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A new species
of hardware

AS YOU READ TEHIESE LINLS, YOU ARE USING A POWEREUL set of
devices—including eyes, hands, and a brain—-all of which share a {uncamen-
tal characteristic: they arce the products of the random mutations and genctic
mixing of Darwinian evolution. As anthropologist Melvin Konner wrole not
long ago: "Neuroanatanmy in any species—hbut especially in a brain-ridden one
like ours—is the product of a sloppy, opporwmistic, half-billion year | process
of evolution] that has pasted together, and only partly integrated, disparate
organs that cvolved in different animals, in difterent eras, and for very differ-
ent purpases” [sce "To Probe Further, p. 64]

This single sentence, which captures the hasic workings of natural evolu-
tion, also contains all the qualifiers (sloppy, opportunistic, pasted together, anly
partly integrated, and so forth) needed to describe “bad” enginecring. And yet,
between Man and Nature, Nature is the mare ingenious eagincer ol the wwo.
‘Ihe prool is right helare your eyes. Part of the proofl is, in lact, your eyes, as

well as the other organs that make up your body.

I natural evolution i so successiul a designes,
why not simulate ils workings in an cngincering
seting, by using a computer 1o evolve solutions
to hard problems? Researchers pursiing this idea
in the 19505 and 605 gave birth to the domain of
evolutionary computation. Frur decades later,
the domain s Hoarishing, both in industry and
academia, presenting whar may well be a new
approach to optimization and problem-solving.

M18-9235/01/$ 10.0062000 IEEE

[ublished in 1859, Charles Darwin's On fhe
Crigin of Srectes Iy Means af Nartural Seleclion shook
the foundations of not anly science but also
sodiely atlarpe, Now, with new uses for the evo-
lutionary model conting inte being, rescarchers
and scientists are begioning ro create havdware
that can grow and improve itscll over iime,
evalying steadily as it finds new and betier ways
tor doy the asks it has sel before it And the
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results may have as much of an impact as
Darwin' findings did.

THE ORIGIN OF A NEW SPECIES

Of course, Darwin's theory of random
mutation under selective pressure has in
elfect heen utilized for much more than 40
years. Humankind has practiced evalution-
ary engineering for thousands of years, in
the puise of plant breeding and animal hos-
handry. The move from the natural world
to the digital is but a small step further.

A computer can ran the evolutionary
process all by itsell once soltware has [een
used 1o define the thing to be evolved and
to ercate a poot of initial specimens. The
sollware evaluates the existing generation
of spectmens in accordance with a user-
defined litness eriterion, then breeds the
next generation by combining and mutal-
ing—in line with the laws of probabil-
ity—the fittest of the current candidates.
This process of fitness-bascd reproduction
is reiterated in the hope of finding a solu-
tion that meets the user's eviteria of accept-
ability, [See "What is evalutionary com-
puting? by David Fogel, IEEE Spectrim,
February, pp. 26-32. |

ssentially, evolutionary compuation is
a software afiair, carsied out as a simalation
onordinary hardware such as a PC or work-
station, Flewever, itis alse possible to ake
evolutionary algmrithms similar to those

Genetic Instructions

used by software and embed them divectly
into hardware. These devices, known as
evalvable hardware, are the focus of a grow-
ing endeavor to build avtonomous, adap-
tive, and Tault-tolerant clectronic systems,
the present targets being, among olhers,
computers, controllers for medical pros-
theses, and photographic priniers, about
which more will be satd fater,

The field was officially inzugurated only
five years ago, when Eduardo Sanchez and
Mareo Tomassini frant the Swiss lederal
Instiwale of Technalogy, in lausanne, orga-
nized the first Canference on Evolvabile
[ lardware in thal city. In the preface to the
conference proceedings, entitled Towaris
Evalvable {lardware, they outlined the ficld's
mission: “The remarkable increase in com-
putational power and, more recently, the
appearance of a new generation of pro-
gramuable logic devices have made it pos-
sible to put inte actual use maodels of genctic
encoding and arttficial evolution; this has
led to the simulation and ultimately the
hardware implementation of a new brand
of machines.

"We have crossed o weehnological bhurier,
heyand which we no longer need content
ourseives with traditional approaches to engi-
neering design; rather, we can now cvolve
machines o altain the desired behavior”

Sanchez and Tomassini went on to staie
boldly that ".. .we are wilnessing the na-
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[1] This genetic code at top croatad the cdreuit helow it. Conjuring up new circuits is merely
a matter of mixing the code lines and generating new values for the circuit elements. As the
code is relatively simple, the rules for reproduction and mutation can also be simple.

60

scence of a new era, in which the terms
adaptation” and ‘design’ will no longer rep-
resenl appasing concepis.”

A VITAL DISTINCTION

Iingincers using evolutionary computation
depart fram the classical design ronte, and
allow the compuer to search automatically
through the "space” of all possible designs.
But just how can evolution be tsed to make
physical devices evolve—luon is evolvable
hardwate obtained? The simple answer is:
make some desired hehavior of the device
the goal of the evolulionary pracess.

To some, evolvable hardware may seem
merely the olfspring of the marriage of com-
puler hardware and evolutionary software,
Tor the authors and their colleagues, however,
it differs fundamentally from evolutionary
computation. The delinitinn of evnlvable
hardware hinges on whether ar not electronic
circuits play a lundamental role in the evo-
lutionaty process; the hardware ts in the Jonp,
so to speak, as opposed to the enlire evoly-
tianaty process heing win as a software sim-
ulation, T'hese circuits ay he off-the-shell
digital devices, such as field-programmable
sate arrays (FPGAS) [see "Sel-improvement
lor 1Cs" p. 621, which until recently have
lieen the main workharse of evolvahle hard-
ware. Bul other types of coniercially avail-
able circuits, including analog, may heused,
il they can be molded, or configured.

To clarify the difference from evolu-
tionaty computation, consider same recent
work using evalutionary techniques to
design electronic cireatts, Over the past few
years, a brand of evolutionary algorithms
called genctic programming has been
applied to the evolution of analog clectri-
cal circuits by Stanford University profes-
sar John Koza, along with his colleagues
Forrest Bennert 1, David Andre, and
Martin Keanc. The resule has been a
plethora of circuits for a diversity of func-
tions—Tilters, amplificrs, and computationat
cireuits (saquaring, cubing, and logarithniic),
w name a few,

Cven more recently, a novel evolutionary
alporithm was developed by two other
researchers also seeking to ovalve analop cir-
cuits, Jason Lohn and Silvann Colombana
irom the NASA Ames Research Centar, in
Maoffet Field, Calil. Their approach is sim-
pler in some respects than the one used by
Koza and his colleagues | Fig, 1],

[n all cases, the eniire evolutionary process
was carried out as a software simu[ation, with
fitness of the candidate designs calculated by
means of the Spice cireuit simulaior, the de
facto starland for analog circuits. At no time
dicl any havdware undergo un evolutionary
change, Classified as evelutionary cireuit
design, this work is a subdomain of cvalu-
(tonary compultation, h. is an important arca
ol application that includes a multitude of
hard problems and promises exciting results;
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but even with construction of the evalved
circait that emerpes lrom the simulation, it
is not evalvable hardware,

Faran application (o qualify as evalable
hardware, the presence of real electronic
cirewits, rather than sofliware simulation, is
amust, This is not just a chauvinistic atti-
tice toward software an L part of
hardware duesignurs: using veal hardware
lundamentally changes the evolutionary pro-
cuss— and its resulis,

For one thing, there is no need w trans-
fer vhe vesult of a simulation w hardware,
whereas this step s a prablem lor several
sultwate-based efforts, Destgning a car, a
rohat, or an electranic circuit |1y simulation
frequently presents tppleasant surprises
when the device is buill, Sometimes, thewe
strpriscs are wrilling; at other times, they can
he quile nasty, preventing the designers
fraom reaching their intended goal, Llsing
tie actoal hardware—instead of a simuly-
tHan—doring the evalutionary process
makes the end resule more predictalile.

EVOLUTION, OFF- AND QN-LINE

To qualifly as evolvalile hardware, then,
the design process mst go beyond simuly-
tom and use an electronic cireuit, There me
two ways of doing this: ofl-line and on-line.
With aff-line evolvable hardware, the cir-
cuit is merely a reconligurable seovant used
for measuring finess, while the evolution-
ary ;1|g01‘tl]lm rUng G g masler computer,

Toy & simple off-line application within
the licld of evolutionary rebotics, Adrian
Thompson, of the Liniversity of Sussex,
Brighton, England, evolved an onboard
cantroller for a rebot [Fig. 2], The goal of
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the robnl was to move aboul on wheels
witlin a rectangular arena 2.9 by 4.2 meters
i size without bumping into walls, Fhe set-
up comsisted of a single robot, used 1o test
the specilication lor eacly controller, referred
1o using a hiological analopy as a genome,
(A genome is the deoxyribonucleic acid, or
DINA, of i organism, which incluces the
BN that deterime iy struetare and {une
toning.) The popualation of candidate roliol
contrallers or genomes was kepl off-line,
stared as confipuration deseriptions an a
standard worksation connected to the
robar. Fach [iness evaluation involved
dnwn[nnding the I‘Cspcf‘iiw.‘ Fenoe anlo
the {singled robot, allowing it to ran ahout
so Whal performance statistics could be col -
lecied, and then computing the fitness score
in accordance with these stnistics,
Meanwhile, and {or some years now, the
cvolution of artificial neural notworks

[2] 8r. Chips, the wheelod
rehot [far left] developed by
Adrian Thompson at the Uni-
versity of Sussex, provides the
platform on which to check
aut circuits for navigating a
smalt area without bumping
inte walls. The contrel cireuit
is evolvad on an off-line sys-
tem [near left] and down-
loaded inte Mr. Chips, thereby
enabling researchers to check
the viahility of a designin a
real environment guickly.

has absorlied | luga de Garis, undil recently
parl of the Advanced Telecommunications
Lesearch Institute’s T [oeman Information Pro-
cessing Rescarch Taboratories in Kyots,
Japan (wawwhip.atrco jpy, and his colleagues.
Their project, dubbed brain building, in-
volves o special-purpose slave naching,
incarporating hundreds af very farge-scale
I1Cs, s that the master computer may
auickly west the fitness of indivicdual newral
netwarks | Fig, 31 The chipy are field-con-
figurable devices
Unlike eft-line evolutian, in whiclan
exlernal, supervisory compuler carries out
the evoluticnary process, on-line evolvable
hardware emibeds Lthe process in the taret
device, Thus the targel device maintains the
evolving population, vvaluates the finwss of
inclividuals, makes selections, and applies the
genetic operators of crossover and mlation,
[ 1996, an en-line evolvable dovice called

[3] The ideas of Hugo de Garis and his
= colleagues about implementing a cel-
lular automata machine (CAM) have lod
to the construction of the CAM-Brain
Machine {CEM) by start-up Genabyte
Inc., af Roulder, Colo.

Up to 64 000 modules can e placed
i the CBM, resulting in hillions of cells
that can each be updated thousands of
times a second, fast enough for real-
time cantrol of robots.

The aim of the project is 1o build a
hillion-neusen artificial brain by 2061.
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Self-improvement for ICs

" “We have crossed a techno-
logical barrier beyand which
wa no fonger need content
ourselves with traditicnal ap-
proaches to engineering de-

_sign..," wrote Eduardo San-’

. ¢hez and Marco Tomassini in
-the proceedings of the first
ever Confarence on Evolvahle
. Hardware, held in Lausanne,
Switzerfand.
What technological bar-
“rier did they mean? I part it
was the need for a funda-
mental grasp of the theory
and application of evolution-
ary computation—a need
that had heen met in the last
few years. The other part was

the lack of matieable hard-.

“ware, which had been over-
come by progress in computer

hardware, and especially in -

field-programmable gate ar-
rays (FPGAs).

An FPGAis a large, fastin-
tegrated circuit that can he
madified, or reconfigured, al-
most at any point by its end-

" user [see figure]. Physically, it

consists of arrays of logic cells
linked by an infrastructure of
interconnects and-each using
an array of transistors ta real-
ize some circuit function.

The device can he config-
ured at any or ali.of three
levels: the function of each
togic cell, the interconnec-
tions betwean cells, and the

cell inputs and outputs, All

three levels are programmed

with a string of bits that can

ha loaded from an ex-
ternal source repeat-
edly; hence the 1Cis re-
configurahte.

A basic distinction
cregted by the novel
technology is one he-
tween programmable
and configurable cir-
cuits, A programmable
circuit iterates cease-
lessly through a three-
phase loop: an instruc-
tlon is fetched from
memary, decoded, and
then passed to the exe-
cute phase. The process
may cafl for several clock
cycles, and is repeated .
for the next instruction, and
the next, and so on.

A configurable circuit, on

the other hand, can he re-

garded as having but a sin-
gle, noniterative fetch phase.

The so-cailed configuratian .

string, Tetched from memory,
requires no interpretation

and is.ysed just as it is to sat -

up the hardware for a givan
task. Mo further phases or
iterations are needed. The

“ahility to control the hard-

ware'in such a direct manner
gives the user access to a far
wider range of functions, but
at the price of a mere ardu-
ous design task, )
Within the domain of

configurable computing, twa’

types of configuration strings
can be distinguished: static
and dynamic. A static string,

R o g Vg e

Logic coll

which adapts the circuit to
“perform a certain function, is
loaded once at the outset,
thereafter changing not at all
during execution of its task.
Static applications are mainly
aimed at attaining the cias-
sical goal in computing: im-
proved paerformance, be it in

“terms of speed, resource uti-

“lization, or area usage.
Canversely, a dynamic con-
figuration string s abie to
change during task execu-
tion. Bynamic systams adapt
to and keep on functioning
“through variable circumstan-
ces, forming an exceilent sub-
strate for implementing ad-
aptive, evalvable systems.
The hehavior of an FPGA
circlit changes every time a
novel configuration string is
downloaded intg the config-

ECODED RO

Programmalle
Programmable functions

intarconnections

Configliration

nputfoutput cell

In a field-programmable gate array, the functional lagic cells provide one
indapendent lavel of programmability, the interconnections between the
efls provide another, and the input/output celis provide a third.

uration register. In a typical
engineering application, the
circuit is designed to béhave
in a fixed manner, in accor-
dance with precrdained spec-
ifications, Borrowing biolog-
ical terminoiogy, we could
say that we are given the
phenotype desirad—the ma- .
ture organism—and asked to -
find its genotype—the under-
lying genetic specification.
Enginears usually solve the
phenotype-to-genotype prob-
lem by resorting to various
analytical and empirical tools
that have accurhulated over
the years; lagic design is full .
of them (ECAD, for axample}, .
With evolvable hardware, the
phenotypic behavior is given
and evolution is used to find
the underlying genotype, :
—M.5 & EM.AR

the Firefly machine was built by Moshe
Sipper and his colleagues from the Swiss
Federal Institute of Technology, Lausanne,
Sweilzerland [Fig, 4] They designed the cir-
cuit hoard to improve the way it performed
a synchronized-oscillation task—similar 1o
the way a swarm of fireflies will attempt to
pulse their lights on and off in unison. Tt was
an eatly praof of concept of the idea of on-
line evolvable hardware.

More praciically, several on-line chips lor
specific applications have been designed
and {abricated by Tetsuya [ liguchi and his
colleapues at the Evolvable Systems 1abor-
atory af the Electrotechnical Taboratory in
“Isukuba, lapan. They have buile both dig-
ital and analog circuils aimed at commer-
cial devices: an analog chip for cellular
phones, a clock-timing architectare for giga-
hertz systems, a neural-network chip capa-
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ble of autonomous reconfiguration, and a
data-compression chip for electrapholo-
graphic printers.

Higuchi and his colleagues have also
built 2 general-purpase chip for on-line
evolvahle bardware and vsed it o imple-
meni a controller for an artificial hand con-
wolted by clectric pulses from the nervesin
the arm muscles [Tz, 51 In normal condi-
tions, a disabled person trains for over a
maonih before being able to manipulate a
prosthetic hapnd with ease, Reversing this
scenario, Higuchi and his colleagues had
the artificial hand acapt itsell to the disabled
person, instead of having the person adapt
1o the hand. The idea was that the on-line
controller should accept signals from the
nerves in the anm and map them to desired
hiand actions. Because those signals vary
greatly between individuals, it is impossible

to chesigrn such a civeuic in advanee. Bue with
the evolvable-hardware controller, the hand
usually requires less than 10 minutes to
adapt to its owner through on-line raining,
in which the person repeats various hand
movemenis—a |]Ola|1]C i'[l'l]]l'[l\"(.'l'l'i(_'n\. OvVEeEY
the one month required when the owner
ts the ene doing Lhe adapting.

(HEline and an-line evolvable hardware
each olfer distinct advantages, The off-line
approach allows the eogineer ta use all the
computing pawer available in his laboratory
and to emplay saphisticated evolutionary
algorichms to tackle the design problem at
hand, while keeping actual hardware in the
toop. The on-line approach halds aut the
possibility of seuwing loose an evolving
device in ils arpet environment, where it
will adapt to perlorm its intended function.
For instance, the hand-controller chip has
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o be placed in a lightweight prosthetic
land. Similarly, in an ou-line rabotic appli-
cation {as opposed 1w the off-Tine one
described above), the yoal is to send the
cumbersome workstation packing and let
the rahot ream about with an evalvable chip
in what passes {nr its helly.

Some {orm of on-line adapration is, in
fact, the only possibility where dynamic
enviranments arc cnncerned: a robot sent
1o explore the surface of Jupiter cannot be
preprogranmmed entirely in advance, and
will thercfore have to adapl on-linc.

FINDING THE UNKNOWN

Up to this point, the "hard” engincering
aspects of evolvable hardware have been the
focus, namely, applications within the exist-
ing "species” of analog and digital doevices,
Now the question is whether it is possible
teo generale new specics, ontirely novel
designs, whose underlying structure and
[nctionality are more than evolutionary—
they are revolutionary.

Unconventional  clectranic  design
through arlificial (as upposed to natural)
evolution has been explored at the Univer-
sily of Sussex in Brighton, where
Adrian Thampson, Paul Layzell,
and Ricarde Zebulum evolved
a number of ¢ priori digital cir-
cuils, including the aloremen-
tioned rabat contraller and a
tane discriminatar.

In these cases, evolution was
unfetiered by standard digital
concerns, No spatial-structure
constraints {(such as limiting the
numiber af recurrent eonnce-
tions) were placed on the evoly-
ing configurable device, an
II'CA. Nor were there any im-
positions on madularity (such as
inststing that two (uncions need
I co-resident nn the same mad-
uled nor any dynamical con-
siratnts (such as die insistence on
having a synchronizing clock ar
fandshaking between modules),
The evolved circuits resembled
nothing that an engincer would
design. Thempson, Layzell, and
Zebulum condluded: "What ini-
tially seemed daring hypotheses
are now either matter-of -lact, or
within reach. From the vasiness
of design space, practically use-
ful novel regians beckon.”

Llsewhere in Britain, an at-
tempt was made Lo {ind not just
novel cireuils but nowvel circait
types, Julian Miller at the Uni-
versiy of Birmingham and Peter
Thomsen of Napier University
in BEdinburgh are evolving arith-
ictie circuins, such as 2- and 3-
bt binary mullip]icrs USINE Cvo-
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lutionary circuil design. “Arithwetic cirenits

are inleresting...” they wrote in the paper

they presented at the Second International
Conlerence on Evolvable Systems in 1998,
“since there are well known conventianal
designs with which the evolved solutions
can he compared.”

But why should anvane wish (o evolve
such thoroughly well-known Lypes of cir-
cuits? Well, one new circuit desipgn is all it
takes: finding a trudy novel 2-bit multiplier
tfaster, smaller, more energy efficient) or
some novel design principle could mean
riches beyond imagination- iterally. The
evolutionary desipn system devised by Jolin
k. Koza, Forrest L Bennett 111, David
Andre, and Mardin A, Keane [see To 'robe
Further, p. 641 has rediscovered a number
of previously patented—and thus innova-
tive according tn the rules of patent faw
cireuits, and they are cominuing their search
far as yel unpatented inveations,

These works are somewhat controversial,
and engineers oiten eye them with suspi-
cton. One major issue has 1o da with robust-
ness: the cirauits evolved by Thompson and
his colleapacs, far example, often exploit

haphazared analog charmcteristios fsuch as
shipht, unintentional dilferences in resisuanee
hewween two devices that could be rsed as
an od hac means o adjust current) duving
evolution. This renders it impossible 1o
transfer the evolved desipns o other chips
of the same type (e Sussex proup has
recently enhanced s paradign o addres
the robustness issie.) Nonetheless, this
novel use of simulaled evaolution may lead
one day 1o the evoluiion of noveliy: new
clectronic specices,

Olver the past [ew years, @ growing muim-
ber of computing scientists and engineers
have been wming (o nawre, seeking inspi-
ration in its workings in arder Lo augment
the abilivies of Lheir artificial systems, So far,
this article has only considered ane bio-
logrical source of ideas: evolution.

T'here are in [act three prime sources of
binlogical inspiralion—evolution (or phy-
logeny, to use the Greck-derived term
lavored by biologisls), development {on-
Logeny), and learning {epigenesis), Livol-
vahle hardware s inhabits one realm of
this broader hiological werrain, dubbed the
POL madel. Tike evolution, learning hard-

[4] The Firafly machine—hald by author Moshe Sipper who, along
with his colleagues at the Swiss Federal Institute of Technclogy,
Lausanne, helped develop it—is a proof-of-cancept device that
evelves on its own, relying on the cellWlar programming approach,
Without any external help fram, say, a computer running genetic
operatars, it continually reconfigures itse#f to ever};?lly’syn-
chronize the output of its on-baard oscillaters, which aY thg

set, when the machine was turnec on, fired randomly. “\
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[5] Researchers at the Electrotechnical Labhor-
atory in Tsukaba, Japan, used evalvablo hard-
ware to develop a prototype artificial hand
that adapts to a patient's unique arm-mus-
cle activity. Typically, the adaptation is the
other way round: people control the hand by
leatning to moedify their muscle activity.

ware is another busy arca of rescarch and
application. Today, it matnly involves hard-
wire implementation of artificial neural
netwarks, aboul which mwuch has been
writien,

GROWTH OPPORTUNITIES

The thivd source of inspiration, ontogeny,
is the one least studied 1o date by engineers.,
Ontopeny is the process Iy which mult-
cellular erganisms develop, througly the sue-
cessive divisions al a ferlilized mother cell,
known ay the zygote,

Drawing inspiration from this lunda-
menial natural process, a Swiss group has
[reen developing the embiyonics project,
Among their number are Daniel Mange
[rom the Swiss Federal Institute of Tech-
nology, Lausanne, and Pierre Machal {tom
the Centre Suisse d'llectronique et de
Microtechnieue in Neuchirel,

Imbryanics, for embryonic clectronics,
aims at developing very large-seale 105,
capable of sell-vepair and self-replication,
These two properties of natural organisms
are attained in hardware by tmplementing
in [Cs certain featares of natural ontogeny.

The ability 1o sell-repair enalles an clec-
tronic "nrganism’” (o recover (rom minor
faules, while the ability 1o sell-replicate
allows such an organism to recaver from a
major fault, by creating a novel, faultless
clone. The Swiss group has buill oo number
of prototypes to date, one of which is the
HioWatch - a self-repairing watch | Fig. 6],

Be il evolution, learning, development,
self-repair, seli-replication or any other
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[6] The clock-like BioWatch ca'hnot___break dawn. The circuitry that suppal !
* detect any flaws in its performance:due ta faults in its circults and recenfigurg
ware to compensate. : %

bialagical pracess, the tendency i clear,
hiologteal inspiration in enginecring s on
the rise; machines arc hecoming maore
adaptive. Many apen issues and rescarch
avenucs awail exploration, yer it seems
sale wo predict a fuwre rile with adaptive,
hin-inspired hardware. The applications
ol such systems are bounded oaly by
human imagination.

Whicl is, of course, untimired. *

TG PROBE FURTHER

The IEEE Transactions on Fvalutionary Cam-
putation and the newly created journalt Ge-
netic Programming and fvelvable Machines
{Kiuwer Academic Pubdishiers, Morwell, Mass.)
are fundamental sourcos of work on evalyahle
hardware. A perspective on the differences
boetwaen evolvable hardware and evolution-
ary computing appeared in the April 1997
issue of the Transactions: “A phylogenetie,
ontagaonetic, and epigenstic view of hio-
inspired ltardware systams,” by Moshe Sipper,
Eduardo Sanchez, Danicl Mange, Marca
Tomassini, Andrés Pérez-Uribe, and André
Stauffer (Vol. 1, no. 1, pp. 83-97}).

The special Transactions issue of September
1958 (Vol. 3, no. 3) was entitled "From Biclogy
to Hardware and Back.” Edited by Moshe
Sipper and Daniel Mange, it contained such
articles as “Real-world applications of analog
and digital evelvable hardware” by Totsuya
Higuchi, et al. {pp. 220-35), and "Exploratians
in design space; Linconventional electronics
cdesign through artificial evolution,” by Adrian
Thompson, Paul Layzell, and Ricardo S,
Zebulum {pp. 167-96) and in A circult repre-
sentation technique for automated circuit
design” by Jason D. Lohn and Silvano P
Colombano (pp. 205-19).

The evolution of electrical circuits by genetic
programming is described in Genetic Pro-
gramming Hi; Darwinian fnvention and Prab-

fem Sofving by John R. Koz, Forrest H.
Bennett B, David Andre, and Marlin A. Keann
{Morgan Kaufmann, San Francisco, 1999),

fvoiution of Paraffot Colfular Machines: The
Celfular Programming Approach by Moshe
Sippear {1967) is considered a basic text In this
field. 50, too, is Towards Evafvable Hardware,
cdited by Eduarda Sanchez and Marco Tom-
assini (1996). Both hooks are publishod by
Springer-verlag, Heidelberg, Germany, as arc
the proceedings of the biennial International
Conference on Evolvablo Sysiom,

For more infoermation on the use of FPGAs in
cvolvable hardware, see “Static and dynamie
coniigurabile systems™ by Eduardo Sanchez,
Moshe Sipper, Jacques-Oliviar Haenni, Jean-
Luc Beuchat, André Stauffer, and Andrés
Parez-Uribe, published in the (EEE Transactions
on Computers, Yol. 48, no. 6, pp. 556 61

As for the introductory quotation, it was taken

~from an article by anthropaologist Melvin

Konner, “A piece of your mind,” in Science,
July 1998, Vol. 281, pp. 653-54,
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