On the Origin of
Circuits

In software and silicon,
machines guided by Darwinism
seize the reins of design

By PETER WEISS

magine this: A wee spacecraft no bigger
I than a can of soda zips out to an aster-
oid. There, it grabs on like a leech,
sucks minerals out of the surface, and fash-
ions them into parts and supplies it needs
to make itself into something bigger and
better, with more ambitious travel plans.
By the time the renovated craft blasts
off again, it will have morphed into
NASA's first interstellar explorer, on its
way to seek clues of life on planets cir-
cling alien suns.
It’s still only a science fiction scenario,

but NASA Administrator Daniel S. Goldin £

predicts that something like this might
transpire in only 30 years.

If he's right, the building of future =

space vehicles will involve a radical de-
parture from tradition. Instead of engi-
neers painstakingly crafting every detail
of their systems, they will depend in-
creasingly on machines that design and
build themselves.

This trend has already begun, and in
its first successes, NASA officials find en-
couragement that the approach will
eventually lead to far more reliable, ver-
satile, and long-lived spacecraft than
those being built today.

“These evolvable space systems would
revolutionize NASA’s space exploration,”
says Moustafa Chahine, chief scientist for
NASA's Jet Propulsion Laboratory (JPL)
in Pasadena, Calif.

Initially, NASA scientists and engineers
are investigating how machines might re-
vamp their own electronics. In doing so,
they join a growing research area that
has been dubbed evolvable hardware.

Specialists in the fledgling field investi-
gate techniques for machine-executed
design both in software and integrated
circuits. The techniques rely on guided
trial-and-error strategies inspired by
Charles Darwin’s theory of evolution by
natural selection and known as evolu-
tionary algorithms or artificial evolution
(SN: 7/23/94, p. 63).

Although still largely in a research
realm, evolvable hardware has started to
appear in prototypes of practical devices
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ranging from cell phones and printers to
robots, prosthetic limbs, and even an ar-
tificial brain (SN: 7/22/95, p. 62).

Last July, about 100 scientists and engi-
neers from more than 70 universities,
companies, and government labs world-
wide met in Pasadena, Calif., to discuss
the latest in both research and practical
developments. Although the field has
spurred workshops and conferences
since 1995, the 3-day meeting—the First

—

NASA planners envision robotic
outposts, such as this proposed cluster
of instruments on a moon of Jupiter, that
will independently repair themselves and
adapt to changing conditions.

NASA/Defense Department Workshop on
Evolvable Hardware—was the first in the
United States.

omputers might already rival peo-
c ple as circuit designers. John R.

Koza of Stanford University, who
has pioneered ways of making computer
programs evolve, predicts that his group
or another will be filing patents “in the
next year or two” on circuit designs creat-
ed by their machines.

Like idiots savants, Koza’s computers
work their wizardry without any expert
knowledge of circuits. The resulting de-
signs, however, are at least as good as
those that top-notch human designers
were coming up with pre-1950, Koza sug-
gests. Some of the designs would “square-
ly infringe” on patents issued to outstand-
ing circuits of that era, he says.
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He strutted out a parade of such de-
signs at the meeting, describing how he
and his colleagues simply specified a set
of commands that told the computer how
to place and wire circuit parts. Then, they
let artificial evolution take over.

Evolutionary, or genetic, algorithms per-
form a fast shuffle of pieces of computer
programs or digital codes, which the de-
velopers think of as genes. A complete set
of genes—that is, either the commands
making up an entire program or a se-
quence of digital codes containing all the
instructions to build a particular circuit—
make up one individual. To start the evolu-
tionary process, a computer randomly
jumbles large numbers of genes to create
hundreds or thousands of such individuals.

The algorithm then tests these individ-
uals by trying out the circuits they repre-
sent, either via simulation or by wiring
the devices. It finds out how well, if at all,
each circuit performs a desired function.
From the tests, individuals earn fitness
scores that help determine whether they
will be permitted to breed. If so, they
swap some of their genes with those of
other high performers to create individu-
als with new combinations of commands
or codes. The rest of the individuals die,
erased from memory.

As the breeders mate with many part-
ners to rebuild the population, the algo-
rithm occasionally alters, or mutates, an
offspring by changing a command or a
bit. This adds another element of chance.
Ideally, after hundreds or thousands of
generations of breeding, testing, and
culling, an exceptionally fit individual
emerges and the design is done.

the University of Sussex in Brighton,
England, created a sensation when

he made an actual circuit go through the
evolutionary process. It wasn’t that the
final circuit—a device that could be used
to discriminate between frequencies of
1 kilohertz (kHz) and 10 kHz—was so spe-
cial. Rather, his experiment demonstrated
that with artificial-evolution algorithms, a
machine could alter itself on the fly.

Thompson performed his feat on a type
of commercially available integrated circuit
that had been around for 10 years. Called
field programmable gate arrays, such mi-
crochips contain a grid of minuscule tiles
filled with identical collections of compo-
nents. In response to a string of digital
codes, each tile's components can alter the
functions that they perform and the rout-
ing of signals among the tiles can change.

One can think of the grid as a minia-
ture New York City. All the streets and
buildings are in place. In response to new
codes, each establishment changes its
type of business. A small army of traffic
cops barricades certain streets but
opens others, rerouting traffic in a way
that can be changed again later.

Such reconfigurable circuits lend them-

T hree years ago, Adrian Thompson of
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selves well to evolution. Because recon-
figuration takes only a few milliseconds,
many generations of circuits can be test-
ed in a short time.

Thompson wasn't the first to employ
the notion of directing such grids to
evolve. Australian computer scientist
Hugo de Garis had proposed the idea in
1992. In that same year, Tetsuya Higuchi
of the Electrotechnical Laboratory in
Tsukuba, Japan, who was de Garis’ boss
at the time, began testing evolutionary al-
gorithms on reconfigurable circuits called
programmable logic arrays and soon after
on the more complex gate arrays.

Thompson’s experiments, however,
highlighted some intriguing consequences
of artificial evolution. He found that his
evolved circuit was much different from
what an experienced engineer might de-
sign. For instance, it used surprisingly few
components, tantalizing investigators
with the possibility that evolution might
generate especially efficient circuits. It al-
so wired some circuit elements into the
grid in such a way that they were left in an
indeterminate state between on and off.

That unusual use of components sug-

gested that.evolved designs could exploit
mysterious aspects of chips that the de-
signers of semiconductor building blocks
might not know about. “What I like is that
this is a way of finding the natural forms in
this artificial medium,” Thompson says.

Skeptics at the July meeting raised
questions about the reliability of evolved
circuits.

Julian Miller of Napier University in Edin-
burgh nonetheless agrees with Thompson.
Evolved circuits are “a kind of automated
inspiration,” he says. “We can study these
new designs and learn new principles.”

espite questions about whether
D evolved circuits represent an
improvement on other devices,
researchers have already begun to look for
ways to incorporate them into products.
Higuchi’s lab has put such circuits in-
to a prosthetic hand that a wearer con-
trols by moving the arm muscles that re-
main intact. Conventional prostheses
that use muscle signals require roughly
a month of training, during which the
user learns to flex his or her muscles

Invention by evolution

Call them courageous or foolish. Ei-
ther way, computers that use artificial
evolution to create designs can’t help
but try things that are new.

That'’s why the little antenna that Derek
S. Linden held up in his hand in Pasadena,
Calif., at the First NASA/Defense Depart-
ment Workshop on Evolvable Hardware
in July looks crumpled and weird.

Linden, an antenna expert at Linden In-
novation Research in Herndon, Va.,

known as LEGOs.

Since humans already know about the
strength of triangular structures and the
stabilizing effect of the counterbalance,
it may seem that the Brandeis system
was taking baby steps when it hit upon
those structures in its designs. Au
contraire, says Pollack, who showed pic-
tures of the colorful LEGO creations at
the meeting. The computer invented
from scratch those most fundamental of

has coaxed his com-
puter to design a g
whole family of ex-g
traordinarily cheap,
easy-to-make anten- £
nas for ground-to-%
satellite commu-§
nications. They look
vaguely like black
drinking straws that
a creative child
has bent into odd
shapes. “They're like
snowflakes. They
never come out the
same,” Linden says,
but the computer-
designed antennas
show “excellent per-
formance.”

Jordan Pollack re-
cently chose to
have his automated
system use artificial evolution to design
bridges, cranes, and tables. The de-
signs, which he and Pablo Funes carried
out in a Brandeis University laboratory
in Waltham, Mass., were for structures
made of those little plastic bricks
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On its own, a computer designed
this crane by means of a trial-and-
error procedure akin to Darwinian
natural selection. Researchers then
built the LEGO-block crane, which
can lift a 1-kilogram weight.

forms because they
are natural conse-
quences of the phys-
ics of structures.
William A. Cross-
ley of Purdue Uni-

versity in West
Lafayette, Ind., pre-
sented examples

in which evolution
looks promising for
designing new air-
craft and space vehi-
cles, from helicop-
ters to satellites.

The proof that evo-
lutionary hardware
design is practical,
however, may be
those antennas, spec-
ulates computer sci-
entist Jason D. Lohn
of NASA's Ames Re-
search Center in Mountain View, Calif.
Linden has received a patent on the
oddly folded antennas, probably the
first for an invention by a nonhuman de-
signer. “It’s the first one that I've heard
of,” says Lohn. —PW,
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properly to trigger electrical signals that
move the hand (SN: 8/28/99, p. 142). The
evolvable hand instead adjusts itself to
the user.

During a training session of only a few
minutes, Higuchi says, the prototype cir-
cuit modifies itself to produce correct re-
sponses to electric signals from the user’s
arm muscles. The training relies on feed-
back from the user to let the circuit know if
it's generating the intended hand move-
ments. Over years of use, as the person’s
muscle signals change, the circuits would
adapt, Higuchi says.

He and his colleagues have also been
applying evolvable hardware to cellular
phones, digital printers, and other de-
vices. In printers, for instance, the cir-
cuits can make it possible to compress
and decompress data extremely quickly
and so print pages very rapidly. “At the
beginning, I had no confidence that we
could succeed in evolving real hard-
ware,” Higuchi says. “Now, we have prod-
ucts already being commercialized,” he
proudly notes.

De Garis, now at the Advanced
Telecommunications Research Institute
in Kyoto, Japan, heads a high-profile, con-
troversial undertaking known as the Cel-
lular Automata Machine Brain Project
(SN: 7/30/94, p. 77). The project’s goal is
to create an artificial brain using evolv-
able hardware.

The team is working on a computer
packed with 72 gate arrays and asso-
ciated electronics estimated to rival
10,000 500-megahertz Pentium micro-
processors. This hardware will model
the behavior of 70 million brain cells,
says Michael Korkin, president of
Genobyte in Boulder, Colo., the hard-
ware’s maker. By contrast, the human
brain contains roughly 100 billion
neurons.

Though few other researchers give
the project much chance of success, de
Garis already envisions a next-genera-
tion machine, armed with a billion artifi-
cial neurons, that will beguile the public
by controlling a lifelike robotic kitten.

After 6 years of development, the
first-generation prototype of the brain
exists, de Garis announced at the meet-
ing. He flashed onto a screen several
photographs showing parts of the ma-
chine, which are shaped to suggest
brain tissue. “There are people in this
room who still think I'm crazy,” he said,
scanning the audience. “Hopefully, I'll
get my revenge . . . soon.”

He and his colleagues from the Unit-
ed States, Italy, and Poland report that
they have run simulated circuits
through an evolutionary process to
learn, for instance, to detect moving
patterns. However, de Garis conceded
during questions following his talk that
he has yet to work out most of the de-
tails of how to interconnect the approx-
imately 60,000 blocks of circuitry of
which the artificial brain is made.
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common thread—the emulation
A of biology—binds all the attempts

to use evolvable hardware and to
better understand its power (SN:
11/30/91, p. 361). Goldin’s self-transform-
ing spacecraft “sounds like an ambitious
dream, but it could be possible if we
effectively utilize biologically inspired
technologies,” the NASA chief asserts.

JPL researcher Eric Mjolsness present-
ed results from a preliminary attempt to
simulate, in a computer, growth of a tiny
structure in flowering plants that gives
rise to leaves, flowers, and stems. Such
knowledge may one day prove important
for developing “seed ships,” Mjolsness
asserts. These, too, would be small
spacecraft thus affordable to launch,
which could flower into full-blown craft
or laboratories on other worlds.

NASA covets for its future space pro-
grams two abilities that living creatures
long ago acquired: self-repair and adapt-
ability to unforeseen circumstances
(SN: 5/29/99, p. 347). As the space
agency contemplates 100-year-plus in-
terstellar missions, evolvable hardware
promises—for electronics, at least—to
bring both capabilities within reach. [

Letters continued from p. 147

That may divert attention away from the hen
and young.

I Scott

Columbus, Ohio

MSG and type 2 diabetes

Your article “Type 2 diabetes appearing in
youths” (SN: 7/10/99, p. 31) is of special interest
to me. [ saw no type 2 diabetes in young people
when | started medical practice in the early '60s.
By the time I had retired in 1995, such patients
were not uncommon in my practice. | believe
monosodium glutamate (MSG) is the cause.
MSG is an excitotoxin that works by overstimu-
lating its nerve target. When MSG is fed to baby
rats for the first 9 days of their lives and then dis-
continued, the MSG destroys the arcuate nucle-
us of the pituitary gland. For the rest of the life of
the rat, it will be obese, hypothyroid, and lethar-
gic when compared with controls not given
MSG. Remember, MSG was released on the mar-

ket in 1948. Just read your food labels.
lan D. Murphy
Toledo, Ohio

The eye of the tabby

In your July 10 issue, the article “What color
is your carnivore?” (p. 26) was of interest to
me, since | share my household with carni-
vores who usually get their prey from cans.

I've noticed that tabby cats have false “eye”
markings above their actual eyes, just like the
tiger in the article’s photo has. Because of
these illusory eyes, my cats often appear to
be awake when they're napping. Might these
features provide an evolutionary advantage?
Yvonne Lyerla
Sonoma, Calif.

Alessia Ortolani speculates that white mark-
ings under the eyes of nocturnal predators and
dark muzzles on diurnal predators might have
as their evolutionary purpose making it easier
for other predators to read expressions and
identify each other. A simpler explanation is
that these markings help the predator’s eye-
sight (almost always a plus for a carnivore).
White under the eye would reflect into the eye
the maximum amount of ambient light, helping
nocturnal predators see in the dim light of
night. Dark markings under the eye (such as
on a muzzle) would help cut the glare from
sunlight, useful to diurnal predators.

Lee Stevens
Irving, Texas
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Chemistry

From New Orleans at a meeting of the American Chemical Society

Vitamin C lowers stress hormone in rats

Large doses of vitamin C may help alleviate the body’s re-
sponse to stress, according to P. Samuel Campbell of the Uni-
versity of Alabama in Huntsville.

Campbell and his colleagues put laboratory rats under
stress by immobilizing them in a wire cylinder for 1 hour each
day for 3 weeks. For 15 minutes of that hour, the researchers
turned the rats upside down. “It’s more of an emotional stres-
sor than a physical stressor,” Campbell explains.

Stressed rats that had received a daily dose of 200 mil-
ligrams of vitamin C showed lower blood concentrations of
a hormone called corticosterone when compared to rats
that didn’t get the vitamin. In people, scientists have linked
chronic production of a related hormone, called cortisol, to
heart disease and upper respiratory infections (SN: 5/23/87,
p. 325). In the new study, vitamin C also appeared to in-
crease the rats’ production of IgG, an antibody that is a
measure of immune-system function.

The amount of vitamin C given to the rats would correspond
to a high dose—several grams per day—in people, says Camp-
bell. In contrast, the current recommended daily allowance is
just 60 mg. The study’s results, Campbell says, provide addi-
tional information for U.S. policy makers who are trying to re-
vise nutritional guidelines to reflect vitamin doses needed for
optimum health (SN: 4/19/97, p. 237). —CW

Roaches don’t go crazy over catnip

A feline friend may go into ecstasy over a whiff of catnip, but
the same odor will send a cockroach skittering away, accord-
ing to entomologists at lowa State University in Ames. Their
finding may lead to new roach repellents based on an active
compound found in the catnip herb, Nepeta cataria.

Chris J. Peterson and Joel R. Coats tested the reaction of
German cockroaches to two forms of nepetalactone, the
herbal compound that drives cats wild. The researchers
gave insects a choice of walking on either a piece of paper
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treated with nepetalactone or untreated paper. For driving
away roaches, one form of the compound was 100 times as
effective as deet, an ingredient found in commercial insect
repellents. Removing roaches’ antennas rendered them indif-
ferent to nepetalactone, revealing that receptors on those
structures, rather than on their feet or mouthparts, respond
to the compound.

The researchers are now testing nepetalactone’s effect
on mosquitoes. An insect repellent based on catnip could
be safe to use on people and have a more pleasant smell
than the ones currently on the market do. The only obvious
drawback, they note, is that although such a product would
keep insects at bay, it might draw unwanted attention from
cats. —C W

Sugar-based antifreeze for icefree planes

An antifreeze derived from simple sugars prevents danger-
ous ice buildup on an airplane’s wings and in its fuel system,
researchers say. Unlike the deicing compounds now in use, the
antifreeze is nontoxic and would break down into harmless
components if it leaked into the environment.

The glycerin-based compound works much like salt does on
a frigid road: It lowers the melting point of ice, says George W.
Mushrush of George Mason University in Fairfax, Va., and the
Naval Research Laboratory in Washington, D.C.

Airline personnel now spray planes with solutions of toxic
ethylene glycol, the chemical used in car antifreeze, to prepare
them for cold, high-altitude flights. “Large airports use tons
and tons of the stuff,” says Mushrush. Workers are exposed to
the ethylene glycol, and it drips onto runways and soaks into
the ground.

“What we made is a lot less toxic,” Mushrush notes. If ingest-
ed, the new compound breaks down into glycerin—a sub-
stance often used as a laxative—and acetaldehyde, a product
of the normal metabolism of alcohol. —C W
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