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ARTICLES

UNDEBUGGABILITY AND

COGNITIVE SCIENCE

A resource-realistic perspective suggests some indispensable features for a
computer program that approximates all human mentality. The mind’s
program would differ fundamentally more from familiar types of software.
These features seem to exclude reasonably establishing that a program
correctly and completely models the mind.

CHRISTOPHER CHERNIAK

A central tenet of much recent work in cognitive sci-
ence is a commitment to realism about the agent’s re-
sources. Perhaps there is something mean-spirited
about challenging presuppositions that human beings
have unbounded potentialities, but a theory, however
normative or regulative, that proceeds on an assump-
tion that people have God's brain seems at least inter-
estingly incomplete. What is sought are models that are
both computationally and psychologically realistic, as
well as neurally and genetically realistic.

Starting with such a resource-realistic framework,
this article explores some properties we can now ex-
pect to be inextricable from any computer superpro-
gram that purports to represent all of human mentality.
A complete computational approximation of the mind
would be a (1) huge, (2] “branchy” and holistically
structured, and (3) quick-and-dirty (i.e., computation-
ally tractable, but formally incorrect/incomplete)

{4) kludge (i.e., a radically inelegant set of procedures).
The mind’s program thus turns out to be fundamentaily
dissimilar to more familiar software, and software, in
general, to be dissimilar to more familiar types of ma-
chines. In particular, these properties seem inherently
to exclude our reasonably establishing that we have
the right program. In this way, the full mind's program

Earlier drafts of this article were read as a public lecture at Wichita State
University, Wichita, Kansas, October 1986; at the University of Minnesota
Center far Philosophy of Science, Minneapolis, February 1987; and at the
AAAI/UMIACS Workshop on Theoretical Issues in Conceptual Information
Processing, Washington, D.C., June 1987.

appears to be a type of practically unknowable thing-
in-itself.

Generally, cognitive science seems to presuppose the
manageability and feasibility of such a total mind’s pro-
gram. For example, one of the current standard text-
books of artificial intelligence (Al) begins, “The ultimate
goal of Al research (which we are very far from achiev-
ing) is to build a person, or, more humbly, an animal”
[12, p. 7]; that is, to construct a program for the entire
creature. A standard ground plan is then enumerated,
including input modules for vision and language, then
deduction, planning, explanation, and learning units,
and, finally, output modules for robotics and speech.
An important example from the philosophical side of
cognitive science has been Fodor's thesis that psycho-
logical processes are typically computational, and so
that much human behavior can only be explained by a
computational mode] of cognition (see, e.g., [21], espe-
cially chap. 1).

A strong tendency to posit “impossibility engines”"—
profoundly unfeasible mental mechanisms-—has not
been confined to the most abstract reaches of philoso-
phy. It seems to be a pervasive, unnoticed, but problem-
atic element of methodology throughout mind/brain
science, even when that field is explicitly taken ta ex-
tend all the way down to neurephysiology and neuro-
anatomy. The most extreme philosophical case I know
of is the deductive ability presupposed by conventional
rationality idealizations.” Standard rationality models
require the agent to be some sort of perfect logician; in
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* I have discussed this example in {13, chaps. 1 and 4].
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particular, to be able to determine in finite time whe-
ther or not any given formal sentence is a first-order
logical consequence of a given set of premises. Half a
century ago, however, Church’s theorem showed that
the predicate calculus was undecidable—that is, no
algorithm for this task is possible. What surprised me
most about this simple observation was at a metalevel:
T could find no previous discussion of the point. Now,
what would explain not even raising the question,
“Does the ideal agent’s perfect logical ability have to
exceed even that covered by the classical unsolvability
theorems?” One explanation would be the ultimate in-
attention to scale: not distinguishing between an agent
under the usual constraints of the absolute unsolvabil-
ity results—finite space and (for each input) run time—
and some more highly idealized reasoner that could not
even in principle employ any algorithm.

A less extreme philosophical example of inattention
to scale of resources can be seen in some of the compu-
tational costs implicit in perfect “charity” of interpreta-
tion along conventional Quine-Davidson lines,> where
the fundamental methodological principle is that (ex-
cept for “corrigible confusions”) an agent must be re-
garded as maintaining perfect deductive consistency.
Figure 1 reviews the literally cosmic resources con-
sumed by the agent merely maintaining full truth-
functional consistency, a “trivially” decidable problem.
Quite moderate cases of the task would computation-
ally hog-tie a rather physically ideal truth-table ma-
chine to an extent so vast that we have no familiar
names for the numbers involved.

Our basic methodological instinct, at whatever ex-
planatory level, seems to be to work out a model of the
mind for “typical” cases—maost importantly, very small
instances—and then implicitly to suppose a grand in-
duction to the full-scale case of a complete human
mind. Cocktail-party anthropology would deride
Hottentots for allegedly counting “1, 2, many”; the
methodology of mind /brain science seems unthink-
ingly to approach “1, 2, 3, infinity.” The unrealism re-
garding resources that [ am suggesting is still pervasive
is an inattention to scale, in particular, to consequences
of scaling up models of the mind /brain. (As a more
moderate example, this scale-up difficulty lurks in the
familiar microworlds approach to the problem of
knowledge representation in Al—that is, the divide-
and-conguer strategy of beginning with small, tightly
constrained domains of total human common sense for
formalization.?) Perhaps overlooking limits to growth of
models is part of our Cartesian heritage, stemming from
the picture of mind as a substance that has spatial di-
mensions no more than do mathematical structures.

# For explanation of the idea of charity of interpretation of an agent, see [18]
and [47].

® Dreyfus has attacked the microworlds methodology [20] along lines different
from the present discussion. Among other things, he argues that total human
commonsense knowledge cannot typically be separated into such autonomous
zones and that commonsense understanding is indefinitely articulable. It is, so
to speak, “everywhere dense,” like the real-number plane: Between any two
areas, or points, there is always another area.
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BIG TEXTS

Suppose we take seriously the working hypothesis of
computational psychology, that a major part of the hu-
man mind is a cognitive system of rules and representa-
tions, captured by some programlike object (one para-
digmatic model would be Fodor's language of thought
hypothesis). One way of looking at this framework as-
sumption is simply to note that this program, as a syn-
tactic object, is text that has a size. That is, we can ask,
“how big is the mind's program?"* It may seem unnatu-
ral to ask such a question if one does not distinguish
between a concrete algorithm and the corresponding
abstract function (asking the size of a mathematical
function seems as much a category mistake as asking
how much the number 15 weighs). Moreover, individ-
uating such cognitive elements as beliefs and concepts
is a notoriously messy business.

This “mind as warehouse” approach is rather primi-
tive, but some evidence that the mind’s storage capaci-
ties are not unlimited can be found in the renowned
overflow phenomena of information explosion. For in-

Test of truth-functional consistency of the belief set::
truth—table method; and

FIGURE 1. Costs of Truth-Functional Consistency Tests

* Similar questions have sometimes been raised in Al with answers that agree
fairly well with the estimates here. Minsky asserted that one million “ele-
ments of knowledge” would suffice for a machine with “very great intelli-
gence” [42, p. 26]. Some medical Al workers have estimated a million facts (of
only 10 Lisp words each) to be needed for internal medicine, and a million
more for all the medical specialties {46]. In his production-system model of
cognition in {3), Anderson asserts that an adult human being's “production
memory” should contain between tens of thousands and tens of millions of
production rules or procedures (there is also a large long-term declarative
knowledge memory). Again, in an Al context, Lenat claims that, in their
higher level analogical reasoning, people employ “perhaps a million distinct
memaries of objects, actions, emotions, situations, and so on” (36]. Lenat's
current project is the construction of a large computer knowledge base of the
real-world facts and heuristics contained, as commonsense knowledge. in a
typical 30,000-arlicle, une-volume desk encyclopedia (for comparison, Lenat
claims the Encyclopedia Britannica contains nine times as many articles). He
estimates this project will require about 300 programmer-years and one de-
cade [37].
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stance, the preface to the famous 1910 edition of the
Encyclopaedia Britannica states the following:

Whereas two or three centuries ago a single mind was able
to acquire and retain in some one particular field of knowl-
edge . .. nearly all that was worth knowing, and perhaps a
good deal of what was best worth knowing in several other
fields also, nobady now-a-days could, whatever his industry,
cover more than a small part of any of those fields. [8]

Sixty years later the mathematician S. M. Ulam re-
ported estimates that 200,000 theorems were published
in recognized mathematical journals per year. He wor-
ried about the fact that “the number of theorems is
larger than one can possibly survey . ..” and that
“there is probably not one mathematician now living
who can even understand all of what is writlen today”
[56, pp. 287-291]. (Indeed, one wonders whether cogni-
tive science itself has any better prospects of manage-
ability.} In contrast to the Baconian ideal that “all learn-
ing is my province,” or Peircean vistas of limitless
acquisition of knowledge, our contemporary worldview
seems to acknowledge the idea of an upper bound on
the size of a human cognitive system.

TABLE . Big Texts

Let us first consider the relative size of some uncon-
troversial textual objects—books, libraries, software,
and so on—despite the apples-and-oranges problem of
commensurability of the diverse types of items in-
volved (see Table I). With these quantities in mind, we
can begin to grope toward some sort of crude numero-
logical estimates of the approximate maximum size of
the mind’s putative program (perhaps within a couple
of orders of magnitude). For the sake of argument, we
assume some of the conventional cognitivist picture of
the overall ground plan of a cognitive system as a con-
venient approximation.

The mind'’s dictionary for a normal adult’s spoken
vocabulary might range as large as an undergraduate’s
abridged Webster’s Collegiate. (Although a 10,000-word
active vocabulary is typical for a high-school graduate,
a good reader can understand at least four times as
many.®) We will also allow a “mentalese dictionary” of

3 The average eight-year-old child can recognize over 14,000 root words; this
works out, beginning at 18 months, to vocabulary growth at about 5 new
words per day {see [10) and {41]).
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similar size for the internal language of thought (see
Table 1I). We next include a corresponding mind’s en-
cyclopedia of the individual’s basic factual information,
commonsense knowledge, etc. This will be assigned as
many entries as the two dictionaries combined, which
is comparable to the size of actual encyclopedias. No
mind could be complete without an additional personal
history, an episodic memory of its own idiosyncratic
microevents: Suppose one actually does “learn some-
thing new every minute.” On average, the mind will
gain one long-term memory in each 1-minute short-
term memory cycle. (Haber reported that subjects’
memory for over 2,500 pictures presented 1 every 10
seconds to be “essentially perfect” 1 hour afterward.
Standing then showed that some subjects maintained
90 percent recognition accuracy days after viewing
10,000 pictures [28, 53]). In a 70-year life span (which
equals 36,000,000 minutes), with one-third spent in
dreamless sleep and nine-tenths of this stream of con-
sciousness forgotten, over two million episodic memo-
ries could still accumulate. Finally, falling back on the
old yin/yang of a fact/value distinction, T will add a
goal structure that is of the same order of size as the
mind’s encyclopedia. (Procedural know-how, heuristic
rules, etc., will just be subsumed within these declara-
tive knowledge structures. Generally, the algorithmn /
data structure distinction will not be observed here;
the debuggability predicaments of each are, for our
purposes, similar.)

TABLE il. Estimating the Size of a Human

If we consider the perceptual abilities of a human
being, the well-read person can learn 50,000 ideograms
for written Mandarin Chinese (although 5,000 suffice as
“basic Chinese” for reading a newspaper). Similarly,
chess experts seem to work with a perceptual pattern
set of about 30,000 board situations [50]. A Mandarin-
reading chess player (perhaps even multilingual) who
manages to find his or her way around town, recogniz-
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