion rings hanging on nails. On the other hand, changing
the starting position or the rules for jumps would matter: that
would make it a different game.

Likewise, chess pieces come in many styles and sizes—though
their color usually does matter, to distinguish the opposing sides.
Or rather, what really matters is that each piece be positively
identifiable, both as to type and side (as well as which square it’s
on). Consistent with that restriction, however, the sky’s the limit.
Texas millionaires, for instance, could play chess from their op-
posing penthouses, using thirty-two radio-controlled helicopters
and sixty-four local rooftops. Or, if they owned an eight-story
hotel with eight rooms per floor, they might use brightly marked
window shades {which the hotel staff redistributes on command).

Such outlandish examples are worth stressing just because me-
dium independence is itself so remarkable; most nonformal games
are not independent of their media at all. Doubling (or halving)
the dimensions of a football, for instance, would make the game
significantly different, especially in the passing and kicking strat-
egies. If the ball were magnified by twenty (not to mention replaced
by a helicopter), nothing even resembling ordinary football could
be played. Billiards is similarly sensitive to the size (and weight
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and shape and texture . . . ) of billiard balls. Small variations might
make only a minor difference; but switching, say, to little wooden
pegs or onion rings would be out of the question.

Electronic toys illustrate the point in another way. Each De-
cember stores are awash with new and cleverer versions of “pocket
hockey,” “finger football,”” and the like, as well as electronic chess
and checkers. But there is a dramatic difference between the cases.
Pocket hockey has about as much to do with hockey as stick
figures do with people: you can see a coarse analogy in a few
structural respects, but beyond that they’re not even similar. Elec-
tronic chess, on the other hand, is chess—not grandmaster quality,
maybe, but the real thing. Replacing regulation balls and pucks
with electronic blips is actually far worse than merely changing
their size: a real, live quarterback can’t even pick a blip up, let
alone pass it or kick it. But luminous displays work just fine as
(genuine, full-fledged) chess pieces; Russian champions can attack
them (and probably capture them) as well as any other.

The difference isn’t simply that some games are intellectual
while others are physical. In the first place, professional sports
demand a great deal of planning and strategy; and, of course,
chess pieces, checkers, and go stones are just as much physical
objects as any balls, bats, or cue sticks. Rather it is medium in-
dependence itself that explains why, despite these facts, chess
still seems so much less “physical” than football or even billiards.
The essential point is that nothing in a formal game depends on
any specific features of its physical medium, as long as the same
sequences of legal moves and positions are maintained; hence
the game itself seems less directly tied to material embodiment.

Digitalness makes medium independence feasible. Return to
the case of Shakespeare versus Rembrandt: since the alphabet is
digital, poems are medium independent. They can be chiseled in
stone, embossed in Braille, recorded in computer code, or traced
romantically in the sand; and, if the order of letters and punctuation
remains constant, the poem as such is unaffected. One might
think that the same is true for paintings: as long as the “order”
of colors, textures, reflectivities, etc. is exactly maintained, a portrait
can be indifferently reproduced in oils, acrylics, watercolors, or
any medium you like. The trouble is that the relevant properties



60 Chapter 2

of paintings cannot, in fact, be exactly duplicated even in one
medium, let alone several. It is the digitalness of alphabets that
makes exact reproduction—and hence medium independence—
of character sequences feasible.

Note that medium independence does not imply that suitable
media are entirely arbitrary. You couldn’t really play chess (or
record poems) with puffs of smoke, since they can’t be maneuvered
very well and they dissipate too fast. At the opposite extreme, it
would be just as hard to use a solid steel chess set, with all its
pieces welded permanently to the board. Clearly the medium (the
tokens) of a formal system must be manipulable enough that legal
moves can actually be made (written) and also durable enough
that positions can still be positively recognized (read) when it
comes time for the next move. Though many diverse material
systems and procedures can meet these requirements, many others
cannot: not everything can be digital.

So far our discussion has been confined to a fairly intuitive and
direct notion of “‘sameness’’: same game, same move, same poem,
etc. But in fact this notion is not simple, and some interesting
variations arise when it’s pushed. Consider the (unfamiliar) formal
game defined as follows:

1. The tokens are thirty-three plastic chips, each with two let-
ters written on it: one from early in the alphabet (A-G), and
one from late in the alphabet (T-Z).

2. In the starting position, all of the chips are together in a
white basket, except for the one marked DW, which is all by
itself in a black basket.

3. A move consists of exchanging two chips in the white basket
for one in the black; but there’s a restriction on which chips
can be exchanged for which:

a. either all three chips must have the same early letter and
sequential late letters, or else they must all have the same
late letter and sequential early letters;

b. and the middle letter in the sequence can’t be on the one
chip going from the black basket to the white.
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For example:

AX,BX <=> CX and AX,AW <=2> AV are legal moves;
but ET,EV <=> EZ isn't legal (no sequential letters);
AW,BX <=2> CY isn't legal (no same letter); and

AX,CX <=72> BX isn't legal (middle letter in black basket).

The game is played by one person, whose goal is to finish with
all the chips exchanged (i.e., all but DW in the black basket).

Obviously this game is digital and formal, and therefore medium
independent. The chips could be wooden instead of plastic, marked
with digits instead of letters, and/or exchanged between boxes
instead of baskets; and, of course, it could all be done with labeled
helicopters across the English channel. But could there be more
dramatic differences than that? A surprising answer may emerge
when we finish defining the game; in particular, we still have to
specify which letter pairs are marked on those thirty-three chips.
The specification is merely a list, but the list can be arranged so
as to display the starting position in a revealing pattern.

AV AW AX

BV BW BX
CT CU CV CW CX CY cCz
DT DU DV DX DY DZ DW
ET EU EV EW EX EY EZ

FV FW FX

GV GW GX

White basket Black basket

Needless to say, each chip corresponds to one hole in the board
for our old solitaire example. Transferring a chip from the white
basket to the black is like removing a peg from the board, while
transferring a chip back is like putting a peg back in an empty
hole. And, given that analogy, the rather complicated rule for
chip exchanges corresponds exactly to the rule for peg jumps.
So in some sense the two games are the “same.” But it’s not
simply a case of different media, as discussed earlier. The tokens,
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the pegs and chips, do not correspond; there are thiry-two pegs,
all alike, as compared to thirty-three chips, all different. On the
other hand, there are thirty-three distinct places where a peg can
be, as against only two relevant chip locations. In effect, token
distinctions are traded off for place distinctions, leading to the
same number of possibilities overall. The correspondence between
the two systems is thus complete and exact, but only at a higher
or more abstract level than the direct token-for-token, square-for-
square correspondence of, say, helicopter chess.

This more abstract correspondence relates complete positions
instead of individual tokens and token locations. Moves, then,
are conceived as changes in the overall position; so conceived,
they also correspond, even though there may be no direct cor-
respondence in the relocations (etc.) of individual tokens. We can
express these new intuitions about “higher-level sameness” in an
explicit definition. Two formal systems are formally equivalent just
in case

1. for each distinct position in one system there is exactly one
corresponding position in the other system;

2. whenever a move would be legal in one system, the cor-
responding move (i.e., from the corresponding position to
the corresponding position) would be legal in the other
system; and

3. (all) the starting positions correspond.

Hence there is also an exact correspondence in the positions legally
accessible from the starting positions in the two systems: if you
can get there from here in one, you can get there from here in
the other.® (If the systems are understood as games with goal
positions, then these ought to correspond as well.)

Our earlier illustrations of medium independence are, of course,
just special cases of formal equivalence: namely, when the po-
sitions and moves correspond because the individual tokens and
token arrangements correspond. Clearly helicopter chess is for-
mally equivalent to chess played in the more ordinary way. But
these are also both formally equivalent to chess played by mail,
where the moves are made by writing formulae (like: P-K4) on
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postcards rather than by relocating physical pieces. If you let your
imagination roam a little, you can see that many otherwise quite
disparate formal systems might nevertheless have the same struc-
ture of position-accessibility as chess and thus be formally equiv-
alent to it.*

The notions of medium independence and formal equivalence
are crucially important to Artificial Intelligence and to compu-
tational psychology in general. Though some of the significance
can only emerge as our discussion proceeds, the basic point can
be stated crudely: brain cells and electronic circuits are manifestly
different “media”; but, maybe, at some appropriate level of ab-
straction, they can be media for equivalent formal systems. In
that case, a computer mind might be as much a real (genuine)
mind as helicopter (or computer) chess is genuine chess, only in
a different medium. Of course, we have some work to do before
we can turn that into anything more than a tantalizing hint.

Finite Playability and Algorithms

So far we have been fairly casual (not to say “informal”) about
the definitions of formal systems, avoiding mathematical tech-
nicalities wherever possible. One technical matter, however, is
central to the very idea of formality: What limits are there (if any)
on the size and complexity of formal systems? The crucial issue
concerns what it takes “to play the game’’—that is, to make and
recognize moves allowed by the rules. Roughly, we want to insist
that formal games be playable by finite players: no infinite or
magical powers are required. On the other hand, our theoretical
definition shouldn’t be gratuitously parochial: players mustn’t be
limited to any particular capabilities or resources (such as human
or present-day capabilities) as long as they are unquestionably
finite. The challenge is to spell this out.

To be able to play a formal game is to be able to follow the
rules. But what, exactly, does that involve? In principle, competent
players must always (i.e., for any given position) be able to

1. tell, for any proposed move, whether that move would be
legal (in that position); and
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2. produce at least one legal move (or show that there are
none).

Thus, you wouldn’t be much of a chess player if you couldn’t
reliably tell whether your opponent’s moves were legal or come
up with legal moves of your own. To insist, then, that formal
systems be finitely playable is to insist that these two necessary
abilities be within the compass of finite players. So the question
becomes: What can be expected of finite players?

Some operations are manifestly within finite means, essentially
because they're trivial. For instance, it doesn’t require anything
magical or infinite to type a token of the letter A on a piece of
paper whenever a certain switch is closed. Not only is this clear
on the face of it, but we also have an independent demonstration
in that (finite, nonmagical) electric typewriters can do it. An ability
to identify simple tokens from a standard set is equally mundane
in principle, as is shown, for example, by the coin-sorting prowess
of common vending machines. Again, it's easy to move, say, a
chess piece from one square, indicated by pointing at it, to another;
nor is much required to move a pointer to an adjacent square, in
a given direction; and so on. It is not important, however, to
catalog or even fully delimit these manifestly finite capabilities,
as long as it is established that there are some. For they give us
a place to start: a finite player is assumed to have some finite
repertoire of specific primitive operations that it can perform, pos-
itively and reliably, any finite number of times.

Primitive operations, of course, are only the beginning. Chess
playing requires much more than merely identifying and moving
indicated pieces among indicated squares; a player must also de-
termine, for each proposed move, whether it is legal for that type
of piece, whether it exposes a king threat, whether it is blocked
by intervening pieces, etc. Since such tests typically involve a
variety of interrelated factors, they are not altogether simple and
trivial; hence, they shouldn’t count as primitive. Consequently,
finite players must also be capable of operations that are not
primitive. This is hardly surprising; the task is to define these
new, nonprimitive abilities in a way that still keeps them uncon-
troversially finite.
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Players can perform arbitrarily complicated operations by per-
forming ordered combinations of primitive operations. For ex-
ample, to see whether a king is in check, one might look at each
opposing piece in turn and see whether that piece is attacking
the king (which might itself involve a combination of still smaller
steps). Obviously this sequence of steps is not carelessly or ran-
domly chosen, but explicitly designed for the purpose at hand;
moreover, it must be carried out correctly or it won't work. In
effect, the particular combination of steps required for a complex
operation must be specified by some sort of rule or
which the player then has to follow to carry it out.

That, unfortunately, is right where we came in: four paragraphs
ago we asked what’s involved in following rules, and now we

‘

‘recipe,”

find out that it involves following rules. Wonderful! Not all is
lost, however, for some rules are easier to follow than others. We
need to define a special category of rules that require only primitive
rule-following abilities—that is, abilities that are, like the primitive
operations themselves, manifestly within finite competence. These
special rules can then be used in “building up”” both complex
operations and complex rule following.

An algorithm is an infallible, step-by-step recipe for obtaining
a prespecified result. “Infallible’” means the procedure is guar-
anteed to succeed positively in a finite number of steps (assuming
each step is carried out correctly). Note that, although the total
number of steps must always be finite, there need be no prior
limit on how many steps that might be. “Step-by-step” means
three things: (1) the recipe prescribes one step at a time, one after
another; (2) after each step, the next step is fully determined (there
are no options or uncertainties); and (3) after each step, the next
step is obvious (no insight or ingenuity is required to figure it
out).

Intuitively, algorithms are just mindless “turn the crank” rou-
tines that always work (sooner or later). For instance, if you have
a ring of keys, one of which fits a certain lock, then trying them
in sequence is an algorithm for opening the lock: it’s sure to work
eventually (no matter how many keys), and “any idiot can do
it.” Likewise, there are familiar algorithms for sorting arbitrary
lists into alphabetical order, for checkmating a lone king with a
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king and rook, for transposing songs into different musical keys,
for multiplying integers (using Arabic numerals), and so on. These
algorithms, notice, are specified in terms of an input/output re-
lation: you start with an input of a certain sort (a lock and keyring,
a list of names, a songsheet), and the goal is an output related
to that input in some determinate way (that lock opened, that list
alphabetized, that song transposed).”

The simplest kind of recipe is a straight schedule of instructions:
do A first, then do B .. .. and, finally, do Z. It doesn’t take much
to “follow” such a recipe: basically, the player has to read the
current instruction, obey it, and then move to the next one down
the list. But, modest as they are, these schedule-following abilities
are importantly distinct from the abilities to perform the listed
operations themselves (telling what to do is not the same as doing
it). A player needs abilities of both kinds to carry out the recipe.

Since there are only finitely many primitive operations in a
finite player’s repertoire, we may assume that there is for each a
unique primitive instruction, which the player can reliably obey.
Think, for instance, of the separate keyswitches for each of the
typewriter’s primitive typing operations: closing such a switch is
a primitive instruction, which the typewriter can obey. It is equally
clear that a finite player can go down a finite list in order; each
successive step is fully and obviously determinate. (Consider a
typewriter that can be fed a sequence of primitive typing instruc-
tions encoded on a paper tape.) Thus we have an initial repertoire
of primitive rule-following abilities: (1) obeying primitive instruc-
tions and (2) moving to the next instruction in a finite list. More-
over, these abilities are sufficient in principle for following any
straight schedule; hence, whenever such a schedule is infallible,
it’s an algorithm.

The trouble with straight schedules, however, is that they're
totally inflexible: exactly the same sequence of steps is prescribed,
regardless of the input or any intermediate results. Consequently
no recipe with this structure is adequate even for the boring al-
gorithm: try each key in turn, until you find the right one. In the
first place, the algorithm ought to work for any size keyring ( =
different inputs); but since a straight schedule has only so many
entries, it can go only so far. Second, the algorithm ought to stop
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when the right key is found ( = intermediate result); but a straight
schedule just blindly continues, no matter what.

Both deficiencies are remedied by a single, seemingly obvious
device, which turns out to be astonishingly powerful: in general,
you let the next step depend or be conditional on the results of
preceding steps. There are various ways to achieve this (all quite
interesting to mathematicians); but one approach will suffice for
illustration. Consider the recipe:

1. Start with any key, and tie a red ribbon on it.
2. Try that key in the lock.
DID THE LOCK OPEN?
IF SO, GO TO LINE 4; IF NOT, GO TO LINE 3.
3. Move to the next key on the ring.
DOES IT HAVE A RED RIBBON ON IT?
IF SO, GO TO LINE 5; IF NOT, GO BACK TO LINE 2.
4. Quit, triumphant and happy.
5. Quit, frustrated and disgruntled.

A player following this recipe will repeat steps 2 and 3, trying
one key after another (no matter how many), until either the lock
opens or every key has been tried; thus the behavior varies ap-
propriately, in accord with the input and intermediate results,
which is exactly what we wanted.

Clearly the improvement lies in the special directives, written
in capital letters. These don’t prescribe particular primitive op-
erations (as do the numbered instructions); rather, they serve as
explicit signposts, guiding the player around the recipe by spec-
ifying which instruction to obey next, depending on what just
happened. To carry out the algorithm, two new recipe-following
abilities are needed: answering yes/no questions about the pre-
vious step and “branching”’ to one of two specified instructions,
depending on the answer. Such conditional directives (this kind
is called a conditional branch) provide the flexibility lacking from
straight schedules of instructions. Thus the first directive above
tests the intermediate result and keeps the search from continuing
stupidly after the right key is found. And the “loop back” clause
in the second directive (GO BACK TO LINE 2) enables the recipe
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to handle an arbitrary number of keys by repeating two steps an
arbitrary number of times.

But what is the point of the red ribbon and of the other clause
in the second test? Why not just go around the ring, key by key,
until one opens the lock? The problem, plainly, is the unlucky
case where the lock never opens; but it's more serious than it
seems. Since the input keyring can be arbitrarily large, the al-
gorithm must be able to keep looking (repeating its two-step
“loop”’) without any limit; this is precisely what gives it its general
power. But to be an algorithm, it must also be guaranteed to
succeed, eventually; it cannot be allowed to go on forever, looking
for a key that isn’t there. Normally the routine quits only when
it finds a key that works. But if there may be no such key, then
there must be some other successful stopping condition, such as
proving that none of these keys works this lock. That’s what the
red ribbon and the “branch to line 5 clause provide.

Obviously it is possible for a finite player to answer some yes/
no questions positively and reliably: the vending machine will
make change if you insert coins larger than needed. It can also
easily “go to” (follow) alternative segments of a finite schedule,
depending on the answer: the machine will (follow instructions
to) give the correct change, once it has identified your coins. So
finite players can, in principle, follow any finite branched schedule
(i.e., schedule with conditional branches), assuming the branching
conditions (the yes/no questions) are suitably primitive. Since
such a schedule is also a step-by-step recipe, it will be an algorithm
if it’s infallible—that is, if it's guaranteed to produce its specified
result (and stop) in a finite number of steps. Let’s call a branched-
schedule algorithm with primitive branching conditions and
primitive instructions a primitive algorithm. Then we have just
established the following conclusion: executing primitive algo-
rithms (positively and reliably) is within the compass of finite
players.

This conclusion is remarkably important. In the first place, it
gets us off the ground with regard to rule following, since no
nonprimitive abilities are presupposed. But second, and more
spectacular, it effectively extends the range of what can count as
“primitive.”” Nothing concrete has been said about what's primitive
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Box 1
Finitude, Magic, and Mechanism

Suppose someone gives you a simple numeric test and asks:
What's the smallest positive integer that satisfies it, if any?
For some tests, there might be an analytic (e.g., algebraic)
solution to the problem. But let's consider a case with no
such solution, where the only approach is brute force: try the
test on the number 1; if that fails, try 2; and so on.

If there were a guarantee that at least one number would
satisfy the test, then brute force would be an algorithm for
finding the smallest one; for, no matter how big that number
is, counting will get to it eventually. If, on the other hand, no
number will satisfy the test, brute force will never establish
this fact; for, no matter how high you go, there are still
higher numbers you haven't tried yet. When a procedure
goes on forever like that, it is called nonterminating. In a for-
mal game, the procedure(s) for determining whether a pro-
posed move would be legal must always terminate (yes or
no); that's the point of finite playability.

But what if we had an oracle: a crystal ball giving (correct)
answers, even to cases that are otherwise undecidable?
Would that make the game finitely playable after all? No; and
this is the point of adding that no magic is needed to play the
game. If magic were allowed, then the restriction to finitude
(or anything else) would be vacuous.®

Magic, by its essence, is unintelligible. It doesn’t follow,
however, that everything (presently) unintelligible is magic.
For instance, the pioneers of mathematical formal systems
were uncertain whether mathematical “‘insight’” and “‘intui-
tion’" might be magical. It's not that they thought these were
magic; it's just that no one could be sure because nobody
really understood how they work. Indeed, the only certain
way to abjure magic is to insist on procedures that are trans-
parently intelligible, such as simple physical mechanisms.
That's why typewriters and vending machines are so valuable
as examples and also why algorithmic procedures are always
““mindless and mechanical."’
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and what’s not, as long as positive and reliable performance is
clearly within finite competence. But we just saw that executing
primitive algorithms is within finite competence; hence an entire
primitive algorithm could legitimately serve as a single “primitive”
instruction in a more sophisticated algorithm. In other words, if
we think of primitive algorithms as ground level, then second-
level algorithms can use simple operations and directives that are
actually defined by whole ground-level algorithms; and third-
level algorithms could use second-level algorithms as their prim-
itives, and so forth.

Our keyring algorithm, for example, could be a single step in
a “higher” recipe for trying all the locks around the perimeter of
a fortress:

1. Start with any lock, and tie a blue flag on it.
2. Try all the keys in that lock.
DID THE LOCK OPEN?
IF SO, GO TO LINE 4; IF NOT, GO TO LINE 3.
3. Move to the next lock around the fort.
DOES IT HAVE A BLUE FLAG ON IT?
IF SO, GO TO LINE 5; IF NOT, GO BACK TO LINE 2.
4. Quit, triumphant and happy.
5. Quit, frustrated and disgruntled.

Step 2 involves an arbitrary number of “substeps” (one for each
key, no matter how many). But since we have an algorithm for
that, we can call it one step and take it for granted. Incidentally,
we also see here how important that red ribbon was in the first
algorithm: had it been omitted, then this new recipe could never
get past the first lock (either that lock would open, or step 2 would
continue unsuccessfully forever).

In a similar way, a great algorithmic edifice can be erected on
the foundation of chess primitives (identifying pieces and squares,
and the like). For out of these we can build algorithms to determine
the potential range of any piece, how much of that range is blocked
by other pieces, and then which moves would expose the king.
Out of these, in turn, we can construct an algorithm to test whether
any proposed move would be legal; and then, using that, a
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straightforward algorithm can generate (list) all the legal moves,
for any given position. Needless to say, many other fancy and
sophisticated algorithms can be constructed from all sorts of simple
primitives. It makes no difference how many levels of complication
get piled up, as long as it’s algorithms all the way down. Only
the ground-level abilities need be genuinely primitive—using these
bricks, and algorithmic glue, there’s no limit to how high we can
build.’?

Complex Tokens

Before turning to automatic systems, we must consider one last
“complication”: namely, systems in which individual tokens are
composed or built up out of simpler tokens. This is a familiar
idea: sentence tokens are composed of word tokens, and (in writ-
ing) word tokens are composed of letter tokens; likewise, Arabic
numeral tokens are strings of digit tokens (maybe with a decimal
point). The idea is so familiar, in fact, that it seems inconsequential;
but nothing could be further from the truth.

Actually, there are different cases, some of which are more
interesting than others. The difference lies in whether the internal
composition of the tokens systematically determines how they
can be used. For instance, Morse code is totally boring in this
regard: though individual letters are composed of “dots” and
“dashes,”” their specific structure has no significance (it matters
only that each character type be unique). The alphabetic com-
positional system, spelling, is more complicated, since it does
provide a rough guide to pronunciation. What’s important about
words, however, is not how they sound but how they are used
to say things; and here their spelling is no help at all. So, aside
from phonetics, alphabetic composition is basically just as trivial
as Morse code.

The point can be illustrated by contrasting spelling with a system
that is emphatically not trivial: Arabic numerals. When you know
the composition of a complex (i.e., multidigit) Arabic numeral,
you know everything you need to know about it. Compare, for
example, the following lists of compound tokens, composed re-
spectively in the Arabic numeral and English spelling systems:
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783 dol
374 edh
662 mho
519 ret
54,912 kylix
99.44 phiz
2,000.2 ootid
0.0043 yagi

Imagine that you happen never to have seen any of these particular
numerals or words before, and suppose you were asked to use
each correctly in a typical calculation or sentence. What a differ-
ence! It’s easy to use complex numerals correctly, even the first
time you see them, because you can tell what to do from the way
they’re built up out of digits. But if those words were new to you,
you would have no idea how to use them properly—the spelling

wouldn’t help a bit.

Box 2
Simple and Complex

Here we use ‘simple’ and ‘complex’ in their strictly correct
senses. ‘Simple’ means “‘having but one part; not put to-
gether out of several components.”” ‘Complex’ means the op-
posite: ‘‘composed or put together out of several
components; having more than one part.”” The classic exam-
ple is chemical theory, according to which atoms are simple
and molecules are complex (put together out of atoms). The
example also brings out an important qualification: whether a
thing counts as simple or complex depends on how you look
at it. From the point of view of chemical compounds, atoms
are simple; but from the point of view of atomic physics,
they are complexes, made up of simple nuclei and electrons.
(Nuclei themselves are composite from the point of view of
nuclear physics; but so far electrons have no known
structure.)
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Awkwardly, however, both these examples cheat: they trade
on the meanings of the respective tokens. Thus the composition
of a numeral tells you what number it stands for, whereas the
spelling of a word doesn’t tell you what it means. But since formal
systems as such are self-contained, nothing about them can depend
on meanings. Hence the examples as presented don't really show
anything about formal systems. The way out of the trap is to let
the use of a token be the contribution it makes to the formal
position—that is, the difference it makes to what moves would
be legal. If the composition of the tokens determines their “use”
in this sense, then that composition is formally significant.

With that strategy in mind, we can even fix up the numeral
example, by a modest sleight of hand: the trick is to think of
arithmetic itself as purely a game. To be more concrete, imagine
that you learned the rules and moves of multiplication (in Arabic
numerals) before you had any idea that these tokens had anything
to do with numbers. (Outrageously, I fear, some children do learn
arithmetic this way.) Anyhow, the starting position is a pair of
tokens written one above the other, aligned at the right, with a
line beneath and a sign to the left:

Starting position: 54912 (first token)
X 783 (second token)

The player then writes one or more new tokens below these,
stairstepping all but the last to the left, and draws another line
above the last:

54912
X 783
164736 (first move)
439296 (second move)
384384 (third move)
42996096 (last move)

I trust this has a familiar look and that there’s no need to spell
out the rules in greater detail.
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But one point about the rules is crucial: I could spell them out,
without ever mentioning numbers (or anything else “outside” the
system): I just tell you which foken manipulations to make in
which positions, all quite formally. Since the moves are clearly
also digital, it follows that Arabic numeral “multiplication” can
be defined as a completely formal system, which we might call
the formal multiplication game.

Except, that is, for one little problem: there are infinitely many
distinct types of Arabic numeral tokens. Hence formal multipli-
cation has infinitely many distinct, possible positions and moves.
But, by definition, a finite player has only a fixed, finite repertoire
of primitive abilities. So how can formal multiplication be finitely
playable?

The answer is obvious (once you appreciate the question), but
it’s quite fundamental. Not only are the individual tokens (the
numerals, written one per line) complex (put together out of simple
digits); but also, and just as important, the rules for manipulating
these compounds are expressed as recipes. They are specified se-
quences of simple steps, going through the component digits one
by one. This is how the particular composition of the numerals
determines what'’s legal, and it is also how a small repertoire of
primitive operations can handle arbitrarily large numerals (by the
method of finite but unlimited repetition). Indeed, there is a com-
plete algorithm for Arabic multiplication (obtaining the partial
products, writing them a certain way, adding them up, etc.), in-
cluding various subalgorithms for performing the required steps
(digit by digit), and so on. Therefore multiplication is within finite
competence.

This is the example we needed: the tokens are complex; their
“use” depends on their composition (so the complexity is not
trivial); and yet no meanings are involved—the system is purely
formal. It also illustrates the incredible power of combining com-
plex tokens with complex recipes. For here we have a system with
literally infinitely many different legal positions and legal moves,
and yet there is no question that “playing’” it remains fully within
finite competence. Formalizing multiplication, of course, is not
such a big deal; but the same general point holds for the much
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Box 3
Unbounded versus Infinite

There are infinitely many distinct finite numbers; hence there
are also infinitely many distinct Arabic numeral types, each
with only finitely many digits. How can this be? The answer
is that, though each of the numbers (or numerals) in question
is finite, there is no upper bound or limit on how big they can
be; they are unbounded. More precisely, for any positive inte-
ger, no matter how large, there is a “'next’ one that is still
larger and therefore distinct from every preceding one; you
never come to the end of them.

Why does this mean that there are infinitely many? We can
construct a proof by trying to suppose the contrary and then
showing that that’'s untenable. So imagine that there were
only finitely many finite integers; in that case there would be
some particular number of them, say N, and no more. For any
positive integer, however, we know that there are exactly
that many distinct positive integers up to and including it;
thus, there are exactly sixteen distinct integers from 1
through 16, inclusive. So if there were only N distinct finite in-
tegers, they would be precisely the integers from 1 through
N; in particular, none of them could be larger than N. But for
any finite integer, there is always another that is larger (this is
where the unboundedness comes in). Hence no finite number
can be the number of finite integers—there are always
““more.”" Therefore the number of finite numbers must be
infinite.

The conclusion applies as well to Arabic numeral types be-
cause every distinct integer has a distinct type of Arabic nu-
meral, with finitely many digits, to stand for it. The notion of
““finite but unbounded”’ is important in other contexts as well.
For instance, in algebraic and formal logical systems, the for-
mulae (“‘sentences’’) and proofs must all be finite; but there
is no upper bound on how long they can be. Similarly, an al-
gorithm must always terminate after finitely many steps; but
there’s no limit on how many that can be. The same goes in
principle for the size of computer memories (such as Turing
machine “‘tapes’’; see ""Turing Machines and Universality'* in
chapter 4).
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more impressive formalizations of higher mathematics, logic,
computer science, linguistics, and so on.
Above all, however, it holds for Artificial Intelligence. For if

’

Hobbes is right that thinking is “computation,” it is certainly
highly complex computation—far more so, indeed, than Hobbes
could ever have imagined. As we shall see (for instance in “Com-
monsense Stereotypes”” in chapter 5), the formal structures that
an Al system would have to manipulate, even to have an ordinary
conversation in natural English, are enormous and very elaborate.
Their detailed internal composition, moreover, is absolutely critical

to how they may be used.

Automatic Systems
An gutomatic formal system is a formal system that “works” (or
“plays”) by itself. More precisely, it is a physical device (such as
a machine), with the following characteristics:

1. some of its parts or states are identified as the tokens (in
position) of some formal system; and

2. in its normal operation, it automatically manipulates these
tokens according to the rules of that system.

So an automatic formal system is like a set of chess pieces that
hop around the board, abiding by the rules, all by themselves,
or like a magical pencil that writes out formally correct mathe-
matical derivations without the guidance of any mathematician.
These bizarre, fanciful images are worth a moment’s reflection,
lest we forget the marvel that such systems (or equivalent ones)
can now be constructed.

The actual playing of a game involves more than just the po-
sitions and moves: there must also be one or more players and
a referee. The players make the moves, whenever it’s their turn.
The referee doesn’t make any moves but rather determines whose
turn it is—that is, which player should move next, and, perhaps,
which tokens it should work on. The referee also provides the
starting position, decides when the game is over, announces the
official results, and so on. For friendly games, we tend to overlook
the referee function, since it’s often so straightforward that the
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players perform it for themselves. But strictly speaking, refereeing
is always separate from playing (making the legal moves), even
when the difference is inconspicuous; and when the cases get
complicated, it is essential to keep the distinction clear, on pain
of hopeless confusion.

Since an automatic game actually plays by itself, it must include
all these elements; in fact, we can think of it as essentially a
combination of the player(s), the referee, and the ordinary ““man-
ual” game (the tokens). Sometimes, of course, a formal game is
only partially automated. For instance, electronic chess sets typ-
ically automate only one of the players (plus the referee); the
other player is external to the machine—such as the person who
bought it. But this makes no important difference to the theory
of automatic systems, and we might as well consider all the players
as included.

So far we have said what an automatic formal system is: a
manual game, combined with automated player(s) and referee.
We have not said how they work, what they’re made of, or what
principles they’re based on—because none of that is relevant to
explaining what they are. To borrow a wonderful term from en-
gineering, the player(s) and referee are treated as black boxes:
things you don’t look inside of. Thus it is often useful to consider
only the “opaque surface” of a component (what it does), while
taking its inner workings (how it does it) for granted. For example,
an audio engineer assembling a concert sound system with dozens
of microphones, mixers, amplifiers, speakers, etc., can’t be worried
about how each part does its individual job, as long as it does.
The separate components must be treated as black boxes, and
taken for granted, in the design of the overall system.

What counts as a black box depends on your point of view;
one engineer’s component is another engineer’s whole system.
For instance, an amplifier is itself a complicated system, which
some electronics engineer had to design out of still smaller black
boxes: transistors, resistors, integrated circuits, etc. The amplifier
designer takes these for granted; but, of course, somebody else
had to design them too. If you need to know only what something
does, then you can look just at its surface (or consult the man-
ufacturer’s specification sheet); but if you want to understand how
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it does whatever it does, then you must look inside (or consult
the manufacturer’s design staff).

Coming to understand how something does what it does, by
considering what it’s made of and how it’s put together, is called
analysis. Explaining how a complex system works, in terms of the
interactions of its functional components, is one kind of analysis."
Suppose, for instance, you are perplexed and amazed by your
automatic chess system. You know that it comprises (besides the
tokens) two chess-player components and a referee component;
and you know that they play legal chess games. Now you would
like to understand how they do that. In other words, you don't
want to treat the components as black boxes anymore; you want
to analyze.

One possibility is analysis into smaller automatic formal systems;
that is, a single component in the overall system might itself be
an entire automatic formal system, with its own private little
tokens, manipulated by a group of inner players, guided by an
inner referee—all quite distinct from the outer tokens, players,
and referee. Take, for instance, one of the ““outer” players. It
makes a legal chess move whenever the referee indicates a position
and says, “It’s your move now.” What might the “innards” of
such a player look like, supposing it were itself a complete
automatic formal system?

The answer, of course, depends on the specific design; but
here’s one design that would work (see figure 1). The tokens of
the inner game are a description (or copy) of the current outer
position (provided by the outer referee), plus some standard no-
tation for specifying chess moves. There are two inner players: a
“move lister” and a “move chooser.” The inner referee first in-
dicates the position (inner copy) and signals the move lister, who
proceeds to list all the legal moves in that position. Then the
referee, indicating the position and list together, signals the move
chooser, who proceeds to choose some move from the list. Finally,
the referee announces the chosen move as the subsystem’s output
(that is, the outer player makes this move in the chess game).

That’s one level of analysis. But there can be many levels: boxes,
within boxes, within . .. until the components are so basic that
they can’t be analyzed further (or perhaps can be analyzed only
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in some other way). For instance, we might be able to analyze
the move-lister and/or the move-chooser components (from the
above system) into still smaller systems; the two cases would be
quite different, with each illustrating an important moral. (The
inner referee might be analyzable too; but this particular one
happens to be fairly boring.)

In a deep sense, the move lister is trivial because there is an
algorithm for listing all the legal moves in any chess position.
What do algorithms have to do with automatic formal systems?
In a way, everything. Recall that executing an algorithm requires
a fixed, finite repertoire of primitive abilities—both primitive op-
erations and primitive recipe following. So suppose each primitive
operation gets assigned a single player, whose sole competence
is that operation; and suppose the referee has all the primitive
recipe-following abilities. Then, roughly, the referee can follow
the recipe, signaling the players in the right order (telling them
whose turn it is and what tokens to work on), and the players
can then carry out the specified operations. The algorithm can be
executed automatically by a system composed of these players
and this referee.

But what about those primitive abilities? Well, whenever an
ability can itself be specified by an algorithm (in terms of simpler
abilities), then that whole ability can count as a primitive in a
higher-level algorithm. The only restriction is that all the required
abilities eventually get analyzed into ground-level abilities that
are really primitive—abilities so “mindless and mechanical” that
even a machine could have them. This analysis of higher-level
primitives into lower-level algorithms precisely parallels the anal-
ysis of higher-level components (black boxes) into lower-level
systems. Moreover, the ultimate, ground-level primitives are
exactly the same—except that, in an automatic system, they not
only could be but are carried out by primitive machines.

These ultimate primitives (both player operations and referee
recipe followings) are the fundamental point at which formal
systems meet up with automation. Given this foundation, so-
phisticated automatic systems can be built back up, black box by
black box, in just the way that sophisticated algorithms can be
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Box 4
Analysis and Reduction

Many philosophers and scientists believe that nature is unified
not only in the fundamental stuff of which it's all made (mat-
ter), but also in the fundamental laws in terms of which it can
all be explained (physics). Advocacy of this further thesis,
sometimes summarized as ‘‘the unity of science,’’ is called
physicalism or reductionism—the latter because physicalism
(in contrast to mere materialism) amounts to the claim that all
other sciences can (in principle) be “‘reduced’’ to physics.

The standard example is the reduction of thermodynamics,
according to which heat is just an alternative form of energy
stored in the chaotic bouncing around of individual molecules.
Given this, plus miscellaneous technical breakthroughs, it can
be shown that thermodynamic laws are derivable from physi-
cal laws—implying that thermodynamics is basically a special
case of physics. Such reductions are called nomological (from
the Greek nomos = law).

Many explanations, however, don’t appeal to laws; so they
can’t be reduced nomologically. For instance, when Mr.
Goodwrench explains how a car engine works, he doesn’t
use physics; he appeals instead to the capabilities and func-
tions of the various parts, showing how they fit together and
interact as an integrated, organized system. In other words,
he analyzes the engine and explains it functionally or
systematically.

When an explanation appeals to laws, those laws are not
themselves explained but merely used: they serve as unex-
plained explainers. Reduction is explaining the unexplained ex-
plainers of one theory in terms of those of another; hence
physicalism is really the view that there are no unexplained
explainers, save those of physics. Accordingly, functional/
systematic explanations can be reduced too, if their unex-
plained explainers (essentially the interactive capabilities of
the functional components) can themselves be explained in
more basic terms.

Analyzing automatic formal systems into ever smaller sys-
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tems of interacting black boxes is therefore reductionistic—
not nomologically, but rather in the functional/systematic
sense. Connection to physics is made at (or via) the level of
operations so primitive that they can be carried out by mind-
less mechanisms.

built up out of ever cruder algorithms, resting eventually on the
ground level. So the essential point may be summed up this way:

AUTOMATION PRINCIPLE: whenever the legal moves of a
formal system are fully determined by algorithms, then that
system can be automated.

This is why automating the move-lister component of the chess-
player component of the chess system is (theoretically) trivial.
The move-chooser component, however, is another story. If
the move lister listed only one legal move, then no choice would
have to be made, and there would be no problem. But chess, like
most interesting formal systems, is nondeterministic; that is, in
most positions, any of several different moves would be legal.
Sometimes a particular move is forced because no other move is
legal; but if the whole game were like that, it would just be
oppressive and unbearable—no fun. Algorithms, by contrast, are
always deterministic: by definition they are step-by-step proce-
dures that never permit any options or uncertainties about the
next step. How then can a system allowing choices be automated?
There are a couple of cheap and dirty answers that we might
as well dispose of right way. First, the move chooser might just
choose whatever move appeared at the top of the lister’s list
(equally, it could use any other unmotivated principle, such as
selecting the move whose description comes first in alphabetical
order). Second, the chooser might pick from the list randomly;
that is, it could consult some random input (a roll of the electronic
dice, say) and let that determine the choice. These designs would
yield a system that played legal chess; thus, in a superficial sense,
they seem to answer the question. But such systems would also
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play atrocious chess—so hopelessly crazy and chaotic, in fact,
that we should hesitate to call it chess, even though the moves
are all strictly legal.

The real problem, then, is to design a chooser that makes good
(reasonable, intelligent, wise. . . ?) choices. Unfortunately, there
are no known feasible algorithms for telling in general which is
the better of two chess moves (let alone for wisdom and the like).
Not surprisingly, approaches to this issue begin to involve tech-
niques characteristic of Artificial Intelligence research which we
will consider in more detail later. In the meantime, however, a
sketch of a chess-move chooser can give a glimpse of what is
coming.

Obviously the chooser needn’t always find the best move; even
the greatest champions don’t play perfect chess. The goal, rather,
is a system that chooses relatively well most of the time. In other
words, an infallible test for the better move (i.e., an algorithm)
is not really required; it would be enough to have a fairly reliable
test, by which the machine could usually eliminate the worst
choices and settle on a pretty good one. Such fallible but “fairly
reliable’”” procedures are called heuristics (in the Al literature).
Thus heuristics (so defined) are not algorithms because algorithms
must be infallible. Intuitively, heuristics are like rules of thumb:
rough, generic principles that are not perfectly accurate, but are
still accurate enough to be convenient and useful.

There are many rules of thumb for better chess. For instance,
other things being equal, it is better to capture opposing pieces
while losing none (or only weaker ones); likewise, it is generally
preferable to control the center, activate pieces early, keep your
king out of the way, and so on. But everybody knows that other
things are not always equal: even the best heuristics sometimes
fail—as in the apparent blunder (“free”” capture) that turns out
to be the bait in a brilliant trap. There are various ways to improve
the odds, like using lots of heuristics and balancing them off or
considering sequences of moves together (looking ahead); and
the net results can get pretty good, though still not perfect.

How do heuristics aid automation? Suppose we devise a strict,
precise formula for applying and combining various well-defined
rules of thumb; the output of this formula is a fallible but relatively
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reliable estimate of the best move in a given situation. The formula
itself is perfectly explicit and unambiguous, so we can well imagine
a routine that infallibly calculates its value (i.e., comes up with
the exact estimate) for any given position. Is that routine an al-
gorithm? It depends on how you look at it. If the specified goal
is to crank through the formula (calculate the estimate), then it
is an (infallible) algorithm. But if the goal is specified as finding
an optimal chess move, then that very same routine is only a
fallible estimator, and hence only a heuristic. The punch line is
easy: seen as an algorithm, the routine can be automated like any
other; but seen as an estimator, the same routine (now automated)
can function as a decent move-chooser. In other words, a good
but fallible move-chooser can be automated by an algorithm after
all.

This strategy of regarding or redescribing the very same thing
from more than one point of view is essential throughout science.
Physicians must learn to see suffering patients as conglomerations
of living tissues and living tissues as seething chemical stews. To
understand why sonnets are so easily preserved, one must re-
conceive them as mere strings of digital characters. We shall find
that the possibility of adopting multiple viewpoints is particularly
important in Artificial Intelligence—analyzing black boxes and
automating rules of thumb being but two examples. The most
important redescription by far, however, arises in connection with
meaning—an issue we can postpone no longer.






Are these symbols? What do they mean?



3

Semantics

Meaningfulness

Modern philosophy, as distilled in chapter 1, managed to pose—
but not to answer—the following fundamental question: How is
meaning possible in a physical /mechanical universe? This prob-
lem, in turn, may be divided into two basic subproblems:

1. What is compatible with physical mechanism?
2. What is required for meaningfulness?

Chapter 2 assiduously avoided the second subproblem; but, in
so doing, it made important progress on the first. Since formal
systems are (by definition) self-contained, they never permit any
(formal) role for meanings; as a result, traditional mysteries about
meaning cannot infect them. Indeed, even formal rule following
can be fully mechanized, in automatic formal systems. Therefore,
formal systems as such, including automatic ones, are compatible
with physical mechanism. But if this is to be a step toward under-
standing Artificial Intelligence, not to mention minds, then it must
be combined with an answer to the second problem.

How can we explicate the meaningfulness of thought? According
to Hobbes, thought is inner discourse; and cognitive science, in-
cluding Artificial Intelligence, is built on much the same as-
sumption: thinking is like talking. Hence we can be guided, at
least in part, by what we know about linguistic meaning. Of
course linguistic meaning is derivative (from thought), whereas
mental meaning must itself be original. But aside from that one
crucial difference, thought and language could have much in com-
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Box 1
Meanings of ‘Meaning’

1.

When one thing (like a symptom or clue) can help to
discover or discern another, we sometimes say the first
means the second.

—Clouds in the south mean a storm is coming.

—These broken branches mean a large animal was here.
—I hope this new desk means |I'm getting a promotion.
(But notice we wouldn’t say: ““The meaning of clouds
is....")

. Saying what (or how much) something means is a way of

indicating its significance, consequences, or importance.
—Losing millions means little to him.

—A promotion for me would mean new shoes for the kids,
and . . ..

(But, again, not: ““The meaning of . . .is . ...")

. The meaning of something can be its point, purpose, or

justification.

—NMystics ponder the meaning of life.

—What is the meaning of this? [Asks Mother Superior,
sternly.]

—Their futile counterattack was a meaningless waste.
(Here we avoid the opposite paraphrase: ‘‘Life

means . ..."")

. An agent can mean to do something, in the sense of

intending or being determined to do it.
—Mrs. O’Leary’s cow didn’t mean to burn down Chicago.
—I| deserve that promotion, and | mean to have it.

. What somebody means by something is what he or she

intends to express, communicate, or say; and, in this
sense, what the person means is also the meaning of the
expressive utterance or act.

—Plainly, she meant (by her grimace) that | should shut up.
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— The meaning of her grimace was, plainly: “*Shut up.”
—""That’s smart!”" he taunted, meaning the opposite.

6. Finally, the meaning of an expression or symbol can be
what it expresses, represents, or conveys in standard
usage. This is what dictionaries try to explain, what care-
ful translations try to preserve, and what the present list
distinguishes six of.

—What a surprise that ‘'meaning’ has so many meanings!
—The German word ‘rot” means the same as ‘red’ in
English.

—Undeciphered, that code looked like meaningless
nonsense.

— Idiomatically, ‘kick the bucket’ means ‘eat the peach’.
Meaning in this last sense is our present topic; we call it
semantic meaning.

mon; and so we could still learn a lot from the comparison. Indeed,
the more we learn about thought, the better our position will be
later for addressing not only the mystery of original meaning, but
also the paradox of mechanical reason.

But why would anyone suppose that thinking and talking are
similar? It’s not just that we sometimes ““think in words”; we do,
of course, but the theory is meant to cover many more cases than
those (which are rather rare, after all). Since this is quite fun-
damental, it's worth reviewing some of the apparent basic parallels
between thought and talk. The most conspicuous relation is that
speech acts express thoughts.! Statements, for instance, express
beliefs; but, equally, requests express desires, apologies express
regrets, promises express intentions, predictions express expec-
tations, and so on. In this context “thought” and “‘cognition”
obviously include not only conscious deliberations, but also all
kinds of hunches, hopes, horrors, wishes, worries, wonderings,
etc.—conscious or otherwise. Given that broad sense, nearly all
speech acts express corresponding cognitive states or events; con-
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versely, at least a great many thoughts are easy to express in
language. Roughly, we can say what we think, and (when we're
sincere) we do think what we say.

A deeper similarity between thoughts and speech acts, however,
may be the general applicability of a mode/content distinction.
Consider what the following utterances have in common:

[T assert:] Fido eats his insects.

[I inquire:] Does Fido eat his insects?

[I request:] Please see that Fido eats his insects.
[I apologize:] I'm sorry that Fido eats his insects.

They all concern Fido eating his insects; or (as philosophers say)
they share the propositional content

[that] Fido eats his insects.

But each utterance puts that content forward differently—in stating
that it's so, asking whether it’s so, requesting that it be so, etc.
These are differences of mode; so the same content can be put
forward in different modes. Going the other way, of course, ut-
terances in the same mode can have different contents—that Dinky
drinks her milk, that emeralds are expensive, or whatever.

The point is that a parallel mode/content distinction seems to
work for thought: I can believe, desire, or regret ( = differences
of mode) that Fido eats his insects, that Dinky drinks her milk,
or that emeralds are expensive ( = differences in content). And
this suggests a tighter connection between a speech act and the
thought it expresses: namely, they should have the same content
and corresponding modes. Thus when I wonder whether Fido eats
his insects, I express myself by asking ( = corresponding mode)
whether Fido eats his insects ( = same content); if, instead, I assert
that Fido eats his insects or ask whether Dinky drinks her milk,
then I express different thoughts. Obviously inquiries correspond
to wonderings, assertions to beliefs, requests to desires, apologies
to regrets, and so on.?

Despite these parallels, it would be extravagant to maintain
that all thoughts are expressible in words or even that any thoughts
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are fully expressible. Cognitive science, however, is committed to
no such view. The idea is rather that all thought is like linguistic
utterance in some more abstract sense, which still needs to be
explained. Such an abstract similarity would be a sameness in
some general or structural feature that allowed for various dif-
ferences of specific detail. For instance, the mode/content dis-
tinction per se (that is, apart from any specific modes or contents)
is just the sort of abstract feature that thought and language might
have in common—even if, say, thought is far richer or subtler
than language could ever express.

A more important abstract property, however, is being a symbolic
system. This means two things:

1. the meanings of simple symbols (e.g., words) are arbitrary;
and

2. the meanings of complex symbols (e.g., sentences) are sys-
tematically determined by their composition.

The “composition” of a complex symbol depends not only on
which simple symbols it’s composed of, but also on how they're
put together—the ““form” or ““grammar” of the composite. Clause
2 (above) is sometimes called the compositionality of symbolic
systems.

Languages are symbolic systems, at least approximately. Word
meanings are “‘arbitrary” in the sense that there is no intrinsic
reason for them to be one way rather than another: our word
‘squid” could just as well have meant what ‘squalid’ does, and so
on. (Their actual meanings are fixed only by standard usage within
the linguistic community.) Likewise, it's hardly news that sentence
meanings are, for the most part, built up grammatically out of
word meanings. What deserves emphasis is not these mundane
observations themselves, but their powerful consequences.

Because sentence meanings are systematically determined by
their composition, an ordinary English speaker, with a vocabulary
of forty or fifty thousand words, can understand literally trillions
of distinct sentences, on countless different topics. You've probably
never heard anyone say (let alone define) the sentence “Mongolian
lizards avoid strong cheese,” yet you understand it easily, just
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Box 2
The ‘Fido’—Fido Theory

Words and sentences are used to talk about (refer to) things
in the world. For instance, the name ‘Fido” is used to talk
about Fido; the word ‘frog’ denotes frogs; and the sentence
“Fido is a frog"’ just puts the former among the latter. More-
over, in a seductively clear sense, to say all this is to say
what these constructions mean: ‘Fido’ means Fido, ‘frog’
means (the class of) frogs, and “'Fido is a frog”" means (the
fact or state of affairs) that Fido is a member of the frog
class. In general, then, the meaning of a symbol would be
whatever it symbolized—the very object or situation itself.
This simple view, known as the ‘Fido’-Fido theory, has, how-
ever, a number of well-known problems.

First, words and sentences can be meaningul, even if their
supposed objects don’t exist. For instance, "‘Santa is an elf”
makes perfect sense (adults understand it, children believe it),
despite the worldwide dearth of Santas and elves. But if
meanings were the very objects meant, then terms and sen-
tences with no objects would have no meanings. So some-
thing must be wrong with the theory.

Second, expressions that refer to the same thing can still
have different meanings. Thus, ‘mile-high city’ and ‘Colo-
rado’s capital’ differ in sense, though they designate the
same object (namely, Denver). ‘Feathered’ is clearly not syn-
onymous with ‘beaked’, but they happen to denote exactly
the same things, since (as a matter of biological fact) all and
only animals with feathers have beaks (specifically, birds).
So, again, the simple ‘Fido'—Fido theory gets it wrong.

Finally, some components and features of sentences affect
the overall sense, without themselves being “‘about’’ any-
thing at all. Consider:

Fido drips.

Does Fido drip?

Fido does not drip.

Fido drips copiously.
Perhaps Fido could drip.
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These are all equally about Fido, and maybe some drippy
condition—but that’s all. Words like ‘does’, ‘not’, and ‘per-
haps’ (not to mention features like word order) don’t have
"‘objects’’; yet they make a big difference to the meaning.
The ‘Fido’-Fido theory can’t account for such differences.

from knowing the words and grammar. For instance, having no
prior experience with that sentence, but only with its components,
you could reasonably infer that some dairy products repel some
Asian reptiles; and, if you chanced to be harassed by Mongolian
lizards, reading the sentence might fund a practical inspiration.

On the face of it, thought seems even more versatile and flexible
than language; hence there are many trillions of different thoughts
that any one of us might easily have. Given, however, that our
brains are limited—only ten billion neurons, more or less—an
urgent question arises: How can such a “’small” system have such
a large repertoire? And a marvelously attractive answer is the
very one we have just worked out for language. Distinct thoughts,
the line goes, are generally complex, constructed systematically
(according to their contents) from a comparatively modest kit of
atomic constituents; in other words, the versatility of thought is
attributed to a combinatorial structure essentially like the com-
positionality of symbolic systems.

Artificial Intelligence embraces this fundamental approach—to
the point, indeed, of arguing that thoughts are symbolic. But that
doesn’t imply that people think in English (or any “‘language”
very similar to English); Al maintains only that thinking is “like”
talking in the more abstract sense that it occurs in a symbolic
system—probably incorporating a mode/content distinction. Such
a system could be vastly different from ordinary languages (in
richness and subtlety or whatever) and still have the crucial abstract
features of compositionality and arbitrary basic meanings.

Interpretation
Imagine that you (a renowned and crafty explorer) stumble across
some alien markings, which you suspect to be symbols. You
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believe, in other words, that they bear some hidden meaning;
and naturally you are aching to figure it out. How do you confirm
your hunch and satisfy your desire? That is the problem of inter-
pretation—and the topic of this section.

To interpret is to make sense of. To interpret a system of marks
or tokens as symbolic is to make sense of them all by specifying
in a regular manner what they mean. The specification typically
has two parts: what the simple symbols mean, and how the mean-
ings of complex symbols are determined by their composition
(components plus structure). So, loosely speaking, it’s like trans-
lating a newly discovered language. You give an interpretation
by producing a “translation manual,” consisting, roughly, of a
dictionary and a grammar. The interpretation then “makes sense”
of the symbols—makes them understandable—by explaining what
they're equivalent to in some other system (like English) that’s
already understood.

The basic principle of all interpretation is coherence: every inter-
pretation must be coherent. There are two sides to the coherence
principle, one for what you start with (your “data”) and one for
what you get (your “rendition” of the data). Specifically: you must
start with an ordered text, and you must render it so that it makes
reasonable sense. We discuss these separately; but, at root, they
are two sides of the same principle.

Ordered text In a far corner of the galaxy, your intrepid ex-
plorations turn up a stunning spectacle: from a certain vantage
and angle, the visible stars trace out (with revolting precision) the
four letters of an Anglo-Saxon vulgarism. What do you make of
it? There seem to be two possibilities: either it’s a colossal cosmic
coincidence, or it’s the work of some higher power (who happens
to skywrite in English). If the latter, then the display presumably
means something (though, whether as a sinister miracle or an
innocent letting off steam is hard to say). But if it’s all just a big
accident, then it can’t mean anything; it isn’t even a word, really,
but only a curious geometrical happenstance.

Order is the opposite of chaos. An ordered text must have a
systematic internal structure that is not accidental. A structure that
is merely amazing and highly suggestive is not enough (as the
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example shows); rather, there must be some source or reason for
that structure. It is no minor problem to spell out what this means;
but at least part of the idea is that there is (or could have been)
“more where that came from.” Thus if a higher power wrote the
oath, you might keep an eye out for further manifestations; but
if the pattern were just a coincidence, then sequel seeking would
be pointless. (Even after the millionth monkey finally types a
sonnet, you don’t hold your breath for Hamlet.) Another way to
put it is that the actual text is only a sample of the potential text—
and the potential text must be consistently interpretable
throughout.

In addition, an ordered text must have enough internal structure
to support interpretation. Suppose we're playing with scrambled-
alphabet ciphers (codes in which each letter type stands for an-
other), and I ask you to decipher an urgent message:

Abcd!

You haven’t a prayer; it could be “Fire!”, “Whoa!”, “Egad!”,
“Nuts!”, or any other exclamation with four distinct letters. The
fragment is so short that there is hardly any structure to work
with: too many alternatives are equally compatible with such
meager clues. By contrast, it wasn’t easy to find three candidates
for the following cryptogram:

Abcd aefg ahf ijkkg.

Dumb dogs dig wells
Cold cats cut riffs.
Rife rats rot hulls.

The structure is again the type relationships among the given
tokens—the first three words begin with the same letter, while
the fourth is different, etc. But the longer the text, the harder that
constraint is to satisfy and still end up with anything remotely
intelligible. I defy anyone to letter-scramble, say, a full page of
this book and then find any other sensible solution.
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Box 3
What Should We Interpret?

Not everything can be interpreted, of course—at least not
symbolically. Most of the symbols in a symbolic system are
complexes whose meanings are determined by their system-
atic composition. Many things in the world are constructed in
a regular manner out of standardized components (molecules,
electronic circuits, chess positions); but very few of them can
be construed as ‘‘saying’’ (asserting, asking, commanding,
etc.) anything, by virtue of their respective structures and the
““meanings’’ of their components.

But which ones should we interpret? All we can. Interpreta-
tion is discovery; we find coherence—order and sense—
where it might otherwise have gone unnoticed or remained
indescribable. If it's there to be found, then there’'s no further
question as to whether the tokens are “‘really’” interpretable.
Suppose we meet on Pluto some potato-like creatures whose
tiny leaf motions turn out to be (consistently and elegantly)
translatable conversations—about us, the weather, astro-
physics, and what have you. We do not then ask whether
Pluto Potatoes can ‘‘really’’ talk but rather congratulate our-
selves on having already found out. Discovery of the transla-
tion is discovery of the fact.

Interpretation presupposes that the given text is somehow
orderly (nonrandom). This does not mean, however, that in-
terpreters must be able to characterize that order or explain
where it comes from—apart form being able to identify the
relevant texts and say what they mean. Finding a consistently
workable interpretation of a consistently distinguishable body
of tokens establishes that the text is orderly, even if no one
can independently say how or why. Discerning the sense is
simply a way of discerning the order; that's why order and
sense are, at root, two sides of one principle: coherence.
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But suppose we allow fancier codes. Sneaky Nikita, for instance,
might have twenty distinct scrambled alphabets, which she applies
in rotation (so each one gets used only once every twenty letters).
Then a twenty-character cryptogram (like the above example)
offers no constraint at all: comparable decoding schemes could
equally well “translate” it into any twenty-character sequence you
please (because, in effect, the differences among the scramblings
mask all internal relationships in the text). In general, the more
complicated an interpretive scheme is, the more text will be re-
quired to make any success it has nontrivial. So what counts as
enough structure in an ordered text depends on how complicated
the interpretation has to be to work.

Reasonable sense But what is it for an interpretation to succeed
or work? Certainly most conceivable schemes for interpreting given
texts would be hopelessly unacceptable, and surely there are “or-
dered texts”” that do not admit any semantic interpretation at all
(chess games, for instance, are meaningless—they don't “say”
anything—even though they’re not random). By definition, to
interpret a body of symbols is to make sense of them as symbols.
Hence, to a first approximation, an interpretation works for a
given text if, as interpreted, that text makes reasonable sense; on
the other hand, if the sample comes out gibberish or nonsense
under the interpretation, then (other things being equal) the inter-
pretation is a failure.

To an extent, the point is obvious. Why not translate our earlier

cryptogram example as:

Zyxw zvut zsu rqppt
or:

Volt viny van ruddy. ?

Because (assuming we're rendering into English) those aren’t
interpretations at all. The first is letter salad, the second word
salad; and neither makes a whit of sense. If interpretations didn’t
have to make sense, then any transformation whatsoever could
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Box 4
Why Truth?

Why should it matter to an interpretation that what is being
interpreted come out (reliably) true? Why should truth be a
component of sense?

Meanings, in general, are supposed to relate symbols to
objects, which they are “‘of’" or “‘about.’”” Truth discloses—
and thereby validates—these supposed connections. For ex-
ample, one can draw inferences (make predictions) about a
symbolic system from knowledge of its objects and likewise
draw inferences about the objects from knowledge of the
system—assuming the system generates truths. If the sym-
bolic arrangements come out generally true under a given
interpretation, then there is good reason to assign these
meanings and objects (rather than some others) to those
tokens.

Go back to the astronomical calendar: why “‘connect’” one
symbol with, say, a certain date, and another with lunar
eclipses? Suppose you wonder whether the moon was (in
fact) eclipsed on that date; that is, you want to know some-
thing specific about the world. Will knowledge of the symbol
arrangements in the calendar be any help? Yes, under one
condition: namely, what the calendar says (as interpreted
about eclipses, etc.) is reliably true. Given truth, you can learn
these particular facts about the objects simply by reading
those particular symbols. In other words, there’s more than
just @ whim in assigning the symbols this particular meaning.

It works in the other direction just as well. Suppose a piece
of the calendar is missing, but you want to know whether it
said there was (or wasn’t) an eclipse on a certain night. If
you know the astronomical facts, then you can draw a con-
clusion about the unknown symbol arrangements—but again
only on the condition that the calendar is reliable.
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count as an interpretation, and the whole topic would be insuf-
ferably dull and tiresome. But what is it to make sense?

Deep in uncharted jungle you unearth an enormous stone tablet,
covered with apparent hieroglyphs. Your brash assistant proposes
a clever scheme, according to which they are an astronomical
calendar, recounting various eclipses, equinoxes, planetary po-
sitions, etc. Does that make sense? If, as interpreted, the tablet
reports several eclipses a night, puts thirty-seven planets by the
North Star, and so on, then it’s crazy; no “sensible” calendar (on
Earth) would say such things. Consequently the interpretation
itself is highly suspect. On the other hand, if eclipses were reported
on just the right dates, with planets in just the right places, etc.,
then the tablet would make perfect sense, and the interpretation
would be quite convincing.

So telling the truth is a component in making sense (random
falsehood is a kind of incoherence). But clearly there’s more to
sense than truth (see box 4). Sensible people can make mistakes:
the authors of our ancient tablet might understandably have omit-
ted eclipses visible only elsewhere on the globe. Furthermore,
truth as such is not pertinent to all linguistic acts. The tablet might,
for instance, be interpreted as a promulgation of tax laws, a poetic
appeal for healthy children, or a list of (unanswered) scientific
questions. None of these is strictly true or false; but in each case
there is still a difference between sense and nonsense (and, some-
how or other, that still has to do with the way the world is).

Making sense of ordered texts—finding coherence—is the
foundation of all semantic interpretation. We have a rough, in-
tuitive idea of what it means; but philosophically it is a difficult
and murky notion. Closely related issues will come up again in
chapters 5 and 6; but nowhere shall we say the last word, rendering
sense itself utterly transparent. (It’s not clear, indeed, whether
that notion even makes sense.) In the meantime, let’s proceed on
the basis of intuition—for we’re nearing a major consolidation in
the plot.

Interpreted Formal Systems

Formal systems can be interpreted: their tokens can be assigned
meanings and taken as symbols about the outside world. This
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may be less than shocking news by now; but a century ago the
development of interpreted formal systems was a major inno-
vation, with revolutionary consequences throughout logic and
mathematics. Moreover, if Artificial Intelligence is right, the mind
itself is a (special) interpreted formal system—and the conse-
quences will be even more revolutionary for psychology.

Let’s start with some terminology. The general theory of inter-
pretation and symbolic meaning is semantics; and the meanings
assigned, as well as any relations or characteristics depending on
those assignments, are semantic properties of the interpreted tokens.
For instance, if ‘Fido’ is a formal token interpreted as a name for
a particular frog, then its relation to that frog (reference) is a
semantic property. If the complex token ““Fido is a frog” is true,
then its truth reflects (not only the facts, but) the interpretations
of the terms: truth and falsity are semantic properties. When the
truth of one sentence would entail that of another, that’s a semantic
relation between them. And so on.

The opposite of semantics is syntax. When discussing formal
systems, in fact, ‘syntactical’ just means formal; but it is typically
used only when a contrast with semantics is to the point. Thus
it would be odd (though not incorrect) to speak of the “syntax”
of a chess position, because chess is not an interpreted system.?

Interpretation and semantics transcend the strictly formal—
because formal systems as such must be self-contained. Hence to
regard formal tokens as symbols is to see them in a new light:
semantic properties are not and cannot be syntactical properties.
To put it dramatically, interpreted formal tokens lead two lives:

SYNTACTICAL LIVES, in which they are meaningless markers,
moved according to the rules of some self-contained game; and

SEMANTIC LIVES, in which they have meanings and symbolic
relations to the outside world.

The corresponding dramatic question then is: How do the two
lives get together?

Athol has discovered a strange game: its tokens are the fifteen
letters A-O; a position is a row of letters; a move consists of
attaching more letters to the right of the row; and, for each (legal)
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Box 5
Numerals and Numbers

Numerals are not the same as numbers: a numeral is a stan-
dardized symbol, like a proper name, for some particular
number. The following are examples of numerals (all, as it
happens, naming the same number):

five cing TEVTE 5 \Y 101

The first three are words (in English, French, and Greek); the
fourth is an ordinary Arabic numeral; the fifth is a Roman nu-
meral; and the last is in the binary system (which works like
Arabic, only in base-2 instead of base-10).

Numerals, like any symbols, must always be understood
relative to a specific language or system. Thus, the binary nu-
meral 101 and the Arabic numeral 101 look just alike, but
they stand for quite different numbers; similarly, the Latin
name for the number six is the word ‘sex’, which means
something else in English. Numbers, however, are not relative
to any language or system: the number five itself (the number
of petals on a petunia) is the same in England, France, Ara-
bia, or ancient Rome—it just has different names.

starting position, there is exactly one legal move (after which the
game is over). Lest the suspense be excruciating, I hasten to divulge
Athol’s own daring conjecture: the letters are direct translations
of the familiar Arabic numerals and signs for arithmetic; that is,
they are numerals and signs, but in an alternative notation. How
do we tell whether Athol is right?

There are 1,307,674,368,000 different ways to map fifteen letters
onto fifteen digits and signs—not all equally congenial to Athol’s
hypothesis. To illustrate the options, table 1 gives three possible
translation schemes, together with the “translations” they would
provide for eight sample (legal) games. As you can see, the first
scheme generates total gibberish—arithmetic confetti. And so
would practically all of the other 1.3 trillion alternatives; they're
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Table 1 Athol’s Letter Game

I. The eight sample games (untranslated)

Starting Legal Starting Legal
position move position move
OEO A N MMCN A J)
NIBM A G OODF A OO
HCHCH A KON IDL A M
KEKDOF A F NBN A O
II. First translation scheme Sample games as translated
A -1 F - 6 K - + =5= 1 / xx3/ 1 00
B - 2 G—-7 L - — /92 x 1 7 ==461 ==
C-3 H-8 M- x 83838 1 + =/ 94— 1 x
D - 4 I -9 N - / +5+4=6 1 6 /2/ 1 =
E - 5 ] -0 O - =
1L Second translation scheme Sample games as translated
A - = F -0 K-35 9/9 = 8 77— 8 = 44
B-+ G-1 L -6 83+7 = 1 9 x0 = 99
cC-»> - H-2 M- 7 2—-2-—2 = 598 3x6 =2
D - x I -3 N - 8 5/5x9 = 0 8+8 =9
E -/ ] - 4 o -9
IV.Third translation scheme Sample games as translated
A- = F -0 K-35 1+1 = 2 33 x2 = 66
B - / G -9 L - 4 27/3 = 9 11-0 = 11
C->x H->8 M-3 8x8x8 = 512 7—4 = 3
D-» - 1 -7 N=-2 5+45—-10 = 0 2/2 =1
E~-+ ] =6 O -1

Note: The symbol — means “translates into.”
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what you would expect by drawing from a hat. Of the few re-
maining schemes, most would be like the second example, which
is superficially better. It puts digits and signs in plausible places,
so the results look like equations. Unfortunately, as equations,
they would all be false—wildly and preposterously false. In fact,
the particular digits and signs in those plausible places seem just
as randomly chosen as before; so there’s no genuine improvement,
after all.

The third scheme, however, is conspicuously different. Its prod-
ucts not only look like equations, they are equations: they're true.
Obviously this is the scheme that vindicates Athols brave idea;
consistently true results make the interpretation itself persuasive.
The first two cases, by contrast, aren’t really interpretations at all:
they don’t “make sense of” the specimen games in the slightest.

“Formal” calculation, of course, did not revolutionize mathe-
matics; rather, the important discovery was formal axiomatic sys-
tems. The most familiar axiomatic system is Euclidean geometry
(though the treatment in textbooks is seldom rigorously formal).*
Informally, an axiomatic system consists of a special set of state-
ments (called axioms and/or definitions), plus a set of inference
rules, for deriving further statements, called theorems. The axioms
are conceived as basic and “obvious”” and the rules as permitting
only valid inferences; hence the derivations of the theorems can
be regarded as proofs.

As a formal game, an axiomatic system is played by writing
out complex tokens called WFFs (“sentence” formulae; see box
6). The axiom-WEFFs are written first, as the starting position; and
the rules then permit other WFFs to be added, depending on
whatever’s in the position already. Once written, tokens are never
modified or removed; so the positions just get bigger as play
proceeds. Each new WEFF added to a position (or, anyway, each
interesting one) thereby becomes a formal theorem of the system;
and any game leading up to the addition of a WFF is a formal
proof of that theorem.

The idea, obviously, is to design these formal systems so that
they can be interpreted as axiomatic systems in the intuitive sense.
That requires two things of the system (as interpreted):
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Box 6
Well-Formed Formulae = WFFs

A common strategy is actually to use two formal systems to
“formalize’” an axiomatic system. The reason is that not
every compound of simple tokens is an allowable complex
token; so there have to be rules specifying which ones are al-
lowable and which aren’t. But it's annoying and confusing to
mix these rules up with the inference rules that specify the le-
gal moves. So the two sets of rules are separated into two
games.

The tokens of the first game are the simple tokens of the
overall system; the rules just allow these to be combined in
various ways. The resulting legal positions are the allowable
complex tokens: the so-called well-formed formulae, or
WFFs. These WFFs, then, are the tokens of the second game;
that is, the positions of the first game are the tokens of the
second. Finally, the rules of the second game allow the com-
plex WFF tokens to be manipulated in the construction of
proofs. (Notice that which WFF manipulations are legal at any
point is highly dependent on the internal composition of all
the WFFs involved; so WFF complexity is nontrivial, in the
sense discussed earlier in “‘Finite Playability and
Algorithms”’).

If that's a little confusing, consider reasoning in English as
an analogy. We have various traditional rules for inferring one
statement (the conclusion) from one or more others (the
premises). For instance, a very useful rule (called the “'syllo-
gism in Barbara’’) permits inferences like the following:

Given: All frogs are mortal (premises)
Fido is a frog
Therefore: Fido is mortal (conclusion)

The three statements (sentences) are, of course, complex
symbols built up out of words. But not every sequence of
words is a grammatical sentence, and ungrammatical sen-
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tences are not allowed. So we can think of grammar as anal-
ogous to the first game, for building up allowable complex
tokens (sentences) to be manipulated in the second game
(syllogistic reasoning, say). In other words, WFFs are like
grammatical sentences, and the WFF game is like the gram-
mar of the overall system.

1. the axioms should be true (preferably “obvious”); and
2. the rules should be truth preserving.

A formal rule of inference is truth preserving (valid) if and only
if: for any position containing only true WFFs, any new WFF
allowed by that rule will also be true. Hence whenever a system
has all true axioms and truth-preserving rules, it is guaranteed
that every WFF in every legal position is true as well—the truth
of the axioms is “preserved” every step of the way. In other
words, the formal theorems are all guaranteed true, which is the
whole point.

Earlier we noted that coherence is the basic principle of all inter-
pretation. How does that apply to interpreting formal systems?
The “reasonable sense’ side of coherence works just as before;
in particular, the letter game and axiomatic system examples again
illustrate the relevance of truth to sense. (In fact, since both these
examples are mathematical systems, they may somewhat over-
emphasize truth, if only by neglecting any other considerations.
But the texts generated by formal systems can make sense in all
kinds of ways—as questions, stories, poetry, or what have you—
a fact that is crucial to the hopes of Artificial Intelligence.)

The other side of coherence—the ““ordered text” requirement—
is more interesting: the rules defining the formal system introduce
an important new factor. Since the text to be interpreted is basically
the set of legal games, and since the rules determine what these
are, the rules effectively define the entire text. This means, in the
first place, that the texts are definitely not random or accidental:
whatever structure they exhibit is imposed on them by the rules
of the game (the rules are the reason or source of the structure).
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And, second, since the entire potential text is well defined at the
outset, the interpretation is responsible for all of it. That is, there
must be good reason (either empirical evidence or rigorous dem-
onstration, depending on the system) to expect that the scheme
would make sense of every legal game.

These two points, however, are mere groundwork for the fol-
lowing: if the formal (syntactical) rules specify the relevant texts
and if the (semantic) interpretation must make sense of all those
texts, then simply playing by the rules is itself a surefire way to
make sense. Obey the formal rules of arithmetic, for instance, and
your answers are sure to be true. This is the deep, essential reason
why interpreted formal systems are interesting and important at
all. Hence it deserves a memorable name and phrase:

FORMALISTS’ MOTTO: If you take care of the syntax, the se-
mantics will take care of itself.

Taking care of the syntax is simply playing by the rules; making
sense is what ““takes care of itself.” And that is how the “two
lives” of an interpreted formal system get together.

Computers
A computer is an interpreted automatic formal system—that is to
say, a symbol-manipulating machine.® This definition has two basic
clauses:

1. the referee and (at least some) players of some formal
system have been automated—they are black boxes that
automatically manipulate the tokens according to the rules;
and

2. those tokens are symbols—they have been interpreted,
so that the legal moves “‘make reasonable sense,” in the
contexts in which they’re made.

What an automatic formal system does, literally, is “'take care of
the syntax” (i.e., the formal moves). Therefore, in accord with the
Formalist's Motto (and given the interpretation), the system’s se-
mantics takes care of itself—automatically. In other words, a com-
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puter is precisely what Descartes said was impossible: a machine
that automatically makes sensible utterances in context.

The simplest example is a pocket calculator—an automation of
Athol’s letter game (but using more familiar numerals). Each new
starting position is entered with the buttons; and as soon as the
final token is entered (with the = button), the machine auto-
matically writes out (in the display window) the one and only
legal move for that position. And that move will be semantically
sensible (arithmetically correct) for the same reason as before:
namely, the interpretation scheme was acceptable in the first place
only because the legal moves all made sense (as interpreted).

The player and referee black boxes are the calculator’s electronic
guts; what they’re like internally, however, is utterly irrelevant
to the system'’s status as a computer. All that matters is that, as
black boxes, the components reliably produce the legal moves
(i.e., the ones consistently interpretable as correct calculations).
The innards of the device could be anything—mystic glowing
jelly—and the overall system would still be a perfectly good cal-
culator (we just wouldn’t understand how it worked).

Unfortunately, the calculator example is so simple that it ob-
scures an important problem. Even when carried out by hand,
arithmetic calculation is fully deterministic: every move is fully
determined by the rules alone; the ““player’” really contributes
nothing. But for more sophisticated systems, the rules are almost
never deterministic; hence the moves that actually get made are
in fact determined jointly by the rules and player(s) together—
the rules spell out the legal options, and the players then choose
from among them. So, in effect, there are two sources of order in
the resulting text: the rules” constraints and the players’ choices.

The principle of interpretation is always coherence: making
reasonable sense of ordered texts. If, however, there are two
sources of order in the text, then it may be that the interpretation
finds sense at two distinct levels—"‘basic” and “refined,” so to
speak. The basic sense (if any) would be that intelligibility guar-
anteed simply by following the rules; the refined sense (if any)
would be that further reasonableness exhibited in the players’
actual choices (finding interesting theorems, elegant proofs, or
something like that).
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Consider, for instance, a simple axiomatization of geometry or
high school algebra. The only constraint on its interpretation (as
described in the preceding section) is that all theorems—all WFFs
legally obtainable from the axioms—must come out true. That’s
the basic level of sense, in terms of which the interpretation is
defensible. But it says nothing about another level of sense, man-
ifested in which theorems are proved and how. Thus it would be
less than supremely “sensible” to sit around proving many of:

a=a,
ata=a-+ta,
ata+ta=a+a+a,
at+tatata=at+a+a+a.

... and so on, ad nauseam.

Though these are all perfectly true, checking out more than a few
would be gruesomely stupid, and toiling over a dozen or two
could win a trip in a padded wagon. A similar point goes for the
proofs themselves: absurdly convoluted and erratic demonstrations
of the most mundane theorems can be quite valid, though only
an idiot or lunatic would dream them up.

In such cases, of course, we distinguish between interpreting
the system itself (making its theorems true) and evaluating the
player (smart or stupid, sane or crazy, etc.). That is, we apportion
responsibility between the two sources of order, thereby recog-
nizing a division of semantic labor in accounting for the sensibleness
of the actual output. The formal rules (and axioms) are accountable
for the basic interpretability of the tokens and steps; the players
are accountable for any more refined reasonableness, such as
being interesting, goal-directed, clever, or what have you.

The point of saying all this, however, is to take it back—or
rather, to emphasize its limitations. The division of semantic labor
cannot be taken for granted: in fact, outside a narrow range of
cases, it seems to be impossible. When you and your neighbor
chat, for instance, the conversation makes sense (“coheres”) in a
number of subtle ways:
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Box 7
Formalization and the Division of Semantic Labor

The division of semantic labor and the corresponding double
level of sense depend on finding sufficiently powerful rules to
define the legal moves—since the "‘basic’’ interpretation
must depend on the order imposed by the rules alone. These
rules can be neither too loose nor too strict. If they were too
loose (too many legal moves), then texts constrained only by
them would not exhibit enough order overall to be consist-
ently interpretable. On the other hand, making the rules
overly restrictive (too few legal moves) also reduces the
usable order by simply curtailing the available text or by mak-
ing it all the same. (Recall the discussion of brief coded
messages in the section on interpretation.)

Mathematicians have found many sets of formal rules that
define systems interpretable as containing only truths about
some mathematical domain (and, moreover, “‘enough’’ truths
to support that particular interpretation nontrivially). When
such a system is discovered, we say the corresponding do-
main (or theory) has been formalized. Clearly formalization
depends on the division of semantic labor. Explicitly develop-
ing this conception of strict formalization, with the associated
notion of formal system, is among the crowning achieve-
ments of nineteenth-century mathematics.

Outside of mathematics and logic, however, sufficiently
powerful rules are very hard to find: many important topics
of discourse, from politics to engineering, from literature to
idle talk, stubbornly resist formalization, or even any decent
approximation. That’s not to say they will resist forever (one
can never tell); but there is little reason to be optimistic. For-
tunately, as we shall see, general formalization is not at all re-
quired for Artificial Intelligence.
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1. there tend to be common topics through groups of
utterances;

2. questions and objections tend to be relevant—and get
answered;

3. surprises get elaborated, whereas banalities are dropped;

4. suggestions are usually well motivated and apparently
feasible;

5. discussion inclines to what’s new and interesting (to you);

6. evaluations and judgments more or less fit the evidence
offered; and so forth.

Oh yes, and your statements tend to be true. But—and this is the
point—there is no (known) way to divide up this fabric of co-
herence so that one part (sufficient to support the interpretation)
can be guaranteed by formal rules, while the rest is attributed to
the players’ intelligence.

For manual formal systems, the distinction between the formal
constraints and the players’ choices is explicit and sharp. Hence
interpreting manual systems requires the division of labor: all
legal moves must make sense (as interpreted), regardless of who
makes them or why. Automatic systems, however, are different—
or, at least, they can be. An automatic system is an actual physical
device, with the game tokens, players, and referee all “built in”;
hence its actual net behavior and dispositions constitute a deter-
minate corpus (text), which may well be interpretable as it stands.
That is, even if there were no way to apportion responsibility
between rules and players so that the rules alone support a basic
interpretation, the integrated package as a whole still could exhibit
an interpretable order. Consequently, for automatic systems, it
may or may not be possible to divide the semantic labor; but, in
principle, it’s not necessary. Let’s compare the two cases.

Type A One can take a previously interpreted formal system
and “automate” it. Then its (automatic) outputs will still all abide
by the same formal rules and still all make sense according to
the same basic interpretation; so the original division of labor
remains. Of course these same outputs may also exhibit a more
refined order: assuming the system was nondeterministic to start
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with and assuming it was automated in a sophisticated manner
(““good” players), the outputs might be not merely consistently
intelligible, but also consistently clever, well motivated, interesting,
and all that.

Notice how neatly compatible this picture is with the automatic
chess-player sketched out in chapter 2. To be sure, chess tokens
are not interpreted, so there’s no “semantic” labor to divide. But
the problem of making “good” (as opposed to merely legal) moves
arises in chess as well; and the solution transfers right over. Thus,
imagine that the automated player of our interpreted system is
analyzed into two “inner players”: one lists all the legal moves
in the current position (all of which make basic sense, according
to the Formalists” Motto), and the other chooses something in-
teresting or clever from among them. In this simple case, then,
the division of labor would be concretely instantiated in the very
structure of the machine.

An actual automatic system, however, could be type A even if
it were not first conceived as an interpreted manual system and
then automated. What matters is whether you can find a set of
formal rules that effectively divide the semantic labor: they must
be permissive enough to legitimate any move the system would
ever make (i.e., the players abide by them), and at the same time
resrictive enough to support a basic interpretation. Or (to put it
another way) you must be able to distinguish, within the overall
interpretable order, some basic level of rule-defined “pure reason”
(logical validity, mathematical correctness, or whatever) from a
superimposed level of selective wit and insight. (I suspect that
science fiction writers may so often depict robots as superrational
because they can’t see beyond this type-A species of computer.)

Type B The really exciting prospect, however, is building systems
that don’t maintain the division of labor and are therefore not
restricted to domains where a suitable division (formalization)
can be found. A computer that conversed in ordinary English, for
instance, would (presumably) be interpretable only as a whole;
that is, only when the order implicit in the speaker’s choices (of
what to say) is imposed on the set of ‘‘legal moves” (grammatical
sentences, e.g.) does the output exhibit enough structure to sustain
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interpretation. Not surprisingly, many if not most contemporary
Al systems are generically type B.

GOFAI

Despite the name, not just any intelligent artifact would be Artificial
Intelligence—not in our sense, anyway. This is not to deny, of
course, that there are many theories of the mind, including in-
teresting non-Al mechanisms and computer models. The point,
rather, is to maintain conceptual clarity by keeping tight reins on
terminology. To mark the intended careful usage, I have capitalized
" Artificial Intelligence”” throughout; but, lest that not be enough,
or if someone else wants these words for another role, we may
also speak more explicitly of what I shall call Good Old Fashioned
Artificial Intelligence—GOFAI, for short.

GOFAI, as a branch of cognitive science, rests on a particular
theory of intelligence and thought—essentially Hobbes's idea that
ratiocination is computation. We should appreciate that this thesis
is empirically substantive: it is not trivial or tautological, but ac-
tually says something about the world that could be false. In other
words, not every scientific approach to intelligence need accept
it; and, in fact, a number of alternative accounts are being actively
investigated and developed in various laboratories today. Our
concern, however, is neither to explicate nor to evaluate any po-
tential rivals but only to note two consequences implicit in their
possibility. First, should any alternative (non-GOFAI) theory of
intelligence actually succeed, then it ought to be possible in prin-
ciple to build an intelligent artifact that works as the theory says;
but, by hypothesis, that artifact wouldn't be GOFAL

Second, and more interesting, given that same theory, it should
also be possible (in principle) to simulate that intelligence on a
computer—just as scientists routinely simulate everything from
hurricanes and protein synthesis to traffic jams and the black
market of Albania. Here the important point is that the simulating
system and the system being simulated do not work according
to the same principles: a hurricane is explained through laws of
aero- and hydrodynamics, but a computer is not. Rather, the
computer would work symbolically, often numerically, carrying
out calculations prescribed by those laws, in order to describe the
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hurricane correctly. A simulation of an intellect would likewise
“apply”’ the theory symbolically in order to describe the simulated
system'’s behavior, even though (by assumption) that system itself
works some other way (i.e., not symbolically). The thesis of GO-
FAI, however, is not that the processes underlying intelligence
can be described symbolically (a feature shared by hurricanes and
traffic jams), but that they are symbolic (which differentiates them
utterly from hurricanes and traffic jams).” So again the project
would not be GOFAL

More specifically, the claims essential to all GOFAI theories
are these:

1. our ability to deal with things intelligently is due to our
capacity to think about them reasonably (including sub-
conscious thinking); and

2. our capacity to think about things reasonably amounts to a
faculty for internal “automatic” symbol manipulation.

Two points follow immediately. First, inasmuch and insofar as
these internal symbol manipulations are intelligent thoughts, they
must be interpreted as about the outside world (i.e., whatever the
system deals with intelligently). Second, in being committed to
internal symbol manipulation, GOFAI is committed to at least
one level of analysis: that is, an intelligent system must contain
some computational subsystems (“inner computers”) to carry out
those “reasonable” internal manipulations.

Alas, the latter sound like homunculi. Have we simply fallen
back into the old trap of explaining intelligence by presupposing
it? Not quite; but the escape is trickier than it looks. Recall the
dilemma: if Zelda’s intelligence can be explained only by pos-
tulating an intelligent homunculus to manipulate her thoughts,
then nothing has been gained. For what explains the homunculus’s
intelligence? Putting it this way, however, conceals two surrep-
titious assumptions that turn out to make all the difference. First,
it assumes that Zelda has only one homunculus, instead, say, of
a large team of cooperating specialists. Second, it assumes that
the homunculus must be just as smart as Zelda herself (or at least
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that explaining his intelligence would be just as hard as explaining
hers). But neither of these assumptions need be true.

It's easy enough to imagine dozens (or maybe thousands) of
independent homunculi, all somehow organized and working to-
gether, collectively managing Zelda’s psyche. And, given that, it’s
also easy to suggest that each individual homunculus can be rel-
atively narrow-minded—Zelda’s net wits emerging only cumu-
latively from all the separate contributions, plus their systematic
organization. Finally, of course, such homuncular analysis can be
repeated on many levels: each narrow homunculus might itself
comprise a team of still straighter colleagues; and so on.? Still,
this is more metaphor than science. How, one wants to ask, can
there be any intelligence at all (narrow or otherwise)? Until that
has been answered, nothing has.

Enter computers. We know at the outset that deterministic formal
systems are no problem to automate; and, if interpreted, the inter-
pretation will carry right over. We saw in chapter 2 (under “Au-
tomatic Systems’”) how a nondeterministic system (chess) could
be automated as a composite of inner deterministic systems. In
particular, we saw how one and the same inner system could be
regarded from one point of view as performing an algorithmic
calculation (e.g., of the value of some formula) and from another
point of view as making somewhat clever (though fallible) heuristic
decisions (e.g., about good chess moves). Finally, we noted above
how that chess-machine structure transfers directly to a type-A
computer: the rules support a basic interpretation, and the heuristic
decisions superimpose a further “‘somewhat clever”” order on the
actual text. Thus we have, or at least appear to have, a machine
with some intelligence.

This ‘“nose in the tent”” settles the issue, on one condition: that
homuncular analysis can fill the gap between it and “full” in-
telligence. In outline the proposed solution is clear: given systems
with a little intelligence, we can organize them into coordinated
teams with higher and higher intelligence—including eventually
type-B computers—as informal and flexible as you please. Un-
resolved, however, is what counts as “‘some” (or less or more)
intelligence for the purposes of this argument. Homuncular anal-
ysis only works if the “inner players” get less and less bright



115 Semantics

Box 8
Internal Semantics and Reinterpretation

"’One day, Bob's car died. When he couldn’t restart it, he
opened the hood and poked around. Then he noticed a loose
wire. He quickly reconnected it and got back on his way."”
Bob behaved intelligently. Moreover, we can explain how he
did that by showing how he acted rationally, in the light of
various things he saw, knew, inferred, desired, intended, etc.
about his car. The GOFAI approach to intelligence is basically
inspired by examples like this—though, of course, a full sci-
entific account would mention many more states and pro-
cesses, including unconscious ones.

Importantly, all the internal cognitive states cited in the ac-
count are about (mean, refer to) things the system is dealing
with—the car, for example. That’s crucial in relating the be-
havior intelligently (i.e., via the reasoning) to the circumstan-
ces. Accordingly, it imposes a constraint on how the thought
symbols manipulated by the inner players can be interpreted:
they (many of them) must be construed as being about things
in the outside world.

In a functioning system, however, there could also be other
kinds of symbols running around. The cooperating inner play-
ers, for instance, might coordinate their activities by sending
internal messages about who should do what when. These
messages would be symbolic (have meanings), but only
about internal business—not about the outside world. (In
computer terms, memory addresses, procedure names, etc.,
would fall in this category.) Interpreting such symbols is inter-
nal semantics.

The interpretation of a symbol can depend on the level of
analysis. For instance, if one inner specialist needs informa-
tion about spark plugs, she might ask another specialist—the
librarian—to look it up for her. We must interpret the symbol
she hands him as meaning “‘spark plug’’ if we're to under-
stand its role in thoughtful problem solving. But when we
analyze the librarian himself, that same symbol has nothing to
do with spark plugs: for him it functions only as an (internal)
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label for the required article. Thus, in changing explanatory
contexts, the symbol itself gets reinterpreted. (A similar shift
occurs when we regard a single procedure as both a heuristic
and an algorithm.)

(down to zero); equivalently, building up from the bottom only
works if it can get above zero (and then keep going). But by what
standard are these judgments made? As near as I can tell, there
is only one: if a GOFAI analysis of real (human-like) intelligence
into primitive computations someday succeeds, then that analysis
itself constitutes a relevant standard of more and less intelligent—
namely, up and down the hierarchy. Until that time, we are stuck
with hunches and shaky intuitions.

In other words, we won't really know the answer until we really
know the answer. That’s not as bad as it sounds: the question as
it's now put is entirely scientific. All the old “metaphysical” (i.e.,
conceptual) homunculus riddles are cleared away, in anticipation
of empirical results—and that’s progress.

Is GOFAI too narrow? My definition of GOFAI while leaving
lots of room for discovery, variety, and difference of opinion, is
nevertheless comparatively strict: it rules out a significant range
of contemporary research, including much that relies heavily on
computer models and even some that calls itself Al. Yet how dare
I legislate? Do I presume—in the worst tradition of philosophy—
to tell scientists what to work on? Not at all! I delimit GOFAI
only as my own present topic, with no insinuation as to the merits
of what does or does not fall within it. I have, of course, motives
for this particular choice of topic, including:

1. The great bulk of work called Al over the past quarter-
century in fact fits my characterization of “Good Old
Fashioned” Al (except that some of it pretends no relation
to human psychology).

2. The body of research encompassed and inspired by GOFAI
is widely regarded as the most worked out in detail, the
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most powerful in theoretical resources, and the most suc-
cessful in application that psychology has ever known.

3. There are intuitive, long-standing, positive reasons to find
the GOFAI framework attractive, even compelling.

4. Finally, the more focused the topic (provided it's not overly
idiosyncratic or arcane), the easier it is to say true and inter-
esting things.

None of these means that GOFAI is “right”” but only that it’s
worth discussing; and my only intent in “ruling out” alternatives
is to sharpen that discussion.

Paradox and Mystery Dispelled

A GOFAI system has an inner playing field, on which inner tokens
are arranged and manipulated by one or more inner players under
the supervision of an inner referee. These inner token manipu-
lations are interpreted as the thought processes by virtue of which
the overall system manages to make sense and act intelligently.
In other words, the overall intelligence is explained by analyzing
the system into smaller (less intelligent) components, whose ex-
ternal symbolic moves and interactions are the larger system'’s
internal reasonable cognitions. That’s the paradigm of cognitive
science.

Since the inner players manipulate meaningful tokens reason-
ably, they are homunculi. We have defused the traditional infinite-
regress objection (homunculi within homunculi .. . forever) by
suggesting that the homunculi get dimmer, stage by stage, until
the last have no intelligence at all. But that does not yet resolve
the more basic paradox of mechanical reason: if the manipulators
pay attention to what the symbols mean, then they can’t be entirely
mechanical because meanings exert no mechanical forces; but if
they ignore the meanings, then the manipulations can’t be in-
stances of reasoning because what’s reasonable depends on what
the symbols mean. Even granting that intelligence comes in de-
grees, meaningfulness still does not; that is, the paradox cannot
be escaped by suggesting that tokens become less and less sym-
bolic, stage by stage. Either they're interpreted, or they aren’t.’
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A different fundamental strategy is required here: not analysis
but redescription, seeing the very same thing from radically dif-
ferent points of view and thus describing it in radically different
terms. Of course one cannot “‘redescribe’ capriciously; there must
be some basis in the phenomena for each mode of description.
For instance, a certain procedure is an algorithm for computing a
certain formula, if it infallibly produces the right answer in finite
time; that same procedure can be redescribed as a heuristic for
estimating chess moves, if that formula determines (fallible but
fairly reliable) move strengths. The redescription depends on this
feature of the formula.

Interpretation is redescription grounded in the coherence of a
text. For computer interpretation the foundation of semantic re-
description is the Formalists’ Motto: ““You take care of the syntax,
and the semantics will take care of itself.” In other words, inter-
pretations are legitimate just in case the formal rules suitably
constrain the formal moves. The paradox is then resolved by
associating its two sides with the two different modes of descrip-
tion. From one point of view, the inner players are mere automatic
formal systems, manipulating certain tokens in a manner that
accords with certain rules, all quite mechanically. But from another
point of view, those very same players manipulate those very
same tokens—now interpreted as symbols—in a manner that ac-
cords quite reasonably with what they mean. Computational ho-
munculi can have their meanings and eat them too.

Unfortunately, this “solution” is seriously incomplete because,
as stated, it works only for type-A computers. Specifically, the
Formalists” Motto presupposes the division of semantic labor that
defines type-A computers. For that division is just the identification
of a set of formal /syntactical rules strong enough to sustain inter-
pretation; and the Motto appeals to just such rules. Consequently,
we just go another round and exploit homuncular analysis after
all.

Imagine a player, call him Pierre, who is analyzed without
remainder into a team of inner players, an inner referee, and a
field of inner tokens. Imagine further that each of these inner
components is known to be (when described from the right point
of view) fully mechanical. Then Pierre too is (i.e., can be seen as)
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fully mechanical. At the same time, however, these same inner
players (seen differently) may also be manipulating Pierre’s inner
symbols more or less intelligently. Accordingly, they may be con-
tributing more “meaningful order” to the actual inner text than
is imposed by any formal rules they all follow—an order that
might well be necessary for that text to be interpretable at all. In
that event, Pierre is a type-B computer, but still redescribable as
fully mechanical, via the analysis.

This of course leaves open the question of whether all type-B
computers—native English speakers, say—are so analyzable, and
if so, how. Devising and testing such analyses is bread and butter,
workaday Al it’s what the scientists do. The extent to which they
will succeed cannot be told in advance; but, as with homuncular
regress, the conceptual, philosophical problem is now solved by
rendering it empirical and scientific: mechanical reason is para-
doxical no more.

The mystery of original meaning—Hobbes’s problem in telling
minds from books—is older and deeper. In this chapter meaning
has been introduced entirely in terms of semantic interpretation
and the principle of coherence. The basic idea works equally well
for ancient inscriptions, secret codes, foreign languages, formal
systems, and (presumably) brains: if an ordered text consistently
comes out making reasonable sense, then the interpretation is
vindicated. Notice that this is perfectly neutral between original
and derivative meanings. Thus, suppose some special brain sym-
bols had original meaning and all other meaningfulness derived
therefrom. Still, interpreting these would be no different in principle
from any other interpretation. To be sure, it would be conceived
as a discovery process, figuring out meanings that are already there
(like “cracking’”” somebody else’s language or code), and not as
an act of stipulation (like “giving” an interpretation to a new
notation or code). But the canon of success is essentially the same
whether the meanings are original or derivative.

The questions remain: Which symbolic systems have their
meanings originally (nonderivatively) and why? These are related.
If we understood why brain symbols have original meaning (as-
suming they do), then we could better tell which other symbols
(for instance, those in GOFAI systems) might have original mean-



120 Chapter 3

ing too, and vice versa. Hence we can pursue our interests in
both Al and philosophy by asking more closely about minds and
books.

The most conspicuous difference between book symbols (printed
words) and brain symbols (thoughts) is that book symbols just
sit there, doing nothing, while thoughts are constantly interacting
and changing. But that by itself can’t be the crucial difference,
since book-like symbols can also be interactive and variable.
Imagine printing individual word tokens on thousands of tiny
floating magnets or on the backs of busy ants. The resulting phys-
ical symbols would interact vigorously and form various amusing
combinations; but their meanings would still be just as derivative
(from us) as those of any lines inked quietly on a page.

Nevertheless, this may be on the right track. Consider writing
the following premises on a piece of paper:

All frogs eat insects.
Fido is a frog.

Nothing much happens. More revealing: if we set them out on
magnets or ants, then plenty of activity might ensue, but most
likely nothing interesting about frogs or insects. In sum, the be-
havior of such symbols (independent of our manipulations) is
quite unrelated to what they mean. By contrast, if we got those
premises into somebody’s head (say, in the form of beliefs), then
a new complex symbol would very likely appear—and not just
any new symbol, but specifically a valid conclusion about Fido
and insect eating:

Fido eats insects.

And that’s exactly the sort of fact that inclines us to suppose that
people understand their thoughts, whereas paper and floating
magnets are utterly oblivious.

So the important difference is not merely that thoughts are
active, but that their activity is directly related to their meanings;
in general, the changes and interactions among thought symbols
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are semantically appropriate. Accordingly, I say that thought sym-
bols are semantically active, in contradistinction to printed or mag-
netic symbols, which are semantically inert (even if they’re “active”
in other ways that are semantically irrelevant). The only times
when the meanings of semantically inert symbols make any dif-
ference are when they interact with users (e.g., people writing or
reading them). Such symbols have no effect at all, as meaningful
entities, apart from the way users take them to be meaningful;
and that, surely, is why their meanings seem only derivative.

Furthermore, semantically active symbols are prima facie can-
didates for original meaning. For when they interact with one
another, they do so independently of any outside user; yet their
interactions remain consistently appropriate to what they mean.
And that suggests that those meanings are somehow ““there,” in
the active symbolic system itself, regardless of whether or what
anyone else takes them to be.

Of course calling the symbols active is a literary conceit. Expressed
more carefully, ““active” symbols are the interpreted states or parts
of an integrated system within which they are manipulated au-
tomatically. Thus thought symbols could only be appropriately
active in the context of numerous brain processes that respond
to them, affect them, and generally mediate their relations in
various standard ways. Only if we hide all such processes backstage
do the thoughts look active all by themselves.

Now, however, the plot thickens, for we have just described a
computer. In the context of the overall system, the interpreted
tokens interact with one another—Ileading to and constraining
changes in subsequent positions—all entirely automatic and se-
mantically appropriate. The player and referee components can
be hidden backstage or brought into the limelight, as the occasion
demands. But, in either case, the system as a whole manipulates
the tokens in ways appropriate to what they mean, with no in-
tervention from outside users; and that’s semantic activity.

Does this mean that the mystery of original meaning is resolved?
It's hard to say. Let’s close the chapter by comparing two examples
from opposite extremes of interpreted automatic systems. The first
is our tiresome pocket calculator: it automatically manipulates
numerals in a way that is semantically appropriate, since it always
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gets the right answers. But it would be tough to maintain that
this crude and limited device manages to refer to numbers all by
itself—quite apart, that is, from how we use it. In some intuitively
compelling sense, it “has no idea” what numbers are. It can't
count; it can’t explain anything it does; it can't tell a proper fraction
from a buffalo chip; and it doesn’t care. All it can do is crank
through four mindless algorithms, depending on which buttons
are pushed. A number of considerably more elaborate systems,
such as automatic bank tellers, word processors, and many com-
puter games, belong in essentially the same category.

The opposite example is the GOFAI system of fondest fiction.
By hypothesis, such systems are ensconced in mobile and versatile
bodies; and they are capable (to all appearances anyway) of the
full range of “human” communication, problem solving, artistry,
heroism, and what have you. Just to make it vivid, imagine further
that the human race has long since died out and that the Earth
is populated instead by billions of these computer-robots. They
build cities, conduct scientific research, fight legal battles, write
volumes, and, yes, a few odd ones live in ivory towers and wonder
how their “minds” differ from books—or so it seems. One could,
I suppose, cling harshly to the view that, in principle, these systems
are no different from calculators; that, in the absence of people,
their tokens, their treatises and songs, mean exactly nothing. But
that just seems perverse. If GOFAI systems can be developed to
such an extent, then, by all means, they can have original meaning.

What lesson do we draw from these cases? The quick and dirty
(but not necessarily false) surmise would be that they are the
ends of a continuous spectrum: calculators have quite minimal
semantic activity and a correspondingly minimal amount of orig-
inal meaning, whereas our super robots have a full complement
of each. A variation on that simple theme would be to accept the
continuum but require a certain minimum threshold of semantic
activity before acknowledging any original meaning at all. Both
versions take “originality” of meaning to come in degrees and
then more or less abandon the issue to a dubious “slippery slope.”

A more interesting prospect might be this: only semantic activity
of certain sophisticated or advanced kinds, or with certain dis-
tinctive characteristics, can suffice for genuine original meaning.
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In that case both philosophical and scientific questions would still
want answers: What are these special kinds or characteristics,
what makes them so special, and can we build GOFAI systems
that have them? In chapters 5 and (especially) 6 we will explore
several aspects of intelligent systems that may bear on the first
and second of these questions; but the third question mostly re-
mains open. Thus a final option regarding the above examples is
flat rejection: perhaps the robot scenario is in fact impossible, and
something quite different from semantic activity is required for
original meaning.

The mystery of original meaning, evidently, is battered but not
down. The notions of semantic activity and automatic computation
make it seem a whole lot less mysterious; yet the uncertainty in
identifying just what makes the difference, and why, leaves the
matter somewhat unsettled. This much, however, is clear: we
shall get no further without additional conceptual and factual
tools. We now turn to a more specific review of the structures
and kinds of computers, followed by a survey of actual research
and discoveries in Artificial Intelligence.
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Computer Architecture

Babbage and His Analytical Engine

People too often assume that computers are all essentially alike
and then they can imagine only one basic design for Artificial
Intelligence (or the mind). But computers differ dramatically from
one another, even in their fundamental structure and organization.
In this chapter we will sample several different general architec-
tures, savoring just enough of each to bring out its own special
flavor. The point is not to canvass candidate psychological
arrangements—we’re not yet contending for that lofty honor—
but rather to illustrate how much machines can vary and to see
what some of the theory is like.

As far as we know, the automatic digital calculator was invented
around 1623 by an obscure German astronomer named Wilhelm
Schickard (1592-1635). I say ““as far as we know’’ because nobody
knew about Schickard’s invention until recently, and who knows
what else may still be lost. The first publicized calculator was
built some twenty years later by the French philosopher Blaise
Pascal (1623-1662), after whom a popular programming language
is now named. His device caused quite a stir, even though it could
only add and subtract, and only clumsily at that. Predictable im-
provements followed in due course—most notably multiplication
and division, introduced in the 1670s by the German philosopher
Gottfried Leibnitz (1646-1716)—but nothing very exciting hap-
pened for a couple of centuries.!

England’s Charles Babbage (1792-1871), history’s first computer
scientist, was also a classic eccentric genius—notorious, among
other things, for an obsessive hatred of organ grinders. Trained
as a mathematician, and for nine years Lucasian professor of
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mathematics (Newton’s chair at Cambridge), Babbage never ac-
tually taught a course or even moved to the University from
London. Intellectually, he was as versatile as he was pioneering,
making original contributions not only in mathematics, but also
in precision metalworking (his shop was among the finest in Eu-
rope) and in what we now call operations research (he wrote one
of its earliest systematic treatments). But, above all, Babbage is
remembered for his calculating engines.

In fact, he designed two quite different machines. The first (ca.
1823-1833), called the Difference Engine, is not terrifically im-
portant, though it was certainly innovative and potentially useful.
Many components and even prototypes were built, but no Dif-
ference Engine was ever actually completed, for several reasons.
First, critical tolerances made construction very expensive (hence
the fine machine shop); second, Babbage kept improving the de-
sign, requiring constant modification and rebuilding; and third,
sometime around 1833 his imagination was seized by a more
elegant and far grander scheme.

The new Analytical Engine occupied Babbage for the rest of his
life and was his crowning achievement. Its design incorporates
two utterly profound and unprecedented ideas, which together
are the foundation of all computer science:

1. its operations are fully programmable; and
2. the programs can contain conditional branches.

Like the Difference Engine (and for similar reasons), the Analytical
Engine was never finished, although nearly a thousand technical
drawings, timing diagrams, and flow charts were prepared, along
with six or seven thousand pages of explanatory notes. Moreover,
quite a number of parts were made, and a substantial model was
under construction when Babbage died (at age seventy-nine).’
For many years, however, the only published account of the
new Engine was a little “memoir” with an engaging history of
its own. In 1842 L.F. Menabrea, an Italian engineer, published
(in French, but in a Swiss journal) a summary of some lectures
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Babbage had given privately in Naples. The following year Ada
Augusta, a gifted young protégé of Babbage’s (and later Countess
of Lovelace), translated it into English—adding, with the master’s
encouragement, a few explanatory footnotes. These “'notes” turn
out to be three times longer and considerably more sophisticated
than the original article. Though Babbage probably supplied some
of her material, it seems certain that Lady Lovelace understood
his work better than did anyone else in his lifetime; the powerful
new language Ada has been named in her honor.?

The Analytical Engine has three major components: the mill
(an arithmetic unit), the store (data memory); and a sequencer/
controller unit, for which Babbage provided no name. The tokens
manipulated in the system are signed numerals, and the playing
field is essentially the store. The mill can perform the four standard
arithmetic operations, using any indicated locations in the store
for operands and results. Thus, using our earlier terms, we can
think of the mill as a team of four rather limited “inner players,”
one for each primitive ability. And the controller, then, is the
inner referee, never manipulating tokens itself, but only telling
the players when and where to exercise their respective talents;
that is, it calls on them, one at a time, saying which numerals to
work with and where to put the answer. Every move is fully
determined.

But what ““game’” does the Analytical Engine play? What are
the rules? What determines the instructions that the referee issues
to the players? These are all the same question, and the answer
is the key to the whole brilliant concept. Within certain limits,
the Analytical Engine will play whatever game you tell it to. That
is, you specify the rules (in a particular manner), and the referee
will see that the players abide by them. So just by handing the
referee different “’definitions,” you can make the Analytical Engine
be any automatic formal system you want (within its limits).

This remarkable exercise, making a specific automatic system,
simply by describing it appropriately for a general purpose system,
is called programming. It is one of the most powerful ideas in the
history of technology, and Babbage invented it all by himself.

Compare an ordinary calculator. It can perform the same four
operations, but you have to enter each command manually, each
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The Mill

Analytical Engine, top view
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step of the way. If you want to evaluate 3(x + y) — 5, for given
x and y, you must first add the two data, then multiply their sum
by three, and finally subtract five from the product. If you need
the value for various givens, you must go through the whole
sequence, step<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>