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PROLOGUTE:

IN SILICO

If pattems of ones and zeros were ‘‘like’’ patterns of human lives and death,
if everything about an individual could be represented in a computer record

by a long string of ones and zeros, then what kind of creature would be
represented by a long string of lives and deaths?

Thomas Pynchon



The creatures cruise silently, skimming the surface of their world with
the elegance of ice skaters. They move at varying speeds, some with the
variegated cadence of vacillation, others with what surely must be firm
purpose. Their bodies—flecks of colors that resemble paper airplanes or
pointed confetti—betray their needs. Green ones are hungry. Blue ones
seck mates. Red ones want to fight. '

They see. A so-called neural network bestows on them vision, and
they can perceive the colors of their neighbors and something of the
world around them. They know something about their own internal
states and can sense fatigue. They learn. Experience teaches them what
might make them feel better or what might relieve a pressing need.

They reproduce. Two of them will mate, their genes will merge, and
the combination determines the characteristics of the offspring. Over a
period of generations, the mechanics of natural selection assert them-
selves, and fitter creatures roam the landscape.

They die, and sometimes before their bodies decay, others of their ilk
devour the corpses. In certain areas, at certain times, cannibal cults arise
in which this behavior i1s the norm. The carcasses are nourishing, but not
as much as the food that can be serendipitously discovered on the terrain.

The name of this ecosystem i1s PolyWorld, and it is located in the chips
and disk dnives of a Silicon Graphics Iris Workstation. The sole creator
of this realm 1s a researcher named Larry Yaeger, who works for Apple
Computer. It 1s a world inside a computer, whose inhabitants are, in
effect, made of mathematics. The creatures have digital DNA. Some of
these creatures are more fit than others, and those are the ones who
eventually reproduce, forging a path that eventually leads to several sorts
of organisms who successfully exploit the peccadilloes of PolyWorld.

““The species have their own unique behaviors and group dynamics,”
notes Yaeger. One group seems on the edge of psychosis—the ‘“‘frenet-
ics,” who, zipping compulsively through the landscape, constantly de-
sire food and sex and expend energy on little else. Then there is “the
cannibal cult,” members of which seek their own to mate with, fight

with, and eat. They form grotesque clumps from which they need not
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move in order to fulfill any of those needs. A third species is the “edge
runner.” Owing to a peculiarity in the landscape—unlike our own
spherical planet, PolyWorld can be programmed to have a distinct end
of the world—there is a benefit in lurking on the brim of oblivion. Once
a respectable number of fellow creatures adopt this behavior, there will
always be an ample supply of conjugal partners, as well as old carcasses

now turned to food.

Yaeger is cautious about sweeping statements; he prefers to describe
what he has done and what might immediately follow from it. ““So far
what PolyWorld has shown is that successful organisms in a biologically
motivated and only somewhat complex environment have evolved
adaptive strategies for living in this environment,” he says. When 1t
comes to describing the creatures themselves, Yaeger is less tentative.

“I see them,”” he says, “‘as artificial life.”

In September 1987, more than one hundred scientists and technicians
gathered in Los Alamos, New Mexico, to establish the new science of
artificial life. The event celebrated a technological and scientific water-
shed. A deepened understanding of biological mechanisms, along with
the exponentially increasing power of digital computers, had brought
humankind to the threshold of duplicating nature’s masterpiece, living
systems. The pioneers were both thrilled at the prospect and humbled
by previous speculations of what lay ahead. The legacy ot Mary Shelley,
who wrote of Frankenstein and his monster, as well as the dark accom-
plishments hatched on the very site of the conference, hovered over the
proceedings like, as one participant put it, a bugaboo.

Nevertheless, the mood was exuberant. Many of the scientists drawn
to Los Alamos had long dreamed of an aggregate effort to create a new
form of life; their individual labors had looked toward that day. Now 1t
had arrived. The significance of the moment was later framed by a
physicist named James Doyne Farmer, who coauthored a paper about
the implications of this new science. Its abstract alone was perhaps as

striking a description of nascent technology at the lab as any since the
development of the atomic bomb. Those who read it would have been
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well advised to take a deep breath—and perhaps suspend disbelief until
resuming aspiration—before reading the following prediction:

Within fifty to a hundred years a new class of organisms is likely to
emerge. These organisms will be artificial in the sense that they will
originally be designed by humans. However, they will reproduce, and
‘will evolve into something other than their original form; they will be
“alive” under any reasonable definition of the word. . . . The advent
of artificial life will be the most significant historical event since the

emergence of human beings. . . .

Artificial life, or a-life, is devoted to the creation and study of lifelike
organisms and systems built by humans. The stuff of this life is nonor-
ganic matter, and 1its essence is information: computers are the kilns from
which these new organisms emerge. Just as medical scientists have
managed to tinker with life’s mechanisms in vitro, the biologists and
computer scientists of a-life hope to create life in silico.

The degree to which this resembles real, “wet” life varies; many
experimenters admit freely that their laboratory creations are simply
simulations of aspects of life. The goal of these practitioners of ““weak”
a-life is to illuminate and understand more clearly the life that exists on
earth and possibly elsewhere. As astronomer A. S. Eddington has said,
“‘the contemplation in natural science of a wider domain than the actual
leads to a far better understanding of the actual.”” By simulating a kind
of life different from that with which we are familiar, a-life scientists seek
to explore paths that no form of life in the universe has yet taken, the
better to understand the concepts and limits of life itself.

- Hoping that the same sorts of behavior found in nature will spontane-

ously emerge from the simulations, sometimes scientists attempt to
model directly processes characteristic of living systems. Biologists treat
these artificial systems as the ultimate laboratory animals; their character-

istics lluminate the traits of known organisms, but, since their composi-
tion 1s transparent, they are much more easily analyzed than rats, plants,
or E. coli. Physicists pursue a-life in the hope that the synthesis of life will

shed light on a related quest: the understanding of all complex nonlinear
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systems, which are thoughtk to be ruled by universal forces not yet
comprehended. By studying phenomena such as self-organization 1n
a-life, these mysteries may soon be unraveled.

The boldest practitioners of this science engage in “strong’ a-life.
They look toward the long-term development of actual living organisms
whose essence is information. These creatures may be embodied 1n
corporeal form—a-life robots—or they may live within a computer.
Whichever, these creations, as Farmer insisted, are intended to be ‘“alive
under every reasonable definition of the word”—as much as bactena,
plants, animals, and human beings.

Many might consider this an absurd claim on the face of it. How
could something inside a computer ever be considered alive? Could
anything synthesized by humans ever aspire to such a classification:
Should not the term “life”” be restricted to nature’s domain?

The question is difficult to answer, largely because we have no “reason-
able definition’’ of life. Nearly two thousand years ago, Aristotle made
the observation that by ““possessing life,”” one implied that “a thing can
nourish itself and decay.” Most everyone also agreed that the capacity for
self~-reproduction is a necessary condition for life. From there, opinions
diverged and still do. One could devise a laundry list of qualities charac-
teristic of life, but these inevitably fail. They are either overly dis-
criminating or excessively lenient. The creatures in PolyWorld, for
instance, are in many ways lifelike—they grow, reproduce, adapt, and
evolve. Yet even their creator dares not claim that they are truly alive.

Some scientists suggest that the definition-of-life question 1s a red
herring. Life, they say, should be gauged on a continuum, and not
granted according to a binary decision. A rock would certainly be low
on any continuum of aliveness, and a dog, a tree, and a human being
would rank highly. More ambiguous systems would fall in a middle
region of semialiveness—somewhere below bacteria, which almost ev-
eryone agrees are alive, and somewhere above rocks. Viruses, which

some biologists consider living and others do not, would reside in the
upper reaches of this middle ground. Below that would be complex

systems that no one really considers to be alive but that display some
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behaviors consistent with living organisms—things such as the economy
and automobiles. The PolyWorld organisms would fall somewhere be-
tween Chevrolets and the flu. There is a particular advantage in regard-
ing hife in this manner: using systems that no one would classify as truly
alive, biologists could nonetheless isolate the qualities of life.

But this, too, 1s unsatisfying. One feels that it should mean something
to be alive, even as one concedes the apparent impossibility in fixing the
borderline between life and nonlife. Part of the difficulty arises from
culture’s refusal to yield the province of life to the realm of science. For
centuries, a mystical component, if not an unabashed nod to divinity,
loitered 1n whatever definition one chose to use. Despite attempts by
1iconoclasts and visionaries to use empirical means to recognize life, for
most of history people felt that a supernatural component bestowed the
property of life on otherwise-inert matenals.

As scientists came to discard those beliefs, their idea of life shifted to
accommodate new discoveries. After the identification of the cell, they
thought difterently about how matter organized itself into living struc-
tures. And once 1t was understood how critical Darwin’s contribution
was to the life sciences, evolution became a central issue in defining life.
To some, evolution remains the central issue. ‘‘Life should be defined by
the possession of those properties which are needed to ensure evolution
by natural selection,” writes John Maynard Smith, not surprisingly an
evolutionary biologist. ““That 1s, entities with the properties of multi-
plication, variation, and heredity are alive, and entities lacking one or
more of those properties are not.”” The more recent discovery of DNA
as a pervasive and essential component in all matter generally regarded
as living added another wrinkle: not only did living things contain
blueprints for their operation and reproduction, but also these unique
collections of molecules contained elements of the history of all life.
““The possession of a genetic program provides for an absolute difference
between organisms and inanimate matter,”’ writes Ernst Mayr. “Noth-

ing comparable exists in the inanimate world, except for manmade
computers.”” (Note the sole, but significant, exception.)
The latest twist on our perception of the necessary conditions for

aliveness comes from the recognition of complex systems theory as a key
component in biology. A complex system is one whose component parts
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interact with sufficient intricacy that they cannot be predicted by stan-
dard linear equations; so many variables are at work in the system that
its overall behavior can only be understood as an emergent consequence
of the holistic sum of all the myriad behaviors embedded within. Reduc-
tionism does not work with complex systems, and it is now clear that a
purely reductionist approach cannot be applied when studying life: in
living systems, the whole is more than the sum of its parts. As we shall
see, this is the result not of a mysterious dram of vital life-giving fluid
but rather the benefits of complexity, which allow certain behaviors and
characteristics to emerge unbidden. The mechanics of this may have
been hammered out by evolution, but the engine of evolution cannot
begin to fire until a certain degree of complexity 1s present. Living
systems epitomize complexity, so much so that some scientists now see
complexity as a defining characteristic ot life.

But complexity 1s only one more item on the laundry list. Despite all
our scientific knowledge, “‘there is no generally accepted definition of
life,”” as Carl Sagan flatly states in his Encyclopedia Britannica essay on the
topic. Philosopher Mark Bedau contends that the question ‘‘should be
considered one of the fundamental concepts ot philosophy, but philoso-
phers haven’t thought of it much. Nor have biologists. They typically
throw up their hands. It’s not a natural property like water—you can
investigate water and say, ‘there’s H,O, that’s its essence.” But life 1sn’t
material, 1t’s ephemeral.”

Philosophers, too, can throw up their hands at the dilemma. ““I really
doubt that a purely philosophical answer to these questions is possible,”
writes Elliott Sober. The University of Wisconsin philosopher contends
that ulaimately, the question 1s not important. “If a machine can extract
energy from its environment, grow, repair damage to its body, and
reproduce,”’ he asks, ““‘what remains of the issue whether it 1s ‘really’
alive?”

Yet such a machine would not close the 1ssue but open it. Many
people would find it threatening to consider an artificial organism as
descnibed above as literally alive. Now most human beings will not

regard anything as living if it 1s not composed of the same matter as
natural biological organisms. Physicist Gerald Feinberg and biologist
R obert Shapiro have coined a term for those who “‘believe that all life
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must be based on the chemistry of carbon compounds and must operate
In an aqueous (water) medium’’: “carbaquists.” Yet no one has effec-
tively argued that life could never exist in other forms.

The things we now consider alive are possibly only a subset of a larger
class of organisms. By chance, by an unfortunate accident of history, we
have been presented with this limited spectrum of possible life-forms and
no others. Our challenge, then, is to anticipate which characteristics of
hfe as we know it are peculiar to that subset, and which are universal of
all life, even the potential forms we have yet to see or, as the case may
be, to builld—to contemplate, and then create, life-as-it-could-be (to use
the term coined by Christopher Langton, who organized the first a-life
conference).

““If scientists are going to develop a broad theory of life, it’s going to
require them to accept radically non-organic things as being alive” says
Langton. ““Most biologists are generally hesitant to do this now. It will
take a while to get processes like this that will convince biologists that
these things are alive, in the sense that people are alive. But we’re going
to get them.”

This book 1s about that quest: the eftort to create the processes of hife
itself, with the intended effect of changing the way the world thinks. If
Langton and his colleagues achieve their goals, human beings will see
themselves in a different light. We will not be standing at the pinnacle
of some self-defined evolutionary hierarchy but will rank as particularly
complex representatives of one subset of life among many possible

alternatives.
Our uniqueness will lie 1in the ability to create our own successors.

Artificial life is something quite different from genetic engineering,
which uses fully evolved wet life as its starting point. The scientists of
a-life are devising the means by which actual living systems can be

generated, evolved, and observed. Theirs is an eftort to engineer the
course of evolution and extend the range of living systems on planet

earth and beyond. From this grand experiment, a more profound under-
standing of life itself, an ability to use its mechanisms to perform our
work and, perhaps, the discovery of powerful laws of nature that govern
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not only biological systems but also any series of complex nonlinear
self~organizing interactions may ultimately anse.

What drives men and women engaged in the quest for a-life is a desire
to decipher the vast tangle of obscurities that nature has laid before us,
particularly in regard to the deepest question of all, What 1s hte?

Working in different disciplines these researchers have concluded that
the way to answer that question is not merely to observe but to create.
The first step is believing it can be done, and there i1s convincing
evidence that it can be done. The next step is doing it. Though it may
take many years in terms of the life span in human individuals, in the
scope of evolutionary time the result could be accomplished within an
instant. In any case, this fearsome work is underway, and this book will
introduce you to the remarkable people performing it.

With the fruits of their labors, we may come to know what it means
to be alive. By making life, we may finally know what life is.

10



ITHE PROMISED LAND

Anybody who looks at living organisms knows perfectly well that they can
produce other organisms like themselves. This is their normal function, they
wouldn’t exist if they didn’t do this, and it’s plausible that this is the reason
why they abound in the world. In other words, living organisms are very
complicated aggregations of elementary parts, and by any reasonable theory
of probability or thermodynamics highly improbable. That they should occur

in the world at all is a miracle of the first magnitude. . .
John von Neumann

He died so prematurely, seeing the promised land but hardly entering it.
Stanislaw M. Ulam, of his friend von Neumann



Von Neumann was dying. One day in 1954 his shoulder exploded so
fiercely with pain that he could hardly stand. It was an emissary of
prostate cancer, spreading beyond hope. He had only months to live.
His famous demeanor—strikingly jovial, relentlessly energetic, exhaus-
tvely probing, buoyantly informed—now sagged. He was still capable
of piercing wit, and his mathematical skills, unparalleled in our century,
seemed intact. But friends noticed an uncharacteristic melancholy.
“There was a sadness in him,” wrote a colleague of many years, of von
Neumann's final visit to Los Alamos, “‘and he frequently seemed to look
around, as if, it occurred to me later, he might have been thinking this
was perhaps his last visit and he wanted to remember the scenery, the
mountains, the places he knew so well and where he had so often had
Interesting and pleasant times.”

In his fifty-three years, John von Neumann made full use of his
extraordinary mind, “a perfect instrument whose gears were machined
to mesh accurately within a thousandth of an inch,” according to one
admiring Nobel laureate. He was a math prodigy in Budapest, and his
tamily, prosperous Jewish bankers, had the wherewithal to provide him
with schooling to cultivate his abilities. He earned a doctorate at twenty-
two, at twenty-three became the youngest person to lecture at the
Umniversity of Berlin, and at thirty, along with Albert Einstein, he was
appointed one of the first professors of the Institute for Advanced Study,
in Princeton, New Jersey. Though his skill at calculation and memoriza-
tion would become legendary—he could recall verbatim lists of names
from phone books and esoterica of Byzantine culture from history
books—his curiosity led him to creative leaps that propelled him to the
forefront of his generation. He helped hammer out the niceties of
quantum mechanics in the cafes of Gottingen, virtually invented game

theory in Berlin, solved ergodic mathematical questions in Princeton,
helped concoct the A-bomb in Los Alamos, and made so crucial a

contribution to the development of the electronic digital computer that
almost all such machines are referred to as von Neumann processors. It
1s unknown whether a smile crossed the face of physicist Hans Bethe

13
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when he said, “I have sometimes wondered whether a brain like von
Neumann’s does not indicate a species superior to that of man.” Indeed,
the joke was that Johnny, as he was known to friends, was 1n fact not
human but a demigod; however, he understood Homo sapiens so well
that he could convincingly simulate them.

Von Neumann’s belief in his own invulnerability was evident in his
own disregard for the consequences of physics when behind the wheel
of an automobile: he totaled approximately one car a year and emerged
unscathed. Now cancer had come to claim him. ‘“Now that this thing
has come,” he asked of his doctor, “how shall I spend the remainder of
my life?”” The answer: work on what 1s most important to you.

Two activities occupied him during that period. The first involved
weaponry, the technology of death. The second was something rela-
tively abstract: the technology of life.

The first involved his government duties. Only three months before
the cancer appeared, von Neumann had been sworn onto the Atomic
Energy Commission and in that capacity was the main scientific voice
in the country’s nuclear weapons establishment. One indication of his
influence there: the nation’s ballistic missile committee was called the
von Neumann group. The mathematician was not shy about advocating
the use of the horrible weaponry he helped conceive and, perhaps
recalling his family’s retreat from Communist Hungary, actually favored
preventative nuclear war. Through his illness he continued his work,
and, up until his last hospital visit, he consulted in top-secret sessions
with representatives of the Cold War brain trust.

His scientific pursuits stood in contrast with his weaponry labors. Von
Neumann had become infatuated with the similarities of the com-
puter—or, more precisely, with what this machine could become—and
with the workings of nature. His goal was to create a theory that would
encompass both biologies, natural and artificial.

The idea that the behavior of living organisms could be viewed as
equivalent to the behavior of machines came easily to someone of von

Neumann’s temperament. His world was built on logical principle.

When you boiled down any phenomenon, its essence would consist of
the axioms that produced it. When von Neumann was first told of the

14
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eftorts to build a supercalculating machine that would become the first
electronic computer, he immediately inquired of the device’s logic-
based operations. It would be von Neumann who engineered the idea
that a computer was first and foremost a logic machine, not merely
something that dully crunched numbers. Life was no different. Not
surprisingly, von Neumann regarded life itself as a reconstructible con-
catenation of events and interactions. Mysticism did not enter the equa-
tion. Nor did randomness: “‘I shudder at the thought,” he wrote, ““‘that
highly purposive organizational elements, like the protein, should origi-
nate 1in a random process.”’

Von Neumann would readily admit that biological organisms were
complex, more complicated than any artificial structure man had ever
pondered. But ultimately, because he believed life was based on logic,
he believed that we were capable of forcing organisms to surrender their
secrets. It could be done. It would be done. Von Neumann set about
doing it.

In the late 1940s, he was invited to give a series of lectures on the
subject. The most famous was delivered in Pasadena, California, as part
of something called the Hixon Symposium. His audience consisted of
tellow scientists: physicists, biologists, medical researchers. His host was
the future Nobel Prize winner Linus Pauling. There were no computer
scientists 1n attendance because, of course, the field did not exist, except
perhaps in von Neumann’s head. Though the lecture was not particu-
larly technical, the bold subject matter made for heady stuff, even for this
sophisticated audience. One listener compared the experience to ““the
delightful but difficult role of hanging on the tail of a kite.”

The lecture was titled, “The General and Logical Theory of Au-
tomata.” By the term “automata,” von Neumann was referring to
self-operating machines, specifically any such machine whose behavior
could be unerringly defined in mathematical terms. An automaton is a
machine that processes information, proceeding logically, inexorably

performing its next action after applying data received from outside itself
in light of instructions programmed within itself. Since von Neumann

saw no reason why organisms, from bacteria to human beings, could not
be viewed as machines—and vice versa—this term in his hand connoted

15
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something more flexible than the word’s usual implication. If you un-
derstood automata, the implication was, you understood not only ma-

chinery better—you understood life.
The most interesting part of the Hixon lecture, and certainly the most

unconventional, dealt with the concept of self-reproduction. Could an
artificial machine produce a copy of itself, he wondered, that would 1n
turn be capable of creating more copies? (Just as natural machines—

ferns, parrots, and humans—do?)
A positive answer would be a strong indication that the link between

artificial and natural automata was strong. Creating offspring 1s a pnime
common-sense criterion for determining whether something 1s ahive.
When René Descartes declared to the queen of France that animals
indeed were a class of automata, Her Royal Highness pointed to a clock,
and said, ‘‘See to it that it produces offspring.”” Descartes was stumped,
but von Neumann believed he could satisfy those conditions. Yes, a
machine could reproduce itself, he asserted. He was going to prove it.

Von Neumann regarded automata theory as his crowning achieve-
ment. He spoke on it, discussed it with his colleagues, and prepared to
write a definitive book on the subject. But the manuscript would never
be completed—nor would his other explorations in the previously un-
trodden territory where life and machinery overlap.

In April 1956, von Neumann entered Walter Reed Hospital. Among
the papers he brought along with him were notes for a series of lectures
he had agreed to present at Yale University, ““The Computer and the
Brain.” The point of the lectures was that computers and human beings
are different classes of automata; the lectures would compare and con-
trast, the better to understand both cases. Originally, he had agreed to
speak for five days; after his illness he still hoped to deliver the lectures,
somewhat abbreviated, from the wheelchair to which he had been
consigned. Even that was overly optimistic. He would not leave the
hospital grounds again. '

“Even Johnny’s exceptional mind could not overcome the weariness

of the body,” wrote Klara von Neumann, and, on February 8, 1957,
John von Neumann died. His last days had been attended by air-force
orderlies cleared at top-secret security levels, in case he spilled out

16
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classified information in his final delirium. But von Neumann uttered no
more secrets.

Nevertheless, von Neumann’s legacy on the subject of automata theory
was enough to clearly distinguish the Hungarian mathematician as the
father of what would come to be the field of artificial life. He also
fathered a mental construct known as the self-reproducing automaton.
There were several species of this creature, though he managed to
develop fully only two before his death.

Von Neumann acknowledged the sensational implications of this
work. In a letter to Norbert Wiener he stated that word of the “repro-
ductive potentialities of the machines of the future’’ should be kept out
of the press. As for himself, he boasted, “I have been quite virtuous and
had no journalistic contacts whatever.”

Von Neumann was aware of the stigma assigned to those who tried
to produce lifelike processes by artificial means. The ghost of Mary
Shelley’s Frankenstein monster, and any other number of more recent
science-fiction scenarios, cast a mottled shadow over such enterprises. It
was better to proceed benignly with his work, of which the overwhelm-
ing bulk was conducted in his head, or with pen and paper—though he
had a brief flirtation with Tinkertoys, which he quickly abandoned,
turning over the dowels and wheels to the grandson of fellow scientist
Oskar Morgenstern. There was no hint of the startling implications of
this sort of work. But John von Neumann was initiating a new era in
what had previously been only a dark recess of science—or quasi science
as some would have it. Trying to extend life in a realm where none had
existed. '

For most of history, this was a mystical quest rather than a rational
one. Scientists regarded life as dependent on a certain quality bestowed
on its parts. The idea that one could produce it by duplicating its physics,

1ts materials, was to them absurd. What was required, instead, was to
replace what was understood to be the essence of life, and this was

something supernatural, a trespass on the divine. According to the bibli-
cal creation story it was God, after all, who

17
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 formed man of the dust of the ground, and breathed into his

nostrils the breath of life, and man became a living soul.

Though it was not man’s place to infuse inanimate objects with the
breath of life, ancient legends and tales speculated on such occasions.
Pygmalion made a statue come to life. Dion Cassius, a second-century
R oman historian, reported other statues with some alarming capabihities:
they bled, they sweated, they swooned at the sight of an evil figure, and
they turned respectfully toward conquering generals. In Jewish fable, a
learned rabbi vivified a lump of clay as a beast called a golem, who began
life as a servant but eventually haunted its creator.

That was myth. The reality was an unnavigable gulf between living
and nonliving. Aristotle, one of the few philosophers ever to devote
much time to defining life, believed that what distinguished organisms
from their inanimate surroundings was possession of a soul. While only
man had the highest variety of soul, animals and even plants had less
impressive models. In the case of any organism, he wrote, “bodies exist
only for the sake of the soul.”” So how could one create life, unless one
were in possession of the breath of life, soul matenal?

For centuries, there seemed little reason to question that concept.

Even the discoveries of the seventeenth-century British physician and
medical researcher William Harvey failed to tarnish it. Though Harvey
disproved such misconceptions as the eruption of flies from dung (even
Aristotle believed that animals could arise from mud), he still held that
life had some divine component, infused while the orgamism was in ovo,
or in the egg. Omne vivum ex ovo, said Harvey—no hife except from life.
But the Industrial Revolution and its contemporary companions, the

revelations of Newtonian physics and laws of thermodynamics, began to
extend science’s domain, and the biological realm became less forbid-
dingly mystical. Newton’s worldview indicated that we could predict
where all the celestial bodies would be at a certain time—might not the
work of life be equally predictable? A new school of thought emerged,
which regarded life as a mechanistic process.

According to mechanism, life was literally an automaton, like a
clockwork.

Could it then be duplicated? Mechanists like Descartes and Leibmz

18
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seemed to think it possible. And certain people ventured into this
implausible territory. They proceeded in the spirit of the early builders
ot a special kind of automata, mechanical devices that seemed to demon-
strate lifelike behavior. These automata were concocted with the ele-
gance of Swiss watches, combined with Rube Goldberg ingenuity.
They took advantage not only of gears but also of gravity, hydraulics,
pulleys, and sunlight. The effect could be dazzling, as with the extraordi-
nary clock of Berne. Created in 1530, this massive timepiece hourly
disgorged a dazzling pageantry of automata figures, beginning with a
crowing cock and followed by a carefully choreographed procession in
which the nodding head of a clock king allowed passage of a parade of
spear-wielding bear cubs and a ferocious lion.

Undoubtedly entertaining, these made no pretensions to usurp na-
ture. But later automata made tentative steps toward the murky line
dividing life from nonlife. The most famous of these was the creation of
Jacques de Vaucanson, a Frenchman in his twenties who in 1738 dazzled
Paris with “an artificial duck made of gilded copper who drinks, eats,
quacks, splashes about the water, and digests his food like a living duck.”
Displayed throughout Europe, the duck confounded its audiences. Its
complexity was prodigious, with over four hundred moving pieces in a
single wing. When the duck fell into disrepair in the early 1800s, Goethe
bemoaned its fate: ““We found Vaucanson’s automata completely para-
lyzed,” he wrote in his journal. “The duck had lost its feathers and,
reduced to a skeleton, would still bravely eat its oats but could no longer
digest them.”

A Swiss inventor named Rechsteiner revived the duck and trium-
phantly reintroduced the automaton at Milan’s Scala Theater in 1844.
Rechsteiner then took 3 years to build his own artificial duck, which he
displayed at Munich’s Royal Odeon before, among other dignitaries,
King Louis I of Bavana.

The newspaper Das freie Wort offered a detailed description of this

marvelous new fowl’s behavior. Apparently the duck’s movements
were sufficiently natural to convince the observers that an intelligence

lay beneath its motions. When fed, the duck greedily snarfed its por-
ridge, pausing periodically to raise his head and stare at its astonished
onlookers. Then came the climax: “. . . the contractions of the bird’s
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body clearly show that his stomach is a bit upset by this rapid meal and
the effects of a painful digestion become obvious. However the brave
little bird holds out, and after a few minutes we are convinced 1n the
most concrete manner that he has overcome his internal difficulties.

The truth is that the smell which now spreads through the room be-

29

comes almost unbearable. . . .
Since the model no longer exists, the description can only ignite our

imaginations. Had Rechsteiner and his predecessor de Vaucanson ac-
quired such deep understanding of life that the creations themselves
were worthy of serious study? It would have been fascinating, even
enlightening, for nineteenth-century biologists to study these man-made
ducks, to compare their machinations with those of nature and perhaps
to acquire insights on alternative approaches to such metabolic phenom-
ena as digestion and flatulence. One newspaper account of 1847 seems
to argue just that, that Rechsteiner’s talented mallard was a biological
model of scientific significance.

.. . All the movements and attitudes of this automaton faithfully
reproduce nature, copying it to the life even down to the tiniest detail,
so much so that for a moment we are tempted to believe that there 1s
a real duck before us, whereas all these movements are carried out by
the most complicated mechanisms. The inventor’s mastery 1s shown
particularly on the three occasions when the duck is doing something,
when he is breathing, digesting, and evacuating. Here is clearly some-
thing more than mere mechanical ability. The artist has penetrated
into the deepest secrets of the process of assimilation and of alimentary
chemistry. Since life depends on electro-magnetic activity, the inven-
tor has also used that in his automation.

It is just this grasp of the secret of natural processes and the practical
application of this knowledge which we consider an immense step
forward in the world of natural science, especially in physiology, and
we have no doubt that the discoveries of this master mind will make

his name immortal.

But the obvious differences between the mechanical model and its
" natural inspiration—the presence of screws and springs instead ot organs
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and bone—only underlay the difficulty of creating life and particularly
the difhiculty of convincing critics that the stuff of engineering could
produce something alive. Those who disagreed with the mechanists
were quick to reaffirm their certainty that the effort was an imposSibility. '
Despite Harvey and Pasteur, and even Darwin and Descartes, the intui-
tive assertions of Aristotle still prevailed.

The most vocal of these critics called themselves vitalists. This term
~was taken from the so-called vital force or élan vital that supposedly
existed only in living organisms. Vitalists themselves varied on the nature
of this force. Some believed it a chemical; others claimed it was some
immatenal agent. By the nineteenth century many were convinced that
the agent was electricity, and as proof they pointed to that force’s ability
to twitch the limbs of the dead. Vitalistic writings ranged from Franken-
stein (who drew a spark of life from electricity) to the ideas of Henri
Bergson.

The vitalists voiced the suspicions of the vast majority of the population,
who thought that of course there was a divine component to life and who
thought it perfectly reasonable that some special material might well
divide living from nonliving matter. Vitalism’s final significant flag bearer
was German biologist Hans Driesch. He argued his case with the fervor of
an apostate. In 1891, Drniesch visited the zoology station in Trieste, Italy,
where he saw experimentsin sea urchin embryos that seemed to contradict
what was accepted biological theory. When a single embryo was split at a
very early stage, a complete sea urchin grew from each cell cluster. His
musinterpretation of the phenomenon assumed that a vital force, which he
called an entelechy, was at work. An entelechy was a ‘“‘nonmechanical
causalagent™ that ““contained its own goal.” After his sea urchin epiphany,
Drnesch spent a contentious lifetime attempting to reconcile science with
vitalism, taking pathetic swipes at Darwinism along the way. Citing what
he considered empirical truths and embellishing his views with compli-
cated conjectures concerning entelechies, which roughly corresponded to
Arstotle’s view of the soul, he continued his struggle well into the
twentieth century. ““A true doctrine is never completely extinguished,”’
he wrote. ‘It may for a time be out-shouted by its opponents, but there are
always a few who, whatever may befall, pursue their way, heedless of all

the uproar of the day.”
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Though it would be a difficult task to unearth a modern scientist
subscribing to that true doctrine, vitalism of a sort seems to persist. There
remains in us all an atavistic tendency to surrender biological preroga-
tives to any so-called beings outside the known family of earthbound
organisms. There is a particular reluctance to concede the honor of
life-form to anything created synthetically. This reluctance often trans-
forms itself into profound skepticism, even mockery, when one suggests
that life could be fashioned in a laboratory or in a computer, by using
as the main substrate not organic molecules or other familiar forms of
chemistry but something quite different—information.

Information. The premise being that the basis of life is information,
steeped in a dynamical system complex enough to reproduce and to bear
offspring more complex than the parent.

This was von Neumann'’s premise.

Information was what made John von Neumann’s creature, his self-
reproducing machine, different from the automata of his engineenng
predecessors. At the center of its being was its blueprint, which dictated
not only its behavior but also its reproductive activity.

Admittedly, this was a daring crossover. A leap over a foreboding
chasm is required before one can grant a construction of pure logic some
of the powers of a living, breathing being.

What made even considering the matter possible was the work of the
logician Alan Turing, who like von Neumann had a profound impact
on the development of modern computers. In 1936, Turing concocted
his own imaginary automaton. The Turing machine, as 1t became
known, made no bid to join the society of living creatures. It could be
visualized more as a sophisticated tape player, with an arbitrarily extend-
able tape. (Remember, this device existed only in the 1magination,
where million-mile-long tapes and centuries-long processes could find
reasonable accommodations.) The tape was marked off in sections and
in each section resided a bit of information. The tape head, a device that

moved over the tape, was capable both of reading these bits and, if
necessary, of erasing what was on a square or of wnting on a square.

22



T he Promised Land

There was also a control mechanism in the tape head, which told it what
to do as it read each piece of information. Its characteristics and behavior
qualified it as being what was known as a finite state machine (FSM). It
could also be called a finite automaton.

This deceptively simple device separated all information into two
elements—that which came from an object’s internal state and that
which was derived externally. Also assumed was that our universe is
granular; that is, that it moves in discrete time steps, although these could
be as small as one imagined, even billionths of a second. Durnng any of
these instances, an FSM would be in a certain describable state. The
description could be extremely intricate or very simple; the only limita-
tion was that it had to be one of a finite set of possible states. (The
number could be very high but not infinite.) Between the current
instant and the next discrete time step, the FSM, using whatever Sensory
input that particular machine had available to it, would take note of the
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