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Most work on computation deals with its structural aspects|what it is composed of, how the individual
elements work in isolation and how they are connectedto one another, how best they can be implemented by
a physical systems, etc.|in sum, it concerns itself with a proximate account of computation's mechanisms.
We argue that, though that kind of work is of course indispensable, computation cannot be understood or
even properly de¯ned if it is not placed in the context of the evolutionary feedback loop that brought it into
being and contin ually monitors its adaptiv e ¯tness with respect to its ultimate goals within the organism
that employs it.

Far from treating it as an optional, somewhat marginal activit y, this viewpoint assignsto unconventional
computing a fundamental role in the above evolutionary process,namely, to generate and support through
their initial stages those variations |those experiments and explorations|that will then be evaluated by
evolution's di®erential-surviv al engine.

1 In tro duction

Nothing seemedto me more apt, as a banner for the ¯rst
issueof this International Journal of Unconventional Com-
puting, than to paraphraseDobzhansky'scelebratedstate-
ment about the uniqueexplanatory power of Darwinian evo-
lution. 1 A more conventional title for this paper might have
been, of course, \Wh y unconventional computing?" But
we have no need to ask rhetorical (and somewhat apolo-
getic) questions. The reasonsfor unconventional compu-
tation come to the forefront by themselves as soon as we
answer the really fundamental question, \Wh y should we
(or anything else in the world, for that matter) bother to
compute at all?"

My plan, then, is to do justice to the latter question ¯rst.
From the perspective thus acquired we'll then look at rep-
resentativ e topics in unconventional computing, noting how
much evolutionary history provides a perspective to scien-
ti¯c contents.

2 The food of life

We eat, of course, in order to stay alive. (A reminder of
this intimate connectionbetweenfood and survival is given
by the English verb \to starve," which, originally meaning
just \to die, for any reason," soon took on the more spe-
cialized meaning \to die for lack of food.") If we disregard
for a moment the role of food as a source of raw build-
ing materials|needed only for bodily growth or to replace
occasionallosses|the chief function of food is to somehow
keepthe wholeworks running, day after day. What is food's
essential ingredient, and in what manner doesthis ingredi-
ent support life?

In this section I'll argue that food's essential ingredient
is predictabilit y |a form of entropy. In the next three, that
the chief use of predictabilit y is to power life's operative
instrument, namely, computation.

1 \Nothing make sense in biology except in the ligh t of
evolution."[17 ].

By the end of the 1700s, industrial machinery with its
the ever-hungry furnaces, as well as Lavoisier's quantita-
tiv e experiments on the metabolism of living things, had
made it clear that, like industrial plants, we use food as
fuel|that is, as a source of energy. Food, then, is|lik e
money|a fungible resource: di®erent forms of it can be
interconverted, stored, and traded according to de¯nite ex-
changerates basedon their respective energycontents, and
are thus essentially equivalent.

Though its existential consequenceswere only gradually
appreciated, the discovery of the fungibilit y of food was a
veritable \paradigm change," to be comparedwith the in-
vention of money|the quintessential fungible resource|or
even with the invention of number as an abstract counting
device.2 For starters, onecould no longer hold the animistic
belief that \w e are what we eat." If food is just energy, then
the Eskimo who liveson an exclusive meat diet for most of
the year must be substantially the samehuman as the Irish
peasant who subsistsalmost entirely on potatoes. (And for-
get about drawing couragefrom eating your enemy's heart!)
Secondly, outgrowing the Victorian mania for exotica and
curios, investigators started looking for what is common
between forms of food rather than what is di®erent. The
moment one starts asking, \W e are out of newt's eyes;can
I substitute eyes of bat here? And what's all this eyes-of-
something stu®, anyhow?" the stage is set for a transition
from superstitious medicine to a rational pharmacopea, to
a rational materials scienceand a rational energetics,and
eventually to rational theoriesof information, computation,
and even of soul[16].

Moreover, an obvious question pops up once one real-
izes(Lavoisier and all that again) that energyis conserved:
\But then why are we continually looking for new energy?
If energy recirculates, why should one be charged for it?3"

2Most languages still have fossil expressions from a time when dif-
ferent classesof objects had their own grouping metho ds and counting
words. In English, we say \a quire" for 24 sheets and \a week" for
seven days; \a brace of partridges," a \pair of shoelaces," and a \y oke
of oxen" for di®erent kinds of pairs; and we can order \a gross of
pencils" but not \a gross of potato es."

3 \. . . But Edison's greatest achievement came in 1879 when he in-
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In sum, (a) it is not food per se that we are after, as
much as the energy that comeswith it; and (b) since en-
ergy is conserved, clearly it can't be the energy itself that
we consume.What we actually seekand consumeis a com-
modit y conveyed by certain forms of energy (\high-grade
energy," \free energy") and which can be identi¯ed with
amount of e®ective microscopicpredictabilit y (we will jus-
tify the quali¯ers `e®ective' and `microscopic' in a moment;
with this understanding, we'll say just `predictabilit y' for
short).

Predictabilit y turns out to be a quantit y of the same
kind aswhat thermodynamicists, after Clausius(1865), had
called entropy, and, which, according to Boltzmann's bold
intuition (1872), has the dimensions of \log of number of
states"[9]. Indeed, microscopic predictabilit y is the same
quantit y as physicists call ¯ne-grained entropy, but taken
with the opposite sign.4 Besidesbeing an appropriate term
for a quantit y that points in the samedirection as increas-
ing order, `predictabilit y' reminds one that this quantit y
measuresamount of knowledge(as to the state of an object
system O from the viewpoint of a subject system5 S), and
thus, as any entropy-like quantit y, has both objective and
subjective aspects.6

Living organismsdo needa steady diet of predictabilit y,
for a number of related purposes:

1. To preserve themselves, that is, to replenish the
amount of predictabilit y which is continually leaking
out of them. Organisms spontaneously tend to be-
comelessand lesspredictable to themselves,asa conse-
quenceboth of external disturbancesand of the nonlin-
ear propagation of initial internal uncertainties (seethe
discussionon invertibilit y below). To compensate for
this they take in, as food, materials that have a great
amount of microscopic predictabilit y in them (sugar,
gasoline,sunlight), and through an appropriate trans-
fer process they perform a predictabilit y swap from
food to themselves,whereby the food material is left in

vented the electric company. Edison's design was a brillian t adapta-
tion of the simple electrical circuit: the electric company sends elec-
tricit y through a wire to a customer, then immediately gets the elec-
tricit y back through another wire, then (this is the brillian t part) sends
it righ t back to the customer again.

This means that an electric company can sell a customer the same
batch of electricit y thousands of times a day and never get caught,
since very few customers tak e the time to examine their electricit y
closely. In fact, the last year any new electricit y was generated was
1937." [Supposed to be by Dave Barry , possibly from The Taming of
the Screw; seeflorence@ipd.info.uni- karlsruhe.de .]

4 In tuitiv ely, entrop y corresponds to `amount of disorder' (as order
increases, entrop y decreases). Its opposite, or `amount of order', has
been called negentrop y by Brillouin[10 ] and quite simply information
by De Witt and Graham[18 ]. The term `negentrop y' doesn't seem
to have tak en root as an English word; the other two, `order' and
`information', are already much overloaded and may easily lead to
confusion.

5The latter, of course, need not be a human; an insect, a steam
engine, or a cryptographic device are legitimate subjects.

6 \Our probabilities and the entropies based on them are indeed
`subjectiv e' in the sensethat they represent human information; if they
did not, they could not serve their purp ose. But they are completely
`objectiv e' in the sensethat they are determined by the information
speci¯ed , independent of anyone's personalit y, opinions, or hopes. It
is `objectivit y' in this sensethat we need if information is ever to be
a basis for new theoretical developments in science."[24, p. 390].

a lesspredictable state|and discarded as excrement,
garbage, heat|while they are left in a better known
state. In other words, organisms perform error cor-
rection on themselves(not perfect correction, perhaps,
but \a stitch in time saves nine!"). Ultimately , many
forms of behavior, such assensingand reacting, defense
and o®ence,and modeling and forecasting, fall in this
category. Note that this concept of \activ e restoration
of predictabilit y" is usefully carried over to such natu-
ral extensionsof an individual's physical body as may
be home,car, addressbook; nest, feedingterritory; im-
mediate family, hive sisterhood; and so forth.

2. To take an insurance policy against catastro¯c errors
by reproducing, that is, making multiple backups of
their own hard-earned predictable selves onto appro-
priate \writable media." This is doneby taking in raw
materials having a plausibleelemental composition and
rearranging their atoms7 so as to assemble an organ-
ism structurally and functionally similar to the original
one. The criterion for `su±cient similarit y' is whether
the new organism will be able to reproduce in turn|
and so forth recursively.

3. To fuel reliable computation. Even in the presenceof
an overall favorable entropy gradient the elementary
processesinvolved in 1 and 2 would hardly ever spon-
taneously take place at an appreciable rate. To move
along they have to be \chaperoned" step-by-step by
appropriate control machinery that sequencesand co-
ordinates the desired reactions while inhibiting other
equally plausible but undesired ones. It is this kind
of intermediate activit y of a general-purpose \man-
agerial" nature, as contrasted to the \pro duction"
functions|ph ysical manufacturing and maintenance|
of points 1 and 2, that goesunder the nameof compu-
tation .

Like all forms of management, computation in any of
its forms incurs substantial operating costs. In spite
of its abstract nature, computation's costs are of the
samekind as those accruedby concretefunctions such
as pumping water uphill. In fact, an organism's man-
ufacturing and management departments are both ¯-
nancedby oneand the samesource|the predictabilit y
treasury.

Owing to its attention to \whether" and \when" and
\how many times," to \whic h" rather than \what," to
identit y or complementarit y betweentwo objects (lik e
a key and a lock) rather than the speci¯c nature of
either (\is the relevant pattern a shape, a smell, or
a gesture?"), computation is intrinsically an abstract
information-pro cessingactivit y. One generic \techno-
logical kit" of symbolic tokens8 and logic operations

7Or, sometimes, even larger ready-to-use building blocks such as
certain simple molecules.

8The essenceof a symbolic system is that the initial assignment
of logic roles (lik e `true' and `false') to physical tok ens (lik e spin-up
and spin-down) is in principle arbitrary |a \brok en symmtry"|but
once made is given by all users of the system a semantic interpretation
consistent with that assignment|what's `true' for one is `true' for all.
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canbeusedto managean extraordinary variety of com-
plex physical functions.

The rest of this paper is one long argument aimed at
showing that the role of \management in behalf of life"
we have just outlined for computation is its very de¯-
nitional essence.

3 In vertibilit y and the second prin-
ciple of thermo dynamics

Beforeproceedingwith our main discussionit will be useful
to anticipate two questionswhich addresssubtler aspectsof
the predictabilit y economy.

The ¯rst is, \Wh y do we have to make recourseto this
order-for-disorder swap? (Seepoint 1 in x2.) Can't errors
be simply erasedright where they are?"

No, they can't! Supposethat a certain systemvariable q
hasthree possiblestates,0, 1, and 2, and that in the present
circumstancesit is ought to be in state 0. If we are not sure
of q's actual state we can try to correct a potential error at
this stage by applying the rule \If q is in state 0, leave it
alone;otherwise,changeits state to 0," asper the following
diagram:

0 H HHj
1 -

2 © ©©*
0 : (1)

However, it turns out that the microscopic dynamics of
our physical world is, to all evidence, strictly invertible :9

distinct states always °ow into distinct states|they never
merge as in (1). Intuitiv ely, in an invertible system a
full memory of the past is preserved in any future state.10

Such a world is literally \informationlossless;" in it, ¯ne-
grained entropy (and likewise microscopic predictabilit y)
are strictly conserved. That meansthat a diagram like the
above can't be the whole picture; somewherein the sys-
tem there must be some other variable, say, p, such that
the three-way merge for q as in (1) is accompaniedby a
three-way split for p. Therefore, any increasein certainty
in the value of q, as achieved for instance by (1), must be
paid for by a proportionate increasein the uncertainty of
the variable p.

Remembering that it was the purported loss of pre-
dictabilit y (in one'sbody and immediate environment) that
createdthe needfor food in the ¯rst place,asan immediate
rip oste to the above answer11 we get the secondquestion,
\But, if predictabilit y can't be lost at all, why should one
needto replenish it?"

This paradox is resolved if we recall that what we seekto
restore is not how much can be predicted by a hypotheti-

9That is, it's a one-to-one correspondence between current state
and next state. This holds whether we stick to the Lagrangian dynam-
ics of classical physics or the unitary dynamics of quantum physics.

10 Much as in a deterministic system the future is fully determined
by the past, so is in an invertible system also the past fully determined
by the future.

11 When we'd said, in essence,that predictabilit y can only be cre-
ated, not imp orted.

cal Laplacean demon12 having all someinitial information
about the entire universe,and all the computational power
and the time in the world, but how much can be e®ectively
predicted by a living organismwhich, with limited resources
and in an adversary environment, must make timely life-or-
death choices. (A bicycle securedby a 5-digit combination
lock is in principle unprotected: any amateur Laplace can
\predict" the right combination by a trial-and-error process
of moderate length and walk away with the bike. But in
practice the bike is reasonablysafe: a real burglar will ¯nd
it more rewarding to go for an easierpick, and in any event
won't want to becometoo obvious a pick himself.)

In x6 we shall have more to say about how a competi-
tiv e regime a®ectsan organism's e±ciency in husbanding
its predictabilit y budget.

4 Is this a computation?

Coming back to the main discussion,we may observe that
computation seemsto be everywhere|but what is it pre-
cisely? A common way to tell a computation is by what
Aristotle would have called its `e±cient cause'|what today
we'd call its proximate mechanisms. From this viewpoint,
the distinguishing feature of a computation is a network of
signals and events. Though this network may be of large
or inde¯nite extent, yet both signalsand events are drawn
from a limited repertoire, so that in the long run events of
the samekind and are bound to appear over and over, and
similarly for signals. Think of a mechanical clock, crammed
with springs and gear; the schematics, at the gate-and-wire
level, of an electronic calculator; or biochemical machinery
and products such as those of Fig. 2. In sum, think of any
mechanism that can produce a boundlessvariety of e®ects
out of a substantial uniformit y of means. (The prime exem-
plar of such a family of mechanismsis, of course,the Turing
machine.)

For instance, the following processeswould likely be rec-
ognizedas computations:

² The inner works of an ordinary general-purposecom-
puter.

² The emergenceof complex structures from within a
dissipative cascade,13 as illustrated by Fig. 1.

² A cell phone'smanaging to \¯nd its place" in the net-
work, recognizing and guiding the progressof a call,
and providing clerical services(menus, addressbook,
etc.) to the user.

12 \An intellect which at any given moment knew all the forces that
animate matter and the mutual position of the beings that composeit,
if this intellect were vast enough to submit that data to analysis, could
condense into a single formula the movement of the greatest bodies
of the univ erse and that of the ligh test atom: for such an intellect
nothing would be uncertain; and the future just lik e the past would
be present before its eyes."[Pierre Simon, Marquis de Laplace (1749{
1827), Philosophical Essay on Probabilities (1814), Springer{V erlag
1995]

13 I.e, a medium which, sandwiched between an energy source and
a thermal sink, is made activ e by the entrop y °ow from one to the
other.
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(a) (b) (c)

Figure 1: Dissipativ e cascades:(a) B¶enard cells. These convection cells arise and organize themselves spontaneously in a shallow
liquid uniformly heated from below and losing heat from the upper surface fast enough for the temperature there to be lower than
at the bottom. (b) Magnetic domains arising from the contrast between ferromagnetic e®ects,which would tend to align all the
spins in the same direction and lead to a single (`up') or (`down') domain, and classical magnetic forces that would tend to have
adjacent magnets counter-aligned in a head-to-tail fashion. (c) \F orest ¯re," or traveling self-sustaining waves arising from the
weak coupling of an array of identical relaxation oscillators.

² A complex mechanical coupling betweena low-entropy
input and a still low-entropy but logically deeper[7]
output, such asthat achieved by a device(depicted be-
low) which, whenfed with a streamof spinsall pointing
down, °ips someof them so that the sequenceof ups
and downs in the output stream corresponds to the
binary digits of ¼= 11:0010010: : : (cf. [8]).14
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² The conversion, by plant cells, of atmospheric carbon,
oxygen, hydrogen, and sunlight into ¯b ers of lignin
(Fig. 2).

In all the above exampleswe have the two prerequisites
of (a) uniformit y of building blocks and (b) open-endedva-
riety of behavior. I do not deny that, given the appropriate
context, any of the above examplesshould count asa `com-
putation'. What I claim is that theseare necessarybut not
su±cient conditions. A third, essential, requisite besides
the substanceand form of the physical processis (c) a spe-
ci¯c kind of context , which we'll intro duceat the end of the
present section and elaborate in the following one.

To let you see for yourself that something more than
bare operating mechanism is neededto characterize com-
putation, I shall invite you to point at an ongoing physical
process|a waterfall, a soccer game, a portion of a living
cell, the inside of a carburetor, a rock on the beach|and
tell me, caseby case,\This is a computation," \This is not a
computation," or, if you needto bemorenuanced,\This as-
pect of this phenomenonmay be viewed asa computation."
How can you tell? How would you explain to somebody else

14 Note that, in principle, the latter could be an invertible device,
not requiring a power supply to operate, and could equally turn the
(p erfectly predictable) sequence of digits of ¼ into a more practical
\fuel" such as a string of all 0s.

how to tell? For that matter, on what grounds would you
try to explain to the browserof checkout-counter magazines
that the \t ête de gar»con" on the left (Fig. 3) is a facewhile
the \face on Mars" on the right is not?

Figure 3: (a) \T ête de gar»con I I I" (Pablo Picasso, 1962). (b)
\F ace on Mars" (natural rock formation in the Cydonia region,
Mars, 1976).

To put things in an even starker light, I'll challengeyou
to tell me the di®erencebetweenthe three boxes below.

x ¡ !
µ´

¶³
f ¡ ! y (\natural evolution")

x ¡ !
µ´

¶³
f ¡ ! y (\ph ysical experiment")

x ¡ !
µ´

¶³
f ¡ ! y (\computation")

In each of the boxes, a system of initial state x undergoes
a speci¯ed dynamical transformation f and re-emergesin a
¯nal state y. In the ¯rst box the systemfollows its \natural
evolution"|and no oneneedto careor even know about x,
f , and y (\If a tree falls in the forest and there is nobody
around does it make a sound?"). In the secondbox, what
we are uncertain about is the dynamics f ; to collect infor-
mation about it we perform a \ph ysical experiment," i.e.,
we prepare the systemin a state x, we let it evolve through
f , and then examine the ¯nal state y; from the correlation
between x and y we try to infer the nature of f . After a
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Figure 2: On the left, chemical pathways of stilb ene, coumarine, and lignin biosynthesis[26]. On the right, a small section of the
resulting lignin polymer illustrating some typical chemical linkagescreated by the reactions on the left[27]. Note how, much lik e
in an Erector set, both the processand the product use repeated instances of the same few building blocks and interconnection
patterns.

variety of such experiments we may becomeso con¯dent in
our knowledgeof f that we are willing to usethe apparatus
to perform a \computation" (thrid box), that is, to predict
or construct y by meansof f from a given x.

But the boxes themselves are identical! It is only their
intentional context that makesus label them di®erently .

To summarize, it is true that in ordinary circumstances
most computing machinery|mec hanical, electronic, or
biological|can quite con¯dently be recognizedby its struc-
tural features. In fact, a conventional de¯nition that I'v e
often usedmyself runs as follows:

Computation is the exerciseof function compo-
sition in a context where the building blocks|
the data storage, transport , and interaction
primitiv es|(a) are ¯nite objects and (b) exist in
a ¯nite number of typesspeci¯ed onceand for all.

More intuitiv ely, computation is a discipline in which to
achievenovel functions oneis not allowed to intro ducenovel
typesof components, but only to appropriately combine to-
gether more instancesof components drawn from the same,
¯xed and ¯nite, repertoire. Note that this is just an exten-
sion from the data storage to the data processingrealm of
what SchrÄodinger|ha ving DNA in mind|termed an \ap e-
riodic crystal"[37].

The problem with the previous de¯nition, based only
on e±cient causes,is that it encompassesjust about any
kind of activit y that displays a certain looseregularity or
repetitiv eness|snow°akes, systems of waves or vortices,
polycrystalline materials, cellular automata, etc. In fact, it
includes anything that can take place in a world governed
by uniform laws|a world, that is, where the samekinds of
primitiv e components are found and the samecomposition
rules apply at any place and any time. Even partial di®er-
ential equations|the very kind of rules that until recently
were consideredthe format par excellencefor the laws of

physics|fall under the scope of that de¯nition. It is true
that PDEs use uncountable in¯nities both in their coordi-
natesand in their state variables,and thus strictly speaking
violate the local ¯niteness requirements (a) and (b) above.
However, since they are locally linearizable, they can be
simulated to any desireddegreeof approximation not only
by algorithms operating on a discretemesh,but, usinga suf-
¯ciently ¯ne mesh,by algorithms such ascellular automata
that use¯nite-state machinery at each site[42].

Shall one then indiscriminately call computation any
composite physical phenomenonthat satis¯es a certain ¯ni-
tary discipline, namely, a system whose components and
composition rules are drawn from a bounded repertoire?
Though I'm sympathetic with the idea of viewing the en-
tire physical world, governed as it is by uniform laws, as
\one big computer," this form of reductionism is not very
useful for our present purpose. In the 1700s,the planetary
system was likened to \a cosmic clockwork;" that is, the
workings of the universe were interpreted in terms of the
most complex mechanism that at that time humans could
make, control, and wholly comprehend themselves. What
we want to do here is not help explain physics by anal-
ogy with the familiar computer|to day's \clo ckwork"|but
try to pin down the essenceof computation itself. And that
cannot be doneby concentrating on structure alone, leaving
out those aspects that have to do with overall function and
goals(and which Aristotle would have called `¯nal causes').
In brief, we'll have to bring into the picture the intentional
stance[15].

5 Symmetry breaking and evolu-
tion: More me!

We've just seenthat it is not useful to call `computation'
just any nontrivial yet somewhat disciplined coupling be-
tween state variables. We also want this coupling to have
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been intentionally set up for the purposeof predicting or
manipulating|in other words, for knowing or doing some-
thing. This is what shall distinguish bona-¯de computa-
tion from other intriguing function-composition phenom-
enasuch asweather patterns or stock-exchangecycles. But
now we have new questions, namely, `Set up by whom or
what?", \What is it good for?", and \Ho w do we recognize
intention?"

Far from me to want to sneak animistic, spiritualistic,
or even simply anthropic considerations into the makeup
of computation! The concept of computation must emerge
as a natural, well-characterized, objective construct, recog-
nizable by and useful to humans, Martians, and robots15

alike.
Fortunately, much of the necessaryconceptualapparatus

hasbeenavailable in a tentativ e form sinceDarwin, and has
recently beenso well developed and consolidated(I'm talk-
ing about the past twenty-¯v e years) that it is now capable
of addressing,as ordinary scienti¯c questions, someissues
that philosophershad long been struggling with but were
no longer expecting, after numerousinconclusive attempts,
to seeresolved soon. I'm referring to such topics as causal-
it y [30] and inference[24], consciousnessand freewill [31, 16],
intention and design[15, 11, 12, 13, 36], the spontaneous
emergenceof complexity [25], the nature of knowledge[32],
and altruism, the \ good of the group," and even|wh y
not?| love[48]. What's surprising is that in virtually all
thesecasesthe breakthrough wasmadepossibleby positing
Darwinian evolution|the di®erential survival arising from
error-prone replication|as an underlying mechanism, and
then working out case-by-caseits long-term implications.

Di®erential survival16 can easily be concededbecauseit
sounds innocuous. Far from being implausible it is, in an
appropriate setting, almost tautological. Since it does not
have to be endowed with foresight it doesnot threaten reli-
gious sensibilities or our unicit y as intelligent beings. And,
in any event, experimental evidencefor it, often no harder
to obtain than by \kitc hen biology," is now pervasive. Its
long-term implications, on the other hand, may catch one
unprepared: Darwinian evolution seemsable to createfrom
nothing|or at least to mimic in an uncannily deceptive
fashion| intention and design.

We should be ready by now to take the plunge. In-
stead of assuming that intention, consciousness,and all
the other goodies mentioned above, including|and this is
my only original contribution to the present argument|
computation, have a pre-de¯ned existence(or a pre-existing
de¯nition?) in somevagueand as yet unidenti¯ed world of
Platonic ideas, and grudgingly admitting that evolution is
somehow doing a rather good job at counterfeiting them,
why don't we proceedin a more natural direction and elimi-
nate both mysteries(the two italics right above) at a stroke?
Let us agreethat cause,intention, knowledge, etc.|these

15 Here I'm especially thinking of Jaynes's robot [24], a device pro-
posed, lik e Maxw ell's demon for thermo dynamics and the Turing ma-
chine for calculation, to help get to the core of an issue (in Jaynes's
case, inference) by divesting it of many human assumptions and un-
knowns.

16 I'm delib erately using a more neutral term than, say, the badly
loaded `selection of the ¯ttest'.

resilient and useful bundles of behavioral features|are by
de¯nition to be identi¯ed with certain common and well-
characterizedoutcomesof any protracted evolutionary pro-
cess,and that the animistic \cause," \in tention," \kno wl-
edge," used in common human parlance are simply in-
stancesor specializedcasesof the corresponding evolution-
ary constructs!

\If we accept this," you may argue, \instead of learn-
ing about Darwinian evolution in a biology textb ook we'll
soon ¯nd that life is a chapter in an evolution textb ook!"
Certainly! And you wouldn't be the ¯rst to arrive at that
conclusion:

If you took a vote today, the most popular de¯-
nition of life would probably be the one proposed
10 yearsago by Gerald Joyce of the Scripps Insti-
tute in La Jolla, California. He describes life as a
self-sustaining chemical system capable of evolv-
ing through Darwinian natural selection. [Bob
Holmes, \What is life," New Scientist 182:2463
(4 Sep2004), 32]

Before saying more about this let me give an example,
right from computation's backyard, of an analogous|and
successfullycompleted|rev ersal of direction. Entropy was
instroduced by physicists to facilitate energyaccounting in
analyzing the operation of steam engines. In 1848, even
though it was not clear precisely what kind of stu® it was,
entropy wasin any event viewed asa quintessential physical
quantit y like energy and mass: you could keep it in a box,
you could measureit in good physical units of joule/k elvin,
you could siphon it from onecontainer to another, you could
couple it to other physical quantities by plugging it into
certain di®erential equations. We'll let Boltzmann, Gibbs,
Einstein, Bose,Dirac, and many others work on the set for
a century , gradually changing the scenefrom Thermody-
namics to Statistical Mechanics. When we raise the curtain
in 1948, entropy is still in physics' court. Shannon has
beenworking on a quantit y having to do with the probabil-
it y distribution of messagesand which happens to appear
in a mathematical formula like that usedby Boltzmann for
entropy[38]. \W ould it be confusing," he askvon Neumann,
\to call this quantit y `entropy' becauseof its analogy with
physics?" Allegedly von Neumann giveshim the go-ahead:
\First of all this quantit y of yours does indeed remind one
of entropy, and in secondplace no one knows what entropy
is,17 so in a debate you will always have the advantage."
Shannonof coursefollows his advice.

Now, Shannon's entropy is a perfectly well de¯ned and
well-understood numerical quantit y associated with a par-
ticular kind of lack of knowledge called a `probabilit y dis-
tribution.' It is an abstract mathematical quantit y that
arisesout of sorting and counting|moun tain heights, text
syllables, licence plates, runs of headsand tails from a bi-
asedcoin. . . never mind what| anything that canbe sorted
and counted, and this includesenergystatesof atoms. And
when it is usedfor atoms, its value happensto coincidewith
that of physical entropy.

17 Note the analogy with traditionally de¯ned consciousness,for one,
which everybody usesrather consistently even without really knowing
what it is (cf. [15].
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At this point you will not needmy encouragement to pro-
pose that one may well kill two birds with one stone and
declarethat the mother of all entropies is Shannonentropy,
henceforth to be called simply `entropy', while physical en-
tropy is just a special caseof it, suited to its more restricted
context. If physicistshappenedto stumble on it ¯rst it's be-
causetheir subject matter forced them to deal, well before
biologists or accountants, with the problem of sorting and
counting truly astronomical number of states. We are cer-
tainly thankful to physicists for their pioneering work, but
entropy truly belongsto everyone.

Moreover, sinceafter this reversalentropy is clearly a hu-
man invention, not a material ore that physicists mine, we
(humans) know perfectly well what goes into it and may
claim that we do now know what entropy is. Physical en-
tropy may still o®ersome\in telligenceproblems18" or com-
putational challenges,but its nature is no longer a mystery.

Coming back to the proposal to interpret will, love, and
\all that" as \deriv atives" (as in `¯nancial derivatives') of
evolution, what remains to be done is

1. Show that Darwinian evolution can be characterized
asa purely mathematical construct, much as\continu-
it y," \eigenvalue," \entropy," or \feedback loop," and
from which certain types of derived constructs can be
obtained in a systematic way. For instance, from the
concept of entropy one can derive that of maximum-
entropy distribution, and, from that, systematic pre-
scriptions for optimal inference, for locating equilib-
rium points, etc.

2. For each speci¯c behavioral trait or phenomenologi-
cal feature to be explained as a consequenceof evolu-
tion, such as \h ypocrisy" or \group selection," show
the mechanism by which this feature would e®ectively
come into being or be \synthesized" by the very fact
of being adaptively advantageous under a Darwinian
evolution regime. No mechanism, no admission to the
club!

Point 1 is by-and-largean ongoingcollective enterprise that
has already made much progress[25] and is continually be-
ing re¯ned (e.g., [39]). I will explain the general trend
in the rest of this section. The responsibilit y for point 2
falls, of course,on the entrant, as admirably explained by
Wilson[48]. I do someof that pleading in behalf of compu-
tation at several placesin this paper.

18 A old stump er was the Gibbs paradox|that one may arriv e at
di®erent answers for the entrop y of the same piece of material by fol-
lowing di®erent measurement strategies|is easily dismissed by the
\new" entrop y[23]. Since entrop y is, as we've seen, a quantit y associ-
ated with a lack of knowledge, the entrop y I compute for a lump of
material depends on exactly what I let the computation know about
what I know. Much as the amount of tax due in a typical IRS return
depends much more on my salary, about which I cannot lie since it
is known to the IRS, than on little things I may want to risk get-
ting away with, so the entrop y of a lump of matter depends almost
exclusively on the parameters of its standard thermo dynamic descrip-
tion and only marginally on di®erent ways of preparing the sample.
Nonetheless, one can always concoct caseswhere not \declaring" cer-
tain items may leads to di®erent results, and there is no paradox in
that.

Evolution is in e®ecta general-purposeservomechanism
for solving problems which are hard to solve but for which
it is easyto determine whether an allegedsolution is indeed
a solution. (The NP-complete problems that play such an
important role in the theory of computation complexity be-
long to this class.) How doessuch a mechanism work?

We are all familiar with the dualit y between structure
and function. Philosophersand biologists intro duceanother
useful distinction|that between proximate and ultimate
explanations. For example, the arctic fox molts twice a
year, in the spring to a brown fur and in the fall to a white
one (Fig. 4).

Figure 4: Arctic fox: summer and winter fur. [Photos: www.
bbc.co.uk/nature/wildfacts ]

The proximate explanation is that hormones releasedby
certain patterns of daylight length stimulate a complex
chain of chemical processeslike \inhibition of a speci¯c pro-
tein A releasesthe production of protein B which catalyzes
a certain reaction C" and so forth. A hypothetical breeder,
who may want to induce an earlier fall molt so as to get a
richer white fur, will care about all the details of that ex-
planation. The fox|or, better, \fo xhood," doesn't. What
really counts is the mimetic function: a brown fox is easier
to spot against a snowy background and is thus more likely
to miss a meal or, even worse, becomea meal. This is an
ultimate explanation; if we are mathematically oriented we
we may think of it asthe equivalenceclassof all thoseprox-
imate mechanisms or structures that yield a certain func-
tional trait. Since foxes that didn't bear this trait didn't
leave asmany descendants, this trait is advantageous; since
those who did got it from parents that had a similar trait
and will leave a similar trait to their o®spring, the trait is
transmissible and modi¯able, 19 or adaptive.

Foxesare easyto visualize. But, in general,what kind of
entit y can be the bene¯ciary of an adaptively advantageous
trait? Can it be an organism? An individual? A species?
An intelligence? The answer|whic h I'm afraid is going to
be anticlimactic|can only be \a data structure that, asthe
outcome of a broken symmetry, happens to be what it is
but might easily have beenotherwise;" in other words, the
memory of a macroscopichistorical accident .

Precisely becauseof the underlying symmetry|the one
that was broken|most historical accidents are unendur-

19 Darwin, matter-of-fact as usual, speaks of \descent with modi¯-
cation" rather than \ev olution."
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ing. The °oatsam pattern left on the beach by one wave is
dissolved and recomposed into a new pattern by the next
wave; we can think of the train of wavesas a \pump" feed-
ing energy into the dissipative processthat constitutes the
°oatsam patterns' world. A special pattern, however, may
happen to enter into somesort of resonancewith the energy
pump, and establish a positive feedback loop that tends to
give the pattern a higher degreeof permanence. It is in this
sensethat we speak of \advantageous" manipulation of the
environment by part of the pattern: the advantage|or the
\success," if you like|is, by de¯nition , the permanenceit-
self.

Note that we seekpermanenceof the data pattern, not
necessarilyof the physical substrate. This permanencemay
be sought by meansof pre-emptive defenseagainst attacks
to the pattern, or through after-the-accident correction of
errors, or, ¯nally , through self-replication|the hope in this
casebeing that in the long term at least one good copy of
the pattern will remain extant.

Even though all three approaches are in fact used, it
is the last one that seemsto a®ord the best strategy for
permanence|it is more general,more °exible, and, even as
it entails moredrudgery and waste, it requiresless\brains,"
as it were. But it comeswith a surprising ¯ne-prin t con-
tract; in fact, as we shall seein a moment, it is a Faustian
bargain.

Symmetry breaking with runaway amplication. On a
majorit y-vote election, a certain district will be conquered
by the Blue party. Slightly di®erent details in the back-
ground noise, like the spreadof certain rumor, followed by
runaway ampli¯cation, might let the district fall into the
hands of the Red party instead. But once the district is
Blue, much of the administrativ e machinery will come to
be controlled by the Blues and will be servoed to the con-
solidation and spreadof Blueness.The `me' in \More me!"
is, in this case,Bluenessitself.

Descent with modi¯cation|but randomized, please.
An amoeba reproduces by gently splitting into two iden-
tical amoebas|no color distinguishes the two. In spite of
this total (tather than broken) symmetry, from the view-
point of one of the two daughters|initially distinguishable
from the other merely by its geometricalcoordinates|there
is a world of di®erencebetweenherself and her sister. One
is \Me, here!" and the other is \Non-me, there!" The two
sistersmay well be identical; yet, even if in this sensethey
are of an \equal" mind, they are not, by construction, of
one mind. And, aswe well know from human history, mere
geometrical othernessis one of the most common initiators
of symmetry breaking. When resourcesare limited, others
like me| precisely becausethey are like me and desire the
same things|b ecomemy worst enemies. In this predica-
ment, an amoeba may reason20 as follows. \Let's face it|
I'm not smarter or stronger than the other guy; in fact, as
far as I know the situation is materially symmetrical and I
only have lessthan a ¯ft y-¯ft y chanceof getting out of here
alive (less, sinceof coursethere is a third outcome of non-

20 Here of course I'm not referring to an individual amoeba's prox-
imate \though ts" but using a customary metaphor for the ultimate
outcome of the evolutionary process;in brief, I'm taking refuge behind
the intentional stance[15].

negligible probabilit y, namely, the death of both). What if
I changedmy structure just a little bit, so as to break the
symmetry myself instead of relying on nature's dice?21 I'm
not likely to decreasemy chances,and I may even increase
them a little." By symmetry, one should expect that the
other amoeba will come up with the same strategy; and
this would essentially bring them both back to the starting
point unless|as gametheory teaches|the \same" strategy
they both use is a randomized one and may thus yield, on
any individual trial, di®erent outcomesfor the two parties.
In that case,if the randomnessgenerator is good, the small
changesthat the two amoebasmake on themselveswill be
independent . Now the two amoebaswill end up being dif-
ferent , after all, and may avoid mutual destruction (if one
easily prevails on the other we have a constant-sum game
and the chancesattain ¯ft y-¯ft y) or may even have devel-
oped a taste for di®erent resourcesand peacefully go their
own di®erent ways.

The Faustian bargain is that, precisely in order to max-
imize its own chancesof survival, an amoeba acceptsthat
what will come out of this processis no longer (an iden-
tical copy of) itself but something a little di®erent . To
paraphrasethe Sermonof the Mount (Matt. 16:25), \Who-
ever would save his life, will lose it; and whoever loseshis
life. . . , he will save it." A related aspect of this Faustian
bargain is that, becauseof its inherent symmetry, intraspe-
ci¯c competition makesit pointless in the long run to push
for moremuscle,higher speed,better patronage,or more in-
telligence than your neighbor, sincesaturation of resources
will soon be reached in this constant-sum game (cf. [45]).
On the other hand, more computing power used to diver-
sify or \discorrelate" yourself from your neighbor may be
slightly advantageousto both:22 the game no longer need
be constant-sum. To add a line to the Ecclesiastes(Eccl.
9:11), \And I saw under the sun that the race is not to
the swift, nor the battle to the strong, neither yet bread to
the wise, nor yet riches to men of understanding, nor yet
favor to men of skill; but time and chance happen to us
all"|\ And precisely to break this uniformit y will I turn to
computing power for my strength and support! "

All the same,any weaknessin one's randomnessgenera-
tor can in principle be exploited by the adversary, asplayers
of Morra or \ro ck paper scissors"well know; this will put a
selective pressuretowards harder-to-guessrandomnessgen-
erators. (If all this soundstoo theoretical or contriv ed, look
at the substantially similar problems in the damn serious
businessof sexual recombination[35], where the symmetry
is almost perfect and the stakes high, or at the multilev el
randomizing strategies usedby the immune system.) Here
we already seea glimpse of those \adaptiv e forces" that
will tend to reward organisms capable of deploying more
powerful computing machinery.

21 Remark that this approach is not unlik e settling out ouf court to
avoid a judge's uncontrollable way of \breaking the symmetry ."

22 Think of the randomizing algorithms that are used to minimize
Ethernet collisions on successive retries, without requiring coordina-
tion or cooperation.
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6 Evolution is anything but parsi-
monious

In the Holmes quote near the beginning of x5, life was de-
¯ned as a self-sustaining dissipative processof a chemical
nature subject to Darwinian evolution. Holmes was obvi-
ously thinking of ordinary earthly biology. By removing
the condition `of a chemical nature' we would extend the
de¯nition to include life based on other physical domains
such as ¯re patterns or hydraulics, or on more abstract
substratessuch as an ordinary digital computer (e.g., Tom
Ray's Tierran ecology[34]) or a cellular automaton (e.g., the
self-replicator sketched by von Neumann[46]). By then im-
posing certain regularity conditions as explained in x4 we
would homein on computation, which is thus characterized
as a speci¯c appurtenance of life. Namely, as anticipated
at the end of x2, computation may be thought of as the
management department of a living entit y (or of somesub-
system of it, such as the immune system of vertebrates).

Finally, in x2 we said that computation usesup a good
fraction of the predictabilit y budget.

Note that physicists and computer scientists have come
to the conclusionthat the mechanicsof computation can in
principle be carried out in a quasi-reversible, virtually dis-
sipationlessfashion[6, 41, 19, 5]. That might seemto imply
that computation doesn't needafter all to be fueled in any
substantial way. Unfortunately, to achieve a good approx-
imation of this ideal computing regime one must deploy
a much larger number of components|gates and wires|
than the minimum necessary. There is a closeanalogy here
with recycling: to consume fewer raw resourcesone can
recycle most materials|pap er, steel, etc.|but at the cost
of intro ducing more temporary-storage bins, reprocessing
plants, trucks, management and information-pro cessingca-
pabilities, etc. Moreover, the amount of extra infrastructure
neededfor this grows faster and faster as one aims to recy-
cle a greater fractions of waste materials. Finally, besides
requiring a one-o®capital investment, this infrastructure
also incurs day-by-day operating expensesproportional to
its extent. A point is soon reached where more thorough
recycling becomesanti-economical.

Furthermore, in the caseof computation, to use lessfuel
for a given task one must decreasethe operating speed.
Soon the ¯tness cost of having to wait a longer time for the
results will o®setthe fuel savings. Adaptiv e ¯tness tradeo®s
will determine how \quic k and dirt y" an organismwill have
to be. In many circumstances,evenobstentatious wastecan
be fairly adaptive.

I'll ¯nish by examining someexamplesof unconventional
computing approachesin the light of the aboveevolutionary
considerations.

7 Birth and death of a thinking ma-
chine

A brain is an expensive perk: ours, with 2% of body weight,
hogs 20% of the oxygen supply (and this is only one type
of computation going on in our body). Other speciesmake

do with much lessbrain|ev olution's backroom accountant
keepsreminding each organism that, from their respective
niche in the world, the bene¯ts of more brains would not
be worth the costs.

Clearly, our specieshasdiscoverednewuses,for the brain,
that bring outstanding bene¯ts. Concurrently , it has found
a way to reduce its biological costs. Our evolutionary fast
lane is in technological development rather than DNA up-
grading, and this includes arti¯cial |that is, technology-
based|in telligence, or AI. \The ultimate e®ort is to make
computer programs that can solve problems and achieve
goals in the world as well as humans." (This and the next
few quotesare from the AI pioneerJohn McCarthy[28]; em-
phasismine.)

In 1957,AI and economicspioneer Herbert Simon23 pre-
dicted that within ten yearsa digital computer would be the
world's chesschampion[4]. In reality, it took forty yearsfor
this prediction to come true24|and I doubt that Simon
could truly anticipate how much more power computers
would have gained by then.

How much computing power do we needfor arti¯cial in-
telligence, and of what kind? And how do we ¯nd out?

\After WWI I, a number of peopleindependently started
to work on intelligent machines. The English mathemati-
cian Alan Turing may have beenthe ¯rst. He gave a lecture
on it in 1947. He alsomay have beenthe ¯rst to decidethat
AI was best researched by programming computers rather
than by building machines. By the late 1950s,there were
many researcherson AI, and most of them werebasingtheir
work on programming computers."

\Man y researchers invented non-computer machines [un-
conventional computers], hoping that they would be intel-
ligent in di®erent ways than the [conventional-]computer
programs could be. However, they usually simulate their
invented machines on a [conventional] computer and come
to doubt that the new machine is worth building. Because
many billions of dollars have beenspent in making comput-
ers faster and faster, another kind of machine would have
to be very fast to perform better than a program on a com-
puter simulating the machine."

Obvious as Turing and McCarthy's wisdom (in the em-
phasisedpassagesabove) may be, it would be naive to ex-
pect evolution to follow only \wise" paths, that is, paths
that are most e±cient from an overall, long-term viewpoint
(and whoseview, for that matter?). In the sixties and sev-
enties, claim making and computer development in AI had
stabilized on a rather predictable pattern. \Y es,compared
with our three-year proposal," the PI would say (a typ-
ical interlocutor would be the daring, patient, and deep-
pocketed Uncle SamagencyARPA25), \to day's demonstra-
tion is only a toy example, but what can you expect with
only 4 Kilobytes [sic] of core memory? Let us have 64
Kbytes, and then you'll see.. . ." A year later, the ante

23 In 1975, Simon earned the Turing Aw ard for his work in computer
science; in 1978, the Nobel Prize in Economics.

24 \On May 11 1997, Deep Blue defeated Garry Kasparov in a 6-
game match held in New York. This was the ¯rst time a computer
defeated a reigning world champion in a classical chess match."[47 ]

25 Adv anced Research Pro jects Agency, established 1958. Then
DARP A (1972), then back to ARP A (1993), and then (1996) back
to DARP A again.
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would be upped to 256 Kbytes, then one Mbyte, and so
forth. The story would then become,\If weonly had a com-
piler26 we would be able to write and modify much larger
programs!" So was born f or tran . \If we only had a com-
puter languagesuitable for AI tasks!" And lisp was born,
and other programming languagesand tools. \T apes are
so slow|w e really need a hard disk." \T en Megabytes is
not enough;we'll soon needone-hundred Mbytes|no, wait,
make it oneGigabyte, . . . ten, . . . onehundred|and then we
will show you what AI is really capableof!"

Finally, with much ongoing progress in neural net-
works (stimulated and to a large extent delivered by|
who would you expect?|theoretical physicists[20]), rela-
tional databases, and associative memories, the appear-
ance of experimental multipro cessorsand parallel proces-
sors, and the nascent theory of complex systems,27 the
AI communit y started clamoring for a medium capable of
massively-parallel ¯ne-grained computation. \W e can't re-
ally do much in the way of intelligent behavior until we
have computing stu® that's organizedmore or lesslike the
brain|plen ty of tiny processors,a lot of generic,redundant
interconnections, and no need for detailed point-to-p oint
wiring schematics." And what about programming? \Oh,
the stu®will program itself, out of extensiveautonomousin-
teraction with its world, out of massive systematic searches
through the spaceof all conceivableactions, or perhapswith
the help of deliberate training by meansof representativ e
stimulus/responsesequences."

Sowent the Connectionistic Gospel[22, 29]. And, sinceno
commercialout¯t wasabout to deliver this magichardware,
somebody from the prime AI laboratory in the country set
about designingit himself, attracting ample public and pri-
vate funding. So was born the Connection Machine[21].
Conceived, built, programmed,and marketed by the cream
of AI researchers, you could have expected that, as soon as
this machine was out, every AI lab in the world would line
up|w aving, of course,million-dollar bills in their hands|
and scramble to be the ¯rst to grab a unit. No such thing
happened|y ou can read the rest of the story in [40]. Please
do.

May Danny Hillis have made a horrible blunder and
ended up building the wrong machine? I'm not so sure
of that. Something like the Connection Machine was what
everyonewanted|or at least said they wanted|and in this
sense,with the wisdom of the moment, it was the right ma-
chine for somebody to build. What Danny perhaps didn't
realize is that he was calling a blu®. It is one thing to say,
\W e have this beautiful research plan that we'd like to get
funding for; we'll only be able to work on the theoretical
aspects, of course,until the right hardware becomesavail-
able." It is quite another thing to be suddenly confronted
with the hardwarewehad ourselvesmademuch noiseabout,
and beaskedto demonstrateon it| right now|our theory's
worth.

At this point, somebody may ask how expensive calling
a blu®|wittingly or otherwise|should allowed to be, and

26 A program to turn a high-lev el language into executable machine
language.

27 How complex behavior can emerge from simple parts, provided
one is allowed to use as many as desired.

who should foot the bill|but that is another story. It has
to do with honesty, justice, social responsibilit y, all things
that deeply a®ectthe human individual but evolution can
be quite cavalier about. This issueis admirably addressed
by Richard Dawkins[14, ¯rst essay]. Exactly becausewe
live in a world governed by nature's indi®erence,we have
the duty to counter that by using our gift of foresight and
try to avoid so much pain, waste, and blunder. Evolution
won't|and by its very nature can't |do that.

On the other hand, in terms of the a®airs that evolu-
tion does care about, the Thinking Machines episode was
ordinary administration. How many dates doesn't a palm
have to produce to insure a reasonablechance of breaking
even|of still having one descendant in a few generation?
How many projects doesDARPA have to ¯nance to insure
that oncein a while somethingassuccessfulas the Internet
will take o®? How would you go about deciding (in 1984)
whether connectionism is (a) God's gift to the world, (b)
an idea whosetime hasn't come yet, (c) a bad idea, (d) a
technology that will be invaluable but only for a few niche
applications? and so forth. Recalling the characterization
of evolution given just beforeFig. 4 (solutions that are hard
to ¯nd but easyto verify), evolution's banner is \Ho w can
you ¯nd out if you don't try?"

8 Lattice-gas hydro dynamics

Besides,many other ideaswere evaluated in concomitance
with the Connection Machine.

I remember the feeling of exhilaration I had when I saw
the stately sloshingof a lattice-gas °uid on my cellular au-
tomata machine screen[43]. No one has seenthat before! I
had taken a cellular automaton schemethat Norman Mar-
golus has set up for studying microscopic computational
processesand I had \p erversely" programmed it with a
rule whosebehavior would only make sensefrom a macro-
scopicviewpoint. I knew next to nothing of hydrodynamics,
and so was not the best person to send into the world this
creature I had stumbled on. But it was with someregret
that, in doing my bibliographical search homework, I dis-
covered that something similar had already beenproposed
a coupleof yearsbefore|as a purely theoretical conceptual
joke from a professionalhydrodynamicist (YvesPomeau[33]
to his professionalhydrodynamicist colleagues,and then of
courseimmediately let drop.

A few months later we invited Pomeau to a miniconfer-
ence and showed him these lattice-gas °uids. According
to Pomeau himself, seeing those simulations running live
on our cellular automata machines made him realize that
what had been conceived primarily as a conceptual model
could indeed be turned, by using suitable hardware, into a
computationally accessiblemodel: this stimulated his inter-
est in ¯nding lattice-gas rules which would provide better
models of °uids. A landmark was reached with the slightly
more complicated FHP model (it usessix rather than four
particle directions) which gives, in an appropriate macro-
scopic limit, a °uid obeying the well-known Navier{Stokes
equation, and thus suitable for modeling actual hydrody-
namics. Soon after, analogousresults for three-dimensional
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models were obtained by a number of researchers.
By that time, Stephen Wolfram, who also had been im-

pressedby these simulations and had beendrawn into the
area of cellular automata himself, had started applying his
outstanding mathematical physicsexpertise to lattice gases.
Finally, the Connection Machine had already failed to make
a splash¯rst as an AI tool and then as an executive's perc
and was now looking for new markets. As an afterthought,
the Connection Machine had beenprovided with a number
of fast numerical-processor\islands" dispersed through a
sea of ¯ne-grained processors. How about turning it into
a scienti¯c computer? And so was born a collaboration
between Hillis, Wolfram, and others to turn the Connec-
tion Machine into a lattice-gas hydrodynamics computer.
The notion wasnot without merit, and actually produceda
number of experiments that were impressive for that time,
but eventually proved not to be competitiv e enough.

The reason? Cellular automata carry within them the
seedsof their own destruction, as it were. By painstakingly
simulating the gyrations of millions or billions of tokens,
they are ideal for deriving reliable mesososcopicpredictions
directly from somewhatstilyzed microscopicprinciples. But
this e®ort literally exhauststheir computational resources,
so that none are left to go one step further and synthesize
fully macroscopicbehavior. However, the mesoscopicpa-
rametersand properties obtained onceand for all by means
of cellular automata modelscan in turn be pluggedinto dif-
ferent kinds of models,which bridge the gap betweenmeso-
scopicsand macroscopics.Like Moses,who died on Mount
Nebo in sight of the Promised Land after having guided
the ChosenPeople for forty years trough the desert all the
way from Egypt, and had to let a new generation take the
¯nal step, so cellular automata's best exploits take place in
the wasteland between micro- and mesoscopics,while the
information so gained goeson to be usedby others.

As a matter of fact, a shadow of the former lattice gases
is retained to advantage in the move to the new, meso-to-
macro, models,The latter, which useso-calledlattice Boltz-
mann algorithms, skim the best from several approaches
and yield industrial-strength results. A viable corporation,
EXA (www.exa.com), has after all sprung out of all this
trouble.

Aren't the ways of evolution hard to fathom?
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