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eIist e ast 

care 
It was as if a starter's gun had been fired. 
The year was 1976, and the Honda Accord arrived much 

���t::o the delight of America's drivers and critics. And much to 
the dismay of other automotive designers and engineers. 

Mter all, this was a car with a totally different interpretation of efficiency, 
comfort and performance. An automobile so thoughtful, practical and complete 
in its design, the competition had no other choice than to follow in its tracks. 

Now, more than a decade and a half later, the Accord continues to perform 
an amazing feat. Each year, it somehow improves. 

For instance, the interior. It's surprisingly large, and amazingly quiet. Which 

makes it more comfortable than you ever imagined. You' ll notice it when you sit 
in the firm, contoured seats. When you slide open the power moonroo£ And 
when you ride silently over bumps and through dips. 

The refinements underneath the hood have been equally dramatic. A fuel
injected, 140-horsepower engine gives the Accord more power than ever before. 
And the 4-wheel double wishbone suspension translates into tremendously agile 
Accord EX modd shc",tn and described. © 1991 American Horda �kltor Co.. Inc. 

© 1992 SCIENTIFIC AMERICAN, INC



handling. The result is truly amazing. You can respond confidently to virtually 
any driving situation you might encounter. 

This car also excels in safety. A driver's side airbag is now standard. Along 
with a sophisticated anti-lock braking system to help you control the car on rain
slick surfaces. You can actually steer the car while braking. 

The body is also quite enviable. The lines are clean and smooth. The fit 
and finish are consistently excellent. 

Not surprisingly, workmanship like this has produced a bounty of rewards. 
The Accord has been the best-selling car in the US. for the past three years. And 
it consistently appears on all the "top 10" lists for cars in its category. 

Considering all these facts, one comes to a rather obvious conclusion. The 
Accord has always been, and continues to be, a true industry standard. The car 
by which all others in its class are measured and judged. 

And while the competition remains relentless in their quest to catch us, we 
remain dedicated to building a car that's a few years ahead of them. Which means 
this chase might be just getting started, after all. The Accord EX. mmm�E!lm 
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It takes lots of screaming fans 
Eleven million, 

to be exact. 

And in the math 

coprocessor 

business, that's definitely a record. 

It just goes to show that Intel 

is the de facto standard in math 

coprocessors. And has been for the 

last ten years. 

Not surprisingly, a whopping 

nine out of ten math coprocessors 

in use today carry the Intel name. 

And you can bet almost every 

one of them is sitting right next 
©1992 Intel Corporation. i387 is a trademark of Intel Corporation. Outside of the U.S. or Canada call 1-503-629-7354. 

to an Intel CPU. 

Get the connection? It's as 

perfect a match as you can get. 

Intel Math CoProcessors are 100% 

compatible with your Intel CPU, 

not to mention more than 2,100 

software applications. 
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to go platinum eleven times. 
It's all part of 

Intel's co mmitment 

to providing powerful 

solutions today, like 

the world's fastest 

microprocessors, plus the 

enhancements for even greater 

performance. Today and 

down the road. 

To receive a detailed 

information packet about 

the complete family of 

Intel Math CoProcessors, 

call 1-800-538-3373. 

You'11 see why Intel Math 

CoProcessors have topped the 

charts for ten years running. 

intel. 
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Origins of Western Environmentalism 
Richard H. Grove 

During the Age of Discovery, tropical islands became a powerful metaphor 

for the European idea of an untouched Eden. Those utopian images were soon 

shattered. In the 17th and 18th centuries, scientists employed by the companies 

exploiting colonial resources began to voice alarm over large-scale ecological 

changes. In doing so, they laid the foundation of modem environmentalism. 

Building Molecular Crystals 
Paul J Fagan and Michael D. Ward 

From snowflakes to semiconductors, the orderly lattice of crystals is governed 

by the size and shape of constituent molecules and the forces between them. 

Researchers have now begun to understand the conditions that influence the 

structure of crystals as they form. The achievement makes feasible the design 

of materials that have specific electronic, optical and magnetic properties. 

G Proteins 
Maurine E. Linder and Alfred G. Gilman 

Uke messages in a game of "telephone," the signals between living cells are passed 

through a series of intermediaries. Critical among them is a class of substances 

attached to the inner surface of the cell membrane, cailed G proteins. They play 

a central role in many cellular activities, from vision to cognition. Malfunctioning 

G proteins have been implicated in diseases such as cholera and cancer. 

Genetic Algorithms 
John H. Holland 

The consummate ability of species to adapt to an environment arose through 

natural selection. A group of computer programmers are emulating that process 

in the design of software. Programs based on genetic algorithms can evolve 

solutions to complex problems. They have demonstrated their practicability 

in designing jet turbines and controlling the flow in gas pipeline systems. 

Breath Tests in Medicine 
Michael Phillips 

Since the time of Hippocrates, physicians have known that the odors of breath can 

convey vital information. With modem analysis and understanding of metabolic pro

cesses, breath tests can diagnose diseases of the stomach, intestine and pancreas. 

They can also monitor exposure to industrial chemicals. Standardized apparatus is 

needed before such tests take a place beside the x-ray for routine screening. 
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Reproductive Strategies of Frogs 
William E. Duellman 

Frogs reproduce by laying eggs resembling those of fish. Yet frogs have managed 

to colonize niches throughout the terrestrial environment. To do so, they have 

developed a diversity of strategies that range from the improbable to the bizarre 

for ensuring that their eggs stay moist and that their young are nourished. 

The Last Stone Ax Makers 
Nicholas Toth, Desmond Clark and Giancarlo Ligabue 

The village of Langda on the cloud-shrouded slopes of New Guinea's central 

cordillera provides a priceless glimpse of Stone Age technology. There, skilled 

craftsmen, who lived in complete isolation from the modern world until 1984, 

fashion stone axes that resemble those first made 20,000 years ago. 

TRENDS IN PHYSICS 

Quantum Philosophy 
John Horgan, senior writer 

The deeper physicists inquire into the mysterious world of quantum theory, the 

stranger it gets. New experiments continue to challenge the common notion of 

reality. Photons, neutrons, even objects large enough to be seen, lack form until 

they are observed. Observation can alter the outcome of experiments that have 

already occurred; measuring one entity can influence another far away. 

DEPARTMENTS 

Science and the Citizen 

COVER STORY: Ripples from 
the big bang . . . .  The debate over 

dyslexia . . . .  Subsea sonograms . .. .  
More trouble for the SSe. . . .  Selfish 

genes . . . .  Getting artificial intelli

gence up to speed . . . .  PROFIlE COBE 
team leader George Smoot. 

Science and Business 

Are natural genes patentable? . .  

Virtual ichthyology . . . .  Clues to 

metastasis . . .. Improving electro· 

rheological fluids . . . .  Morphing 

the movies . . . .  Biosensors . . . .  

THE ANALYTICAL ECONOMIST: What's 

the return on education? 

lO� Letters to the Editors 
Picking bones . . . .  The largest 

volcanic eruption. 

50 and 100 Years Ago 
1942: Physicists are the fair· 

haired boys of World War II. 

The Amateur Scientist 
A program that allows 

the best answer to evolve. 

Book Review: Stephen Jay Gould 
Retrying the monkey trial in a 

kangaroo court. 

Essay: Anne Eisenberg 
Sexism s tilliur ks in 

the language of science. 

5 
© 1992 SCIENTIFIC AMERICAN, INC



THE ILLUSTRATIONS 

TIfE COVER image shows the sky through 

the microwave-sensitive eyes of the Cosmic 
Background Explorer satellite. Orange indi

cates warmer than average regions; blue 

shows cooler than average ones. Tempera

ture variations are thought to trace the un

even distribution of matter shortly after the 

formation of the universe (see "The Golden 

Age of Cosmology," by Corey S. Powell, 

page 1 7). Most of the features seen here are 

instrument artifacts, however. Primordial 

lumps could have seeded the complex tan

gle of galaxy clusters now observed. 

Cover image courtesy of the National Aeronautics 

and Space Administration/Goddard Space Flight Center 
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Protecting The Earth Doesn't Mean 

Going Without. It Means 

Making Better Use Of What We Have. 

W

e're all concerned 

with finding 

ways to protect the 

environment. In the 

electric utility indus

try; we believe that 

the efficient use of 

energy should be at the 

top of the list. And we've 

each kilowatt hour, while 

reducing both fuel 

consumption and 

emissIOns. 

Each day, further 

advances are being 

made that increase our 

efficient use of energy. For 

more information, call the 

focused our efforts on elec- now consume 80% to 90% Edison Electric Institute 

tric technologies that will less energy than those built 10 at 1-800-438-8334 or, in 

help us achieve it. p .. Q II � years ago. And tluo- Washington, at (202) 508-

Consider what 

has already been 

accomplished. Today, a 
Automated controls 
make it possible 
to optimize heating, 
ventilating and air 

microwave oven can conditioning systems. 

rescent lights are 

75% more efficient 

than common incan-

descents. All are ex-

cook a meal using 90% less amples of how electric 

energy than a gas oven. technology enables us to 

5002. A cleaner environ-

ment is on everyone's 

agenda. Translating clean 

electric technologies 

into environmental so-

lutions is at the top of ours. 

Refrigerators can get more out of (l ELECTRICITY 
"'=' Taking you into the future. 

© Edison Electric Institute, 1991 © 1992 SCIENTIFIC AMERICAN, INC© 1992 SCIENTIFIC AMERICAN, INC



NNOUNCING THE 

RETURN OF THE PURE 

SPORTS CAR. This is the kind 

of sports car manufacturers stopped 

making years ago. The all-new 1993 

Mazda RX-7 is specially designed for 

a handful of uncompromising indi

viduals. Those who believe in the 

simple thrill that only comes from 

driving a lightweight car with a lot 

of power. Q What makes the RX-7 

lightweight is also what makes it 

powerful. The worlds only sequential 

twin-turbo rotary engine. More com

pact, and hundreds of pounds lighter 

than a comparable piston engine, 

it powers the RX-7 from 0-60 in 4.9 

seconds and offers unique design 
© 1992 SCIENTIFIC AMERICAN, INC



advantages including perfect weight 

distribution. It even inspires the car's 

fluid shape. Q No gimmicks. No 

gadgets. No ompromises. The all

new Mazda RX-7. Unless you race, 

you've never felt anything like it. 

THE 1993 MAZDA RX-7 
Sequential twin-turbo rotary engine. 
255 horsepower. Independent 
double -wishbone suspension. 
11.6- inch, ventilated 4-wheel disc 
brakes with ABS. Torsen® limited
slip differential. 36-month/50,000-
mile, no-deductible, "bumper-to
bumper" warranty. Free roadside 
assistance. See dealer for limited
warranty details. For a free RX-7 
brochure call 1-800-639-1000. 

© 1992 SCIENTIFIC AMERICAN, INC



LETTERS TO THE EDITORS 

Big Bang Booster 

Geoffrey Burbidge's essay "Why Only 
One Big Bang?" [SCIENTIFIC AMERICAN, 
February] argues that alternative the
ories are being suppressed and that 
strong evidence suggests the standard 
hot big bang model is wrong. Unfortu
nately, his methods resemble the at
tacks of creationists on the conspiracy 
of the "evolutionist establishment." 

He says the most favored model of 
the big bang yields a universe between 
seven and 13 billion years old, then 
points to data suggesting an age of 15 
billion years. His age choice assumes 
a high mass density. In fact, we do not 
know the mass density; if it is low, the 
age could be 20 billion years. 

Burbidge maintains that a conflict 
between the smoothness of the micro
wave background and the clumpiness 
of galaxies is a challenge to the theory. 
This section of his essay is analogous to 
arguing that the theory of evolution is 
in serious doubt if we cannot explain in 
detail the death of the dinosaurs. The 
only cosmological models in question 
are the very simplest ones, which we 
naturally chose to examine first. Since 
his essay appeared, the COBE satellite 
has discovered fluctuations in the back
ground radiation of one part in 100,000, 
confirming a key prediction of those 
Simplest, most elegant models. Such es
says no doubt stimulate interest, but 
they mislead the public. 

ADRIAN L. MELOTI 
Department of Physics and Astronomy 
University of Kansas 

Some Bones to Pick 

Thank you for the fine article about 
"The Mammals of Island Europe," by 
Gerhard Storch [SCIENTIFIC AMERICAN, 
February]. It had one problem: it used 
the term "amateur paleontologists" in 
connection with the plunder of the site. 
Amateur paleontologists contribute col
lections and funds to museums, noti
fy the professionals about where bones 
are exposed and continue to advance 
the science. "Commercial collectors" 
might have better fit the people whom 
Storch described. 

RICHARD S. COHEN 
Boulder, Colo. 
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I was amused by Storch's unkind 
slap at amateur paleontologists. His 
comment indicates what he thinks of 
free markets. Just recently in Los Ange
les, a complete cave bear skeleton was 
sold. A beautiful, almost perfect saber
toothed skull was also sold for about 
$7,000. It is far better to have a free 
market for fossils than to keep them 
locked in some museum basement 
drawer. Besides, in the long run, good 
pieces usually end up in museums. 

GEORGE H. WILllAMS 
Universal City, Calif. 

Storch replies: 
Amateur paleontologists do make es

sential contributions: I have named new 
mammalian species after amateurs to 
honor their work. I agree that "commer
cial collectors" would have been a bet
ter description. Commercial collectors 
at Messel damaged excavation sites, re
moved fossils from their stratigraphic 
settings and sold specimens at unrea
sonably high prices. Those acts meant 
bidding farewell forever to most of 
these fossils, including rare or even un-

. described taxa. 
Please consider, Mr. Williams, that it 

may be the 100th specimen of a partic
ular mammal that reveals its embryos 
or its complete inner ears or other infor
mative features for the first time. The 
Senckenberg Research Institute and Mu
seum of Natural History is in charge 
of the public display of Messel fossils, 
which now belong to the state of Hesse. 
They are not buried "in some museum 
drawer" but accessible to anyone who 
is seriously interested. 

Earthshaking Myths 

Perhaps the June 15, 1991, eruption 
of Mount Pinatubo was near first in 
sulfur release for this century, but it 
was far from being the largest erup
tion, as mentioned in "Yolcanic Disrup
tion," by John Horgan ["Science and the 
Citizen," SCIENTIFIC AMERICAN, March]. 
Beginning on June 6, 1912, the Novarup
ta Yent near Mount Katmai on the Alas
ka Peninsula produced about 12 cubic 
kilometers of magma. It formed the 
still desolate Yalley of Ten Thousand 
Smokes in what is now Katmai Nation
al Park. Mount Pinatubo vented only 
three to five cubic kilometers of mag-

ma, which makes it only the third or 
fourth largest eruption of the century. 

JOHN C. EICHELBERGER 
Geophysical Institute 
University of Alaska at Fairbanks 

Showdown on Body Armor 

Tim Beardsley badly misinterpreted 
the issues in "Yested Interests" ["Sci
ence and Business," SCIENTIFIC AMER
ICAN, March]. He presented the fight 
against the flawed National Institute of 
Justice (NU) soft body-armor test as an 
attempt by Du Pont to protect the 
Kevlar market. If this were so, Du Pont 
should favor the NU test since any vest 
can be made to pass it Simply by adding 
more Kevlar. Du Pont, however, wants 
the vests to be worn-which is less like
ly for vests made unnecessarily uncom
fortable by excess Kevlar. 

During the past two decades, about 
600 bullets striking police officers have 
been stopped by their protective vests. 
Nearly 40 percent of the officers killed 
by gunfire in the past decade would 
have been saved if they had been wear
ing their vests when they were shot. No 
vest has ever failed against a bullet it 
was rated to stop. The NU test there
fore proves itself invalid by failing 50 
percent of the vests that have a perfect 
safety record. 

MARTIN L. FACKLER 
PreSident, International Wound 

Ballistics Association 
Pinole, Calif. 

Beardsley is to be congratulated for 
his clear and succinct description of the 
status of this "controversy." Before re
tiring as director of science and tech
nology of the NI], I was responsible for 
the development of Kevlar into modern 
soft body armor. I was also responsible 
for managing the Law Enforcement Stan
dards Laboratory at the National Insti
tute of Standards and Technology (for
merly the National Bureau of Standards), 
which developed all the NU standards 
for police equipment. I did not find any 
errors of fact in Beardsley's article, and 
I wish to commend him for fairly stat
ing the current situation. 

LESTER D. SHUBIN 
Fairfax, Ya. 
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With each passing decade, 
people have been able to 
hold onto more of life's rich 
moments. 

In 1950, the average life 
span of men was 65. Today 
it's approaching 80, due in 
many ways to advances in 
medicine. At the forefront 
are pharmaceutical com
panies who are making the 
nation's largest investment 
in drug research. 

We now have 329 medi
cines in test for 45 diseases 
of aging. These efforts always 
hold hope for breakthroughs. 
Yet the process is slow and 
difficult, with only a few of 
the thousands of compounds 
developed ever achieving 
success. 

This exhaustive, high risk 
research increases the industry's cost 
of doing business, and in turn affects 
the price of drugs. But it also contrib
utes to saving lives, while saving mil
lions in health costs by eliminating 
or reducing the need for surgery, and 
shortening hospital stays. 

To learn more about pharmaceu
tical research, and the critical role it 

plays in health care, call or write for 
our free booklet, "Good Medicine:' 

The Pharmaceutical Manufacturers 
Association, 1100 15th St., N.W, Box I, 
Wash., D.C. 20005. 1-800-538-2692. 

PHARMACEUTICALS 
Good Medicine For 

Containing Health Costs. 
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Own one of these leather-bound books 
for only $4.95 ... the price of a paperback! 

THE 100 GREATEST BOOKS EVER WRITTEN 

The tlnest edition you can tlnd of Moby 
Dick is the great Easton Press leather
bound edition. Now you ca n have this 
luxurious book (a wonderful value at its 
regular price of $38.00) for the price 
of a paperback-only $4.95-with no 
obligation to buy any other book. You 
can keep Moby Dick for $4.95 forever! 

Why is The Easton Press making this, 
dare we say it, whale of a deal? Because we 
think you'll be delighted and astonished 
when you see the quality of your first Eas
ton Press leather-bound edition. When you 
feel the quality of the leather, and hold the 
heft of the book. W hen you look at the 
beauty of the binding, and see the gleam of 
the 22kt gold inlaid on the spine! 

Frankly, we are hoping you will be so 
taken with this first volume that you will 
want to own additional leather-bound edi
tions from The 100 Greatest Books Ever 
Written. But you are under no obligation to 
do so. 

Replace those paperbacks 
and forgotten best. sellers 

with leather-bound classics! 

There's a time in your life when you 
will want to replace your paper

backs and forgotten best 
sellers with a library of 

Tbe 
firstoook 
Is yours to 

keep 
for only 

$4.95. 

beautiful and important books. That's what 
a great library is all about ... books so mag
nificent that they are your pride and joy ... 
a statement about you. And a library of 
leather-bound books is the best of all. 

Each book bound in 
genuine leather 
with accents of 

22kt gold. 

Real Value! 

The books in this collection are a genuine 
value, not cheap reprints. Not poor-quality 
editions in imitation leather. Easton Press 
editions are the real thing. Real leather edi
tions of the finest quality. Heirloom books 
elegantly bound and printed on aCid-free 
paper so that they will last for generations. 

Yet the cost is not expensive. For little 
more than the price of ordinary-looking 
hardcover books you can own these 
extraordinary editions - books that are 
admired and collected in 131 countries 
around the world. Books that you will be 
proud to display in your home - forever! 

Classics by Bronte. Dickens. 
Dostoyevsk y. Shakespeare. Twain. 

Who remembers most of yesterday's best 
sellers? You can be sure the world will never 
forget the works of Shakespeare. Milton. 
Dostoyevsky. Dickens. Tolstoy. Twain. These 
are the greatest authors of all time - rep
resented here by their greatest works! (We 
include a list of all the titles with your $4.95 
book; you then get to choose which books 
you want to receive!) 

Each volume is custom-bound for you. 

You don't see luxurious leather-bound books 
in most homes, which is all the more reason 
you'll be proud to see them in yours! Nor do 
you see these Easton Press leather editions 
for sale in bookstores. They are made avail
able directly to you - with no bookstore 
mark-up and no distribution excesses. This 
is what lets us keep the price low and the 
quality high. 

Superior craftsmanship and materials go 
into each Easton Press edition. Premium
quality leather. Acid-neutral paper. Gilded 
page ends. Satin ribbon page markers. 
Moire fabriC endsheets. Superb illustra
tions. Hubbed spines accented with pre
cious 22kt gold. 

At just $4.95 you have nothing to lose! 

Own MobyDick for $4.95. For the price of a 
paperback, own this luxurious edition out
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50 AND 100 YEARS AGO 

JULY 1942 

"The great significance of polymer
ization is not so much that we have at 
last learned how to make these syn
thentic elastomers, important as that 
may be in these grave days; it is that 
we have mastered the secrets of find
ing the proper introducers, of building 
endless molecules to our own specifica
tions. We have just made a start, and at 
present we are still trying largely to im
itate the qualities of natural rubber." 

"As most middle-aged and older 
readers will recall, the chemists were 
the fair-haired boys in World War I. To
day, in World War II, the fair-haired are 
the physicists-exalted to the level of a 
kind of war nobility. In the systemat
ic search for the ablest physicist work
ers, the personnel of physiCS has been 
combed over again and again, and now 
the nation is to be fine-tooth-combed 
for physicists of lesser degree clear 
down to the rank of high-school gradu
ates and even below that. Officers and 
faculty members of high schools are be
ing offiCially urged to single out youths 
who have shown innate aptitude for 
physics and its working tool, mathemat
ics, and to direct their interests more 
actively into these channels." 

"There is at all times a negative elec
tric charge distributed over the surface 
of the earth and a positive charge in 
the outer regions of the atmosphere. 
These two sets of charges produce an 
electric field in the air directed vertical
ly toward the earth. During fair weath
er this field is about 30 volts per foot. 
The air has a low conductivity and the 
presence of the electric field produces 
a leakage current, tending to discharge 
the earth's negative charge. If it were 
not for some restoring agent the earth 
would be completely discharged in five 
or six minutes. Ughtning plays the fun
damental role of returning this charge 
to the earth and maintaining it in its 
normal charged condition." 

JULY 1892 

"Professor Loeffler, the originator of 
the system of destroying field mice by 

14 SCIENTIFIC AMEruCAN July 1992 

typhUS bacillus infection, has returned 
to Germany from Greece, where he had 
gone to put his system to a practi
cal test. The professor reports that his 
mission has been a complete success, 
and that within eight or nine days the 
swarms of field mice which infested 
the parts of the country visited by him, 

and destroyed the crops, were abso
lutely annihilated. The peasants were 
asked to meet at a given point with bas
kets of odd pieces of bread broken 
small. This bread was soaked in the so
lution containing typhUS bacilli, and re
turned to the owners with instructions 
to spread it in the fields. Pieces of bread 
saturated with the bacillus were eat
en by Dr. Loeffler and his assistants to 
demonstrate its harmlessness." 

"At a recent meeting of the Academy 
of Sciences, Paris, much interest was 
created by Dr. Brown-Sequard's paper 
on his system of treatment with injec
tions of a solution of sperm fluid. The 
savant's address bristled with proofs 
of its efficacy. He instanced a patient 
of 80, living at Mauritius, who was re
stored from a paralytic and atonic state 
to health and vigor. Another somewhat 
younger man, bed-ridden, and regard
ed as moribund, was re-established suf
ficiently in a fortnight to take severe 

Wellington'S chair 

horse exercise, 'and now,' drily add
ed the doctor, 'his health improves so 
rapidly that the family have forbidden 
the medical man to continue the treat
ment.' Dr. Brown-Sequard claims that 
the 20,000 injections made by him dur
ing the last three years have been in
variably successful." 

"Professor Dewar's friend, Mr. Mc
Kendrick, had tried the effect of low 
temperatures upon the spores of mi
crobe organisms, by submitting putre
fied blood, milk, and such like sub
stances for one hour to a temperature 
of -182° c.; they afterward went on pu
trefying. Seeds, also, withstood the ac
tion of a similar amount of cold. He 
thought, therefore, that the experiments 
had proved that the idea of Lord Kelvin 
uttered some years ago was possibly 
true, when he suggested that the first 
life might have been brought to the 
earth upon a seed-bearing meteorite." 

"A pound of coal used to make 
steam for a fairly efficient refrigerating 
machine can produce an actual cool
ing effect equal to that produced by 
the melting of 16 to 46 pounds of ice. 
These figures are sufficient to prove the 
practicability of artificial cooling for 
office buildings, hospitals, theaters, ho
tels, and even for the best class of pri
vate houses. It is a curious example of 
the slowness with which people take 
advantage of modern inventions that 
thousands of men sit sweltering in hot 
offices in the midsummer days; busi
ness lags and the efficiency of work
ers is greatly reduced. At the same time 
not more than three or four blocks away 
are great provision warehouses where 
the temperature is kept at freezing 
the year round. If it pays to keep dead 
ducks and turkeys cool on Greenwich 
Street, why would it not pay to keep 
live business men cool on Broadway?" 

"In the chair shown in the illustration, 
the occupant is supposed to sit cross
wise of the seat, as one would sit in a 
saddle. Such a chair in a library or study, 
affording convenient opportunity for 
such changes of position from the usu
al posture as are often sought, cannot 
fail in many cases to contribute mate
rially to one's comfort. The picture is 
very nearly a representation of a chair 
used for many years by the Duke of 
Wellington, at Walmer Castle, England." 
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SCIENCE AND THE CITIZEN 

The Golden Age of Cosmology 

O
n April 23, George F. Smoot of 
Lawrence Berkeley Laboratory 
and his collaborators added an

other chapter to the scientific version of 
the story of creation. As camera lights 
glared and shutters whirred, they an
nounced that an instrument on the Na
tional Aeronautics and Space Adminis
tration's Cosmic Background Explorer 
(COBE) satellite had detected relics of 
lumpy structures that existed 300,000 
years after the universe was born in 
a vast explosion, the big bang, some 
10 to 15 billion years ago. In essence, 
COBE may have found the primordial 
blueprint that determined the structure 
of the modern universe. "When fossils 
were found in the rocks, it made the 
origin of species absolutely clear-cut," 
observes Jeremiah P. Ostriker of Prince
ton University. "Well, COBE 
found its fossils." 

co-workers summarized their findings 
at the annual meeting of the American 
Physical Society. "Lots of people on the 
COBE team were walking around grin
ning like Cheshire cats," reports John 
C. Mather of the Goddard Space Flight 
Center, project scientist for the satellite. 
The formal announcement of COBE's 
findings touched off a new round of sci
entific debate. Are the results real? What 
do they mean for cosmology? 

The microwave background has been 
a linchpin of cosmological theory since 
it was discovered by Arno A. Penzias 
and Robert W. Wilson of Bell Telephone 
Laboratories in 1964. At first they were 
puzzled by the mysterious microwave 
noise that seemed to enter their anten
na from all directions. Only when they 
spoke to Robert H. Dicke of Princeton 

ment except helium would freeze solid. 
"I was not immediately sold on the 

cosmology," Wilson recalls. But a fruit
less year of searching for other sourc
es of the background noise finally con
vinced him. The microwave background 
remains one of the prime pieces of evi
dence in favor of the theory that the 
universe began as an unimaginably hot, 
compact mass. 

One of COBE's top goals was to test 
the theory by measuring the spectrum 
of the microwave background. The sim
plest version of the big bang predicts 
that radiation from the hot early uni
verse should describe a smooth spec
tral curve, known as a blackbody spec
trum. In January 1990 Mather and his 
fellow team members released COBE's 
microwave spectrum at a meeting of the 
American Astronomical Society. The 
chart that Mather tossed on the over
head projector looked so much like 

a perfect blackbody curve 
that it could have been lift
ed from a physics textbook. 
The astronomers in attend
ance broke out in spontane
ous applause. 

The fossils unearthed by 
COBE consist of variations 
in the faint microwave glow 
that permeates the universe. 
Those variations are thought 
to trace ancient ripples that 
could have seeded the for
mation of galaxies and clus
ters of galaxies. In a single 
swoop the COBE findings 
gave important support to 
the big bang but simultane
ously relegated most of cos
mologists' specific models 
for the formation of the uni
verse to the trash bin. The 
toll would have been higher 
if COBE had failed to find 

COBE MAP shows that our galaxy (horizontal band) dominates 
the microwave sky. Such local signals were subtracted from the 
map on the cover. Image: Lawrence Berkeley Laboratory. 

The recent COBE data are 
helping solve an even knot
tier problem. For the past 
28 years, cosmologists have 
been looking, without suc
cess, for variations in the ra
diation produced by irreg
ularities in the big bang. 
At the same time, astrono
mers have developed an in
creased appreciation of the 
scale and complexity of cos
mic structure. Surveys of 
vast swaths of space reveal 

the telltale fluctuations. "A 
null result would kill off the whole pres
ent crop of theories," says Philip Lubin 
of the University of California at Santa 
Barbara, who has collaborated on COB£. 

The satellite, which was launched late 
in 1989, was conceived nearly two dec
ades ago by scientists at NASA'S God
dard Space Flight Center to provide pre
cise measurements of the background 
radiation. One set of instruments on 
COBE, known as the Differential Micro
wave Radiometers, has spent the past 
two years searching for any deviations 
from uniformity in the microwave sky. 
Rumors of the results had been circulat
ing through the astronomical commu
nity for months before Smoot and his 

did they learn that the big bang theory 
predicts just such global distribution 
of microwaves. 

Theorists believe this radiation is a 
relic from the time of the big bang, 
when the universe consisted of an ex
ceedingly hot, opaque soup of charged 
particles and radiation. When the tem
perature of the universe dropped to 
3,000 kelvins (300,000 years post-big 
bang), protons and electrons combined 
to form transparent, neutral hydrogen. 
At that time, matter and radiation went 
their separate ways. In the 15 billion 
years of expansion since, the radiation 
has cooled to an effective temperature 
of 2.74 kelvins, so cold that every ele-

galaxies organized into vast 
sheets and filaments. The largest for
mations stretch about 300 million light
years across, roughly 3 percent of the 
radius of the visible universe. Observ
ers have also turned up galaxies and 
quasars so distant that they must have 
formed only about one billion years af
ter the big bang. 

To produce such large and distant 
objects, clumpiness in the early cos
mos need not have been terribly pro
nounced. Gravity amplifies any varia
tions: regions that are slightly denser 
than average tend to pull together, be
coming increasingly concentrated at the 
expense of regions that are compara
tively rarefied. Nevertheless, some struc-
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ture must have been present right at 
the start for gravitational amplification 
to get under way. 

In places where matter piled up, the 
local tug of gravity would steal energy 
from outward-bound photons (individ
ual particles of electromagnetic radia
tion), so background radiation that orig
inated in that region would appear rel
atively cool. Low-density voids should 
look warm for the same reason. Nascent 
structure therefore should show up as 
patches of varying temperature in the 
microwave sky. 

Much to the embarrassment of big 
bang boosters, increasingly sensitive 
studies of the microwave background 
continued to show a completely uni
form glow of radiation. Theorists oblig
ingly adjusted their models to accom
modate ever smaller initial density fluc
tuations. But they did so knowing that, 
at some point, the absence of detecta
ble temperature variations would doom 
the big bang cosmology. COBE's preci
sion instruments seem to have come to 
the rescue. The detected fluctuations 
differ from the average temperature of 
the sky by only 30 millionths of a kel
vin-near the limit of COBE's sensitivi
ty. When he was asked about his confi
dence in the results, Smoot smiled and 
said that he would stake his personal 
reputation on the fact that they are real. 

In this case, "real" is a somewhat blur
ry term. COBE's map of the microwave 
sky is dominated by instrument noise; 
roughly two thirds of the data shown 
on the map originated in COBE or in 

MATTER! 
RADIATION 

SOUP 

18 SCIENTIFIC AMERICAN July 1992 

unaccounted-for nearby sources and 
not in the infant universe. Some of the 
fluctuations shown on the map repre
sent genuine signals, but COBE scien
tists cannot as yet say which ones. "I 
can't emphasize strongly enough that 
you cannot look at any one point and 
say, 'That's a cosmic fluctuation,' '' cau
tions Charles L. Bennett of the Goddard 
Space Flight Center, the deputy prinCi
pal investigator of COBE's microwave ra
diometers. Only by applying mathemati
cal analysis techniques, such as statisti
cal averaging, can one prove that some 
of the patches are not instrument arti
facts, he explains. 

The reason for the ambiguity lies in 
the Herculean task of accounting for 
every source of microwave emission 
other than the cosmic background. Our 
galaxy, the Milky Way, radiates copious 
microwaves that Bennett and his co
workers subtracted to reveal the back
ground signal. Other galaxies also emit 
microwaves, and hot gas clouds in clus
ters of galaxies introduce their own, 
minuscule temperature fluctuations. 

Such noncosmological signals should 
show up on small angular scales, but 
COBE looks at large swaths of sky, sev
en degrees wide (200 times the appar
ent area of the moon). Individual gal
axies should average out in the COBE 
observations. Edward L. Wright of the 
University of California at Los Angeles 
checked to see if the signals seen by 
COBE matched up with the locations 
of known, comparatively nearby gal
axy clusters and found no correspon-

dence. Even so, some astronomers re
main slightly skeptical. John P. Huchra 
of the Harvard-Smithsonian Center for 
Astrophysics, playing devil's advocate, 
suggests that the microwave fluctua
tions could be produced by a previous
ly unknown class of nearby astronomi
cal objects and not by density varia
tions shortly after the big bang. 

For now, though, most cosmologists 
are taking the COBE results at face val
ue and buckling down to understand 
their implications. The most obvious 
losers are theories in which dense, en
ergetic field defects (such as domain 
walls or textures) served as the nuclei 
around which galaxies formed. Such 
theories predicted the existence of a 
few particularly intense temperature 
fluctuations, which COBE does not see. 
David N. Spergel of Princeton, who has 
worked on texture-based cosmologies, 
took the news rather well. "Oh well, 
textures are dead," he said cheerfully. 
"Cosmology is like that." 

The biggest benefiCiary so far from 
the COBE results has been inflationary 
cosmology, a highly popular elaboration 
of the big bang developed in the early 
1980s by Alan H. Guth of the Massa
chusetts Institute of Technology and re
fined by Andrei D. Linde of Stanford 
University and by Paul Steinhardt of the 
University of Pennsylvania. In this mod
el the universe passed through a brief 
phase very soon after its birth during 
which the natural forces behaved very 
differently from the way they do now, 
so that gravity effectively became a re-
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COBE INVESTIGA TOR George F. Smoot 
tells the world that "the big bang is alive 
and well . . .  very well. " Photo: AP/World 
Wide Photos. 

pulsive force. As a consequence, in a 
tiny fraction of a second (l0-32 second 
or so) the universe expanded by a mind
boggling factor of 1030 or more. 

Inflation appeals to many cosmolo
gists because it explains two difficult 
cosmic puzzles: why the microwave 
background has virtually the same tem
perature in all directions and why the 
density of the universe is close to the 
value needed eventually to halt its ex
pansion. During the era of inflation, lo
cal temperature variations expanded 
and smoothed out; at the same time, the 
geometry of space became flat (a char
acteristic of critical density), regardless 
of its initial shape. Inflation also pro
vides a mechanism for creating cosmic 
structure. In those first moments, tiny 
quantum energy oscillations would have 
expanded along with the rest of the uni
verse to become macroscopic regions of 
comparatively high density. These over
dense regions could have evolved into 
clusters and superclusters of galaxies. 

Inflation models predict that the over
dense regions should have a scale-invar
iant (Gaussian) distribution-that is, the 
pattern of variation should look qualita
tively identical on all different angular 
scales. COBE sees just such a distribu
tion of hot and cold spots on the sky. 
Guth is quick to note, however, that al-

though COBE's results are consistent 
with inflation, they do not prove it. 

Theorists have widely diverging views 
on the viability of other cosmological 
theories. In an upcoming paper in As
trophysical Journal Letters, Wright and 
his co-authors single out a class of the
ories known as isocurvature models as 
being eliminated by COB£. "Oh, not at 
all!" responds P. James E. Peebles of 
Princeton when asked if his work on 
such models has been rendered obso
lete. Several cosmologists comment that 
theories producing structure via cosmic 
strings, ultradense serpentine field de
fects related to textures, could match 
the COBE observations. Ostriker strong
ly doubts that strings have fared any 
better than textures. "David Spergel was 
just more honest," he says. 

Regardless of the particular cosmo
logical model one chooses, the COBE 
maps raise a perplexing problem. The 
temperature fluctuations are minuscule, 
only about one part in 100,000. Other 
experiments have shown that the fluc
tuations on smaller angular scales are 
also extremely slight. Such slight vari
ations could not easily have produced 
dense, highly organized galaxies with
in a billion years or two after the big 
bang. Ordinary matter could not begin 
accumulating into condensed structures 
until the universe became transparent 
to radiation. Even then, the radiation 

COSMIC TIMEUNE depicts a stylized out
line of the inflationary big bang model. 
The microwave background offers the 
earliest possible glimpse at the primeval 
structures that eventually evolved into 
all the objects visible in the night sky. 

would have kept matter too hot to coa
lesce quickly into galaxies. 

In recent years, cosmologists have 
proposed that the universe contains a 
second, invisible component-cold dark 
matter-that clumps together far more 
readily. The existence of dark matter 
sits happily with inflationary cosmolo
gy because such models predict that 
the universe is exactly dense enough to 
halt the present expansion. Luminous 
material visible to astronomers pro
vides only about 1 percent of that criti
cal density. 

In order for the dark matter to help 
form galaxies, it must consist of parti
cles that do not interact with electro
magnetic radiation, referred to as non
baryonic dark matter. Protons, neutrons 
and electrons are ruled out. Theorists 
have proposed a seemingly endless rost
er of candidate particles. One by one, 
high-energy physics experiments have 
been ruling them out; none has yet been 
confirmed. 

Cold dark matter has other problems 
as well. Some cosmological models in
corporating cold dark matter can ac
count for the existence of large clusters 
and superclusters of galaxies. Others 
can explain the formation of individu
al galaxies. None can do both. Some re
searchers therefore suspect that cold 
dark matter may turn out to be a chi
mera. "The physicists have been enor
mously reluctant to accept what astron
omy shows them," says Penzias, who 
argues in favor of a less dense universe 
containing only ordinary matter. "Cold 
dark matter is dead," Peebles agrees. 

On the other hand, the inflationary 
cosmologies that answer several of the 
most fundamental questions about the 
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JEREMIAH P. OSTRIKER hails COBE's findings but warns 
against mistaking cosmology for theology. Photo: J. Levinson. 

P. JAMES E. PEEBLES perceives a need for fresh ideas on the 
origin of cosmic structure. Photo: R. Matthews. 

big bang absolutely require that much 
of the dark matter be nonbaryonic. (A 
dense universe consisting only of ordi
nary matter would have acquired a com
position quite unlike the one observed.) 
Studies of the large-scale flows of galax
ies also point toward a universe domi
nated by nonbaryonic dark matter. And 
if theorists abandon their mystery par
ticles, they must conjure up another 
mechanism that would cause galaxies 
to form rapidly. 

Huchra offers "two words that cause 
theorists to quake in their boots: mag
netic fields." Present cosmological mod
els do not take magnetic fields into ac
count. Although few researchers believe 
magnetism had much to do with galaxy 
formation, a vocal minority, led by Swed
ish Nobel laureate Hannes Alfven, con
tinues to argue otherwise. J Anthony 
Tyson of AT&T Bell Laboratories, who 
has extensively mapped dark matter 
around galaxy clusters, suspects that 
cosmic structure originated via "some 
other pathological process, perhaps 
black holes." And there is always the 
possibility that some completely new 
mechanism remains to be discovered. 

Listening to the present round of dis
putes, one may find it hard to recall just 
how far cosmological theories have ad
vanced since the discovery of the micro
wave background less than three dec
ades ago. Penzias recollects that when 
he started out, there were no data at all 
to test the theories. Smoot struck a sim-
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ilar tone at the April press conference 
as he gloated again and again, "This is 
the golden age of cosmology." 

The fate of the current crop of cosmo
logical notions will hinge on more de
tailed measurements of the microwave 
background. Because of its huge field 
of view, the smallest features seen by 
CORE in the early universe correspond 
to features that exceed in size the larg
est amalgamations of galaxies seen in as
tronomers' deep-sky surveys. Scrutiniz
ing the microwave sky for smaller (arc
minute size) features will yield more 
direct information on how the present 
galaxies and galaxy clusters originated. 
In fact, such studies have been under 
way for a number of years now, but as
tronomers have yet to see any uneven
ness in the temperature of the sky. "It's 
not a real comfortable situation," Lubin 
admits, "but it's not yet a head-to-head 
conflict with CORE." 

Now that CORE has shown the magni
tude of the temperature variations, oth
er researchers will have a better sense of 
how sensitive their experiments need to 
be. Lubin and his colleagues are analyz
ing data from a balloon-launched micro
wave telescope and preparing for an
other flight this fall. "We really ought to 
be seeing something soon," he says, al
though "it's a no-lose situation: if CORE 
is wrong and there are no fluctuations, 
that would be even more exciting." 

Meanwhile the CORE scientists are not 
resting on their laurels. Wright promis-

es that by the time CORE completes its 
mission in 1994 the microwave mea
surements will contain far less noise, 
so that it will finally be possible to point 
to a feature on the map and say, with 
certainty, "That is a cosmic fluctuation." 

How cosmology will look after the im
pending shakedown is anyone's guess. 
"Every generation thinks it has the an
swers, and every generation is hum
bled by nature," Lubin reflects. Even as 
CORE's measurements seemed to rein
force the reigning inflation-plus-cold
dark-matter scenario, cracks have been 
forming in the intellectual edifice. Re
cent observations of the rate at which 
the universe expands hint that inflation
ary models may paradoxically require 
the universe to be younger than the ob
jects it contains. Cosmologists are con
sidering adding a second dark matter 
component (called, logically enough, hot 
dark matter) to shore up their models 
of structure formation. 

Almost nobody doubts the validity of 
the big bang itself. On the other hand, 
no one knows how to make a direct 
connection between the conditions pre
vailing at the time of cosmic origin and 
those prevailing today. Ostriker chas
tises those who "treat this [cosmolo
gyjlike theology that you have to be
lieve. This is science!" The universe has 
spent billions of years writing the story 
of creation. Humans will no doubt be 
trying to read it for quite some time 
to come. -Corey S. Powell 
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Compulsive Canines 
Dogs that can't stop grooming 
provide clues to obsessions 

J
onathan Swift conceived such a hor
ror of human ordure that he could 
no longer tolerate the presence of 
people, not even his own family. 

Howard Hughes, overwhelmed by the 
increasing demands of his own purifica
tion rituals, finally gave up grooming al
together and became a helpless recluse. 
Such mania for cleanliness constitutes 
the most common expression of obses
sive-compulsive disorder (OCD), an of
ten incapacitating problem that afflicts 
an estimated four to six million people 
in the U. S. alone. 

In this affliction, man has compa
ny. Some dogs also can't stop washing 
themselves. Moreover, they respond to 
the drugs that help OCD patients, and 
they apparently inherit the disorder. Ju
dith L. Rapoport, a neurologist at the 
National Institute of Mental Health, says 
the canine syndrome-called acral lick
should make a good model for OCD. 
Such a model might lead to new treat
ments and illuminate the evolution of 

grooming and other presumably primi
tive behaviors. 

Rapoport unwittingly summoned her 
pooch patients through her popular 
book on OCD, The Boy Who Couldn't 
Stop Washing. Owners of dogs that had 
licked their paws to the point of ulcera
tion came to her in desperation, after 
other cures had failed. "The vet told the 
first one that the acral lick came from 
loneliness," Rapoport says. "So the own
er brought her dog to the office with her 
every day. Now she had an ecstatically 
happy dog-but it went on licking. " 

Rapoport prescribed clomipramine, 
one of the three known antiobsession
al drugs, and the dog stopped licking. 
To prove that clOmipramine had worked 
purely against the compulsion, with
out any coincident antidepressant ef
fect, Rapoport recruited 42 dogs with 
acral lick and put them on either antiob
sessional drugs or conventional antide
pressants. The antiobsessionals worked; 
the antidepressants did not. 

Antiobsessional drugs work by pre
venting nerve cells from reabsorbing 
serotonin, a neurotransmitter that pre
vents them from firing again. No one 
knows how this process ameliorates 
OCD, although imaging techniques 10-

Galling the Bears 

cate the action in the brain's basal gan
glia, which hardly differs between hu
mans and other mammals. 

A dog model might provide some an
swers. First, it should help workers find 
any genes that predispose to acral lick. 
"The animal model, like the human syn
dromes, seems a straightforward inher
itance," Rapoport says. "All you have to 
do is look for dog families of three gen
erations with the syndrome and com
pare DNA of dogs with and without the 
syndrome, and the geneticists will tell 
you which sequences they have in com
mon-even if you don't know which 
chromosome they're on. " 

Compulsions may also lie at the root 
of animal behavior. One theory, which 
Rapoport champions, treats them as 
hard-wired subroutines: little comput
er programs left over from the primi
tive common ancestor of dogs and hu
mans. "These behaviors seem phyloge
netically old," she says. In her view, the 
compulsion to wash may be a groom
ing program gone wild. The compul
sion to check that doors are locked, 
pictures straightened and ovens turned 
off may stem from an ancestral need to 
check the cave for predators and other 
dangers. 

P
ity the bears in Asia. Not only are their paws valued 
as food, but their gallbladders are one of the most 
valuable medicines in the traditional pharmaco

poeia. According to Judy A. Mills and Christopher Serv
heen of the University of Montana, bear gallbladders sell in 
South Korea for several thousand dollars. As a result, they 
say, Asian bears are declining and "cannot maintain viable 
wild populations," and evidence is mounting that North 
American bears are being hunted to satisfy Asian demand. 

traditional medicine with no known pharmacological val
ue, the gallbladders do-unfortunately for bears-contain 
an active substance, ursodiol. Under the name of Actigall, a 
synthetic version is sold in the U.S. by Ciba-Geigy as a 
treatment for gallstones. And a study published last year in 
the New England Journal of Medicine established ursodiol 
as an effective therapy for primary biliary cirrhosis. In Asia, 
the substance is widely used as a prophylactic against 
hangovers. 

The gallbladders and the bile are used in many Asian 
countries to treat liver disease. Unlike rhinoceros horn, a 

AMERICA N  BLA CK BEA RS a/1d their A sian cousins should 
gain when trading in bear parts becomes harder. Photo: 
Erwin and Peggy Bauer/Bruce Coleman, Inc. 
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But the availability of inexpensive, synthetic ursodiol has 
not dented the demand for bear gallbladders, Mills says. 
Wealthy Asians favor the natural product because the syn
thesized chemical "is so cheap people do not believe it is ef
fective," one Japanese official told Mills and Servheen. 

In Canada, a number of black bears have been found 
dead with their gallbladders cut out. Hard data are impos
sible to come by, but in the U.S., "the number of investiga
tions is increasing," says G. Adam O'Hara of the U.S. Fish 
and Wildlife Service. Trafficking in bear parts is legal in 
seven states. Trade in Asian bears and their parts is banned 
under the Convention on International Trade in Endan
gered Species (CITES), but the ban has been impossible to 
enforce because traders claim that their gallbladders came 
from American bears killed legally. 

There is hope on the horizon. This past March both the 
American black bear and the Russian brown bear were 
placed on a special appendix of CITES that lists "look-alike" 
species-ones that are difficult to distinguish from a con
trolled species. It will now be harder to pass off Asian bear 
parts as American, because gallbladders from American 
bears will need a CITES permit. - Tim Beardsley 
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Irrational fears suggest a similar evo
lutionary mechanism. "What are people 
phobic about, even in big cities?" Rapo
port asks. "Not guns or cars, but snakes 
and spiders. You can condition a fear 
stimulus in monkeys after one exposure 
to a snake, but never to a flower." The 
same applies to the common human 
disgust for insects. "In one study the re
searcher put a sterilized cockroach in a 
glass, took it out and offered $5 to any 
student who would drink from the 
glass. Many of them wouldn't." 

Yet not all animal compulsions can 
be compared with OCD, cautions Nicho
las H. Dodman, a veterinarian at Tufts 
University. Stereotyped behaviors some
times reflect the stress of confinement, 
which can stimulate the release of en
dorphins. These hormones, like the opi
ates they resemble, excite rather than 
relax certain animals. To work off their 
angst, stir-happy animals often engage 
in mindless activity, a solution etholo
gists call displacement. "Horses will grab 

their feeding trough in their mouths 
and pull back on it, or kick the door, or 
dig holes in the ground," Dodman says. 
Bears, on the other hand, will pace their 
cages; parrots pick their feathers out. 

Even tail chaSing, a common dis
placement in many dogs, can take on a 
pathological color. A remarkable case 
was reported recently in Canada, where 
police dogs are trained to attack on 
command but to desist when the sus
pected criminal raises his hands above 
his head. "A suspect was threatening a 
policeman by holding a chair above his 
head, and when the policeman told the 
dog to attack, the animal just blew a 
fuse," Dodman says. "It started chasing 
its tail and wouldn't stop. Nothing could 
cure it, so they finally had to put the 
dog down." 

People, too, blow fuses when placed 
in unbearable situations. Whether or not 
such breakdowns themselves reflect a 
process of natural selection remains a 
mystery. -Philip E. Ross 

DNA Fingerprinting Reconsidered (Again) 

W
hen the National Research Council published its study on DNA 
technology in forensic science in April, the New York Times report
ed that the panel had urged a moratorium on the use of DNA fin

gerprinting as evidence in court. Victor A. McKusick, who headed the panel, 
was quick to deny the report. The Johns Hopkins University human geneti
cist insisted that his group still endorsed the technique, although it did call 
for stricter controls on its use. 

Even so, defense lawyers are using some of the research council's less well
publicized conclusions to try to overturn convictions won on the basis of 
DNA fingerprinting evidence. "We' re going to attempt to get lawyers in every 
state to look at every relevant case," vows Barry C. Scheck, a prominent de
fense lawyer and professor at the Cardozo School of Law in New York City. 

One of the recommendations of the panel that has attracted the attention 
of attorneys is that fingerprinting tests showing a phenomenon called band 
shifting be declared "inconclusive" until laboratories have performed ade
quate studies on the effect. Band shifting can make two forensic samples 
from different biological sources appear the same; private companies that 
perform DNA fingerprinting and the Federal Bureau of Investigation have al
ready made attempts to correct for it. But the McKusick panel was not con
vinced that such attempts protect those accused: a suspect could be wrong
ly convicted if the "correction" was itself in error. 

Scheck, who is co-chair of a committee that is reviewing old convictions in 
the light of the research council's report, believes that many people have been 
convicted on the strength of DNA fingerprinting tests that showed band shift
ing. One company offering DNA fingerprinting, Lifecodes, concludes that 30 
percent of the forensic tests it has performed showed the effect. 

The research council study also recommended that in the future a new, 
safer mathematical technique be used to interpret the results of DNA tests, 
and it outlined how the technique should be performed. That recommenda
tion is likely to be grounds for reopening many cases in which the old tech
nique was used to secure convictions, Scheck says. 

A brief arguing against the admissibility of DNA evidence that cites the re
search council's report has now been filed in a "consolidated" case in the 
District of Columbia, U.S. v. Porter. The case is being appealed by the gov
ernment because DNA fingerprinting tests carried out by the FBI were ex
cluded. Similar briefs in California and Chicago are likely to follow quickly, 
Scheck predicts. -Tim Beardsley 
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Mother's Little Favorite 
A spiteful gene ensures, 
"Like mother, like child" 

I
n the words of one hymn to moth
erhood, "M is for the many things 
she gave me." If Mom is Tribolium 

castaneum, the flour beetle, one of her 
gifts had better be a gene called Medea. 
As three Kansas entomologists have 
learned, if a female beetle carries Me
dea, any of her offspring that lack the 
gene will die in the cradle. 

Its discoverers puckishly declare that 
Medea is an acronym for "maternal ef
fect dominant embryonic arrest," but 
don't be fooled: their real inspiration 
was Medea of Greek mythology, who 
killed her children in a jealous rage. Me
dea seems to represent the first mem
ber of a previously unnoticed class of 
so-called selfish genes. Such genes may 
play an important part in evolution and 
the origin of new species. 

Selfish genes are paraSitic sequences 
of DNA that increase their own fre
quency in a population, usually to the 
detriment of the organisms that carry 
them. Although most genes can pros
per only by contributing to the well-be
ing of their bearers, "there are certain 
times in the life cycle of an organism 
when genetic elements can potential
ly cheat and gain a transmission ad
vantage," explains Jack H. Werren, who 
studies selfish genes at the University 
of Rochester. 

Some genes cheat by inserting extra 
copies of themselves into cells; some 
cripple or obliterate their genetic coun
terparts on other chromosomes. A few 
can even change the sex of their host 
so that it produces only eggs or sperm 
favorable to the gene's distribution. Vir
tually all species, including humans, har
bor at least some selfish genes. "It's a 
jungle in there," Werren quips. 

Medea is remarkable because it is the 
first maternally linked selfish gene that 
acts on embryos rather than ova or 
sperm. Richard W. Beeman of the Agri
cultural Research Service in Manhattan, 
Kan., and his colleagues Kenlee S. Frie
sen and Rob E. Denell of Kansas State 
University became aware of Medea while 
testing whether flour beetles from dif
ferent parts of the world had any prob
lems breeding with one another. When 
they tried to cross beetles from a rice 
warehouse in Singapore with ones from 
a farm in Georgia, they noticed that 
some of the hybrid combinations had 
consistently small broods: many of the 
resulting larvae died before or during 
hatching. 

Further experiments, which Beeman, 
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Friesen and Denell described in Science 
in April, convinced them that the deaths 
could be attributed to the activity of a 
selfish maternal gene killing noncarriers 
in the next generation. The lethality is 
linked strictly to the maternal line, Bee
man observes. "If the father carries it 
and the mother doesn't, everything is 
normal," he says. "You wouldn't know 
the gene was there." 

Destroying offspring may seem coun
terproductive from the standpoint of 
the beetles, but it suits the gene's pur
pose by eliminating the competition-in 
this case, individuals that cannot trans
mit it further. When Medea is carried by 
a female, the gene raises its frequency in 
the next generation by eliminating lar
vae that lack it. Males carrying Medea 
can meanwhile mate indiscriminately 
and infect other pedigrees with the gene. 

As Medea spreads, many larvae die, 
but the gene can eventually overtake 
an entire population. "Once it becomes 
fixed in a population, it becomes invisi
ble, which may be why no one discov
ered it before," Beeman says. 

No one yet knows how Medea exerts 
its murderous influence. One possibil
ity is that the gene has two products, 
one a poison, the other its antidote. If 
the poison persists in the mother's eggs, 
Medea-free offspring developing from 
those eggs might die because they are 
unable to counteract it. (Some selfish ge
netic elements in primitive bacteria are 
known to operate in a similar manner.) 
Beeman believes that if the Medea gene 
can be specifically located and cloned, 
its killing mechanism may eventually 
become clear. 

The existence of Medea invites spec-

ulation about the possible role of self
ish genes in evolution. New species can 
arise when reproductive barriers, such 
as distance or mutations, split up popu
lations. If factors resembling Medea ap
pear commonly in nature, they could 
contribute to that isolation by making it 
difficult for strangers to join a protected 
population. Both Beeman and Werren 
caution, however, that the actual isolat
ing effects of Medea and other selfish 
genes remain to be demonstrated. 

There is reason to suspect that Me
dea-like selfish genes could be wide
spread among animals and plants. Once 
they knew what to look for, Beeman 
and his colleagues quickly found fac
tors resembling Medea in other popula
tions of flour beetle and in a complete
ly different beetle species. Crossbreed
ing experiments in other species could 
uncover new analogues of Medea. 

Notwithstanding its selfishness, Me
dea could sometimes turn out to be sur
prisingly advantageous for its hosts af
ter all. Werren argues that for many 
mammals, insects, plants and other or
ganisms, the chief competitors of any 
individual are actually its siblings, who 
share the same environment and con
sume the same resources. By weeding 
out some siblings for its own purposes, 
Medea may indirectly enhance the fit
ness of its carriers-thus boosting its 
own success still more. 

As biologists continue to investigate 
the growing ranks of selfish genes, even 
more crafty proliferation strategies are 
likely to emerge. If someone can work 
out an appropriate acronym, perhaps 
the next selfish gene will be called 
Machiavelli. -John Rennie 

RED FLOUR BEETLE, Tribolium castaneum, stands atop a kernel of corn (left). Many 
females of this species bear a recently discovered selfish gene that discourages cross
breeding by killing offspring that fail to carry it (right). Photo: Richard W. Beeman. 
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Colliding Physicists 
Will the sse lose out in 
the battle of big versus small? 

T
he tide is running against big sci
ence right now," observes William 
Happer, director of the office of 

energy research at the Department of 
Energy (DOE). He ought to know-his 
job is to coordinate plans for the accel
erators that physicists use to study the 
behavior of fundamental particles, in
cluding the huge Superconducting Su
per Collider (SSC). And that project is 
under determined attack by those who 
argue it will strip funds from other sci
ence, including "small science," which 
is arguably more likely to lead to tech
nologies that will produce economic 
returns. 

Opponents of the SSC got some un
expected confirmation of their fears in 
a recent report by a panel chaired by Mi
chael S. Witherell, a physicist at the Uni
versity of California at Santa Barbara. 
The report gives some of the first clues 
about the impact the $8.25 -billion SSC 
is likely to have on the rest of parti
cle physics. DOE officials insist the be
hemoth, which is now under construc
tion in Waxahachie, Tex., and will be 5 4  
miles i n  circumference, will not come 
at the expense of other science. But the 
department told Witherell's panel to as
sume that once the SSC goes into oper
ation (under present plans, in 1999), 
the budget for the rest of high-energy 
physics will be reduced by more than 
$ 15 0  million a year, or close to 25 per
cent of next year's amount. 

In turn, Witherell's panel warned that 
if budgets fail to keep pace with in
flation, one of the former crown jew
els of particle phYSiCS, the Stanford Lin
ear Accelerator Center (SLAC), should 
be closed permanently. Even if budgets 
keep pace with inflation, the panel rec
ommended that SLAC, the site of sev
eral breakthrough discoveries over the 
past 25 years, stop doing particle phys
ics until there are sufficient funds to 
start building a new accelerator at Stan
ford, known as the B-factory, in 1996. 
Happer says he is now planning on a 
budget that will just match inflation. 

The proposed $ 184-million B-facto
ry, like the existing linear collider at 
SLAC, would collide electrons and pos
itrons together. But the Witherell panel 
declined to give the SLAC B-factory top 
priority after the SSC, giving the nod in
stead to a $204-million upgrade of the 
Tevatron, currently the world's biggest 
proton-antiproton collider, which is at 
Fermi National Accelerator Laboratory 
in Batavia, Ill. 
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That recommendation has not been 
well received at SLAC, where electron
positron researchers see themselves as 
victims of the proton physicists, who 
dominate the field. The Tevatron up
grade, known as the main injector, will 
extend the life of that machine. But the 
same experiments that the main injec
tor will make possible could be done at 
the SSC a decade later. Happer says it 
is all a matter of timing. "If you're will
ing to wait for the SSC, what do you do 
in the meantime?" he asks. 

Burton Richter, the director of SLAC, 
wants to know what his accelerator will 
do in the meantime if building the B
factory is put off until 1 996.  The exist
ing SLAC collider has been superseded 
by the Large Electron Positron collider 
at CERN, the European laboratory for 
particle physics near Geneva. And Rich
ter says the Witherell report's recom
mendation that SLAC should do just re
search on accelerator technology for two 
years is unrealistic. As for the report's 
contingency plan to abandon SLAC if 
budgets fall behind inflation, Richter 
complains that it would leave U.S. high
energy physics "monolithically proton 
oriented." 

In Congress the budget-cutting knives 

Sound System 

Using the ocean's noise 
to image undersea objects 

T
o peer through the murky depths 
of the sea, oceanographers gener
ally transmit sonar signals or lis

ten to the sound an object might emit. 
Now Michael ]. Buckingham and Broder
ick V. Berkhout of the Scripps Institu
tion of Oceanography and Stewart A. L .  
Glegg of Florida Atlantic University have 
come up with a new way of forming 
underwater images. They examine how 
objects modify the naturally occurring 
random noise in the ocean. 

In effect, Buckingham and his col
leagues are imaging objects with the 
acoustic version of daylight. Objects are 
visible because they scatter the atmo
spheric light. An approach using acous
tic daylight makes the ears work as the 
eyes do, says Ralph R .  Goodman, an 
ocean acoustics scientist at Pennsylva
nia State University. The technique ex
ploits the fact that "the sea is filled 
with sound." 

Most of the ambient noise comes 
from breaking waves. As a surface wave 
rolls over and breaks, it traps air, forc
ing it down a few meters into the wa
ter. The air forms tiny bubbles, which 
resonate, or ring, for a few tens of mil-
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are out, and the General Accounting 
Office has accused the DOE of playing 
fast and loose with its bookkeeping for 
the sse. Happer denies there are seri
ous problems. "We're keeping a tight 
rein on it," he insists. A computerized 
management system is in place, and 
contracts have been renegotiated to 
eliminate budget and schedule over
runs that were forecast. But Victor S. 
Rezendes of the General Accounting 
Office points out that if a foreign con
tractor agrees to supply components 
for less than the budgeted amount, as 
some have, then the DOE chalks up the 
saving as a foreign contribution. Yet if 
a U.S. firm does the same thing, the 
saving is recorded as a reduction in the 
project's total cost. 

The DOE has promised that nonfed
eral funds will account for one third of 
the cost of the sse. India has pledged 
$ 5 0 million, Korea has offered $ 3 0  mil
lion and negotiations are in progress 
with the former Soviet Union, Happer 
says. But even after Texas's contribu
tion of $ 8 7 5  million has been taken 
into account, that still leaves the agen
cy a daunting $ 1 .  7 billion short. 

All hopes rest with Japan. Happer 
says he expects the Japanese will agree 

liseconds. "The net result," Buckingham 
says, "is that the ocean is quite noisy." 

Seeing with acoustic daylight may of
fer a view of objects located anywhere 
in the ocean because sound travels 
with remarkable efficiency in the sea, 
essentially to the ocean bottom. Fur
thermore, sound from such sources as 
boat engines or dolphins does not inter
fere with acoustic daylight. Those pass
ing sounds, which produce problems for 
sonar, would actually contribute to the 
overall ambient noise, much as stadi
um lights add to the illumination of a 
late-afternoon baseball game. 

In their experiment the researchers 
submerged a piece of plywood covered 
with neoprene rubber off the Scripps 
pier. Then they placed a parabolic reflec
tor and a hydrophone-the "acoustic 
lens" -seven meters away. The arrange
ment was similar to taking a photo
graph with the sun behind the camera. 
They were able to "see" the acoustic sig
nature of the target at sound frequen
cies between five and 50 kilohertz; there 
was a four-decibel difference in the scat
tered noise and the ambient noise field. 

Moreover, the targets absorbed cer
tain sound frequencies and reflected 
others. That finding implies that under
water objects can be rendered in false 
color, Buckingham says. Visually, ob
jects appear to have color because they 
absorb certain frequencies of light. 

to pay as much as $ 1 . 5  billion over the 
lifetime of the SSC, in addition to any 
contribution to the two $ 5 00-million 
detectors, only one of which is includ
ed in the SSC 's budget. The Japanese 
government has established a task force 
to consider the matter, although it will 
not appropriate any funds before the 
end of the year. But Happer is counting 
on a commitment by "late summer or 
early fall." One congressional staff mem
ber tracking the project, however, be
lieves Japanese funds are unlikely to 
arrive before 1 994. If so, the SSC would 
be running $ 1 00 million behind budget 
during 1 9 9 3 .  

I f  the proposed cuts a t  SLAC prompt 
California's representatives in Congress 
to reconsider their support for the SSC, 
the project's political viability could be 
jeopardized. Doubts will be reinforced 
if CERN proceeds with plans to build 
quickly a new accelerator, the Large Had
ron Collider, which could bag some dis
coveries the SSC was designed to make. 
That prospect should, according to Hap
per, be no source of joy for other phys
icists. "If the SSC were to go down," he 
says grimly, "there'd be no chance of 
getting a nickel of that money back for 
science." - Tim Beardsley 

The researchers are still a long way 
from actual pictures. The data collect
ed in that initial experiment "corre
spond to one point of an image," Buck
ingham says. A complete portrait would 
require an array of hydrophones, each 
pointing in a different direction. Buck
ingham speculates that within a couple 
of years the technology may be able to 
generate an image once every 0 . 1  sec
ond and thus act as an acoustic video 
camera. 

Unfortunately, the resolution of an 
acoustic daylight system cannot match 
that of the eye. That feat would re
quire a parabolic reflector 600 meters 
wide. Moreover, one trades off resolu
tion for imaging distance. High-reso
lution requires high-frequency sound, 
which does not travel very far before 
attenuating. The investigators are now 
aiming to make images of objects 1 0  
centimeters in size at a range of 1 0  
meters. 

Still, there are several applications, 
most notably those concerning subma
rines. "Subs don't like using active so
nar," Buckingham says, because that 
gives away their position. On the other 
hand, acoustic daylight is a covert sys
tem that can provide the necessary vi
sion. Other possible uses might be mon
itoring harbor entrances, like security 
cameras in shopping malls, and tracking 
whales or schools of fish. -Philip Yam 
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Defining Dyslexia 
Is it a distinct disorder 
or a problem of degree? 

D
yslexia is primarily a reading 
problem, but for some children 
it is also a geographic one. Not 

all those getting remedial assistance 
in, for example, Vermont, which defines 
dyslexia as a 22-point discrepancy be
tween I .Q .  and reading achievement 
scores,  would qualify for help in Cali
fornia, which defines it differently; only 
about a dozen of the 50 states apply 
the same criteria. The quilt of conflict
ing standards that covers the U.S. is 
a by-product of the difficulty that edu
cators,  policymakers and researchers 
have faced in defining dyslexia. 

Some new research now questions 
whether it is a distinct disorder at all: in
vestigators at Yale University have con
cluded that dyslexia differs in degree but 
not in kind from other forms of poor 
reading achievement. Such a change in 
the view of dyslexia would affect the 
direction of future research and the 
provision of services to children. 

The absence of a unique diagnostic 
peculiarity has been an obstacle to iden
tifying the disorder. Dyslexia has be
come synonymous with perceived rever
sals of letters or words on the page, but 
such illusions are actually uncommon. 
In the early 1 9 70s the World Federation 
of Neurology defined dyslexia as "diffi
culty in learning to read despite conven
tional instruction, adequate intelligence 
and sociocultural opportunity." 

That description, which did not spec
ify precisely how to measure dyslexia, 
led the federal government to mandate 
the development of special education 
programs to help children identified as 
dyslexic. Implicit within these actions 
was the notion that dyslexia represent
ed a special category of disability un
like others causing underachievement 
in normal children. 

Sally E. Shaywitz, professor of pedi
atrics at Yale, thinks this categorical 
view of dyslexia is mistaken. This past 
January she and her colleagues pub
lished a long-term study indicating that 
dyslexia is only part of a smooth con
tinuum of reading difficulties found 
throughout the population. 

The Yale researchers studied the de
velopment of several hundred Connec
ticut children as they progressed from 

SALLY E. SHA YlVITZ of Yale University 
argues that dyslexia is only part of the 
spectrum of reading skills and not a dis
tinct disability. Photo: Jason Goltz. 

kindergarten through sixth grade. Each 
year the researchers administered read
ing achievement tests to the children. 
Dyslexic children were identified as 
those whose reading skills were signifi
cantly below the level predicted from 
their I .Q. 's .  Shaywitz found that these 
dyslexics did not form a distinct sub
group of poor readers; instead they fell 
within the low end of the normal distri
bution of reading scores.  

More important, as Shaywitz had 
predicted statistically, two thirds of the 
children labeled dyslexic in the first 
grade no longer fit the study's criteria 
by the third grade. An approximately 
equal number of normal but poor read
ers moved the other way. These reclas
sifications did not occur because the 
children's abilities had changed dramat
ically, Shaywitz emphasizes. Rather, be
cause the dyslexic children were not 
qualitatively different from others with 
slightly better scores, it was possible for 
children to drift from one category to 
the other with only minor changes in 
test scores. "The differences are in se
verity, not in type," Shaywitz says. 

If dyslexic children are not funda
mentally different from others,  why 

have so many educators tagged them 
as a distinct group? A landmark study 
of children on the Isle of Wight con
ducted more than two decades ago did 
conclude that dyslexics had unique dis
abilities, but Shaywitz says those find· 
ings have never been replicated. She 
also argues that the criteria for mea
suring dyslexia have been highly sub
jective and sometimes biased. In 1 990 
Shaywitz 's  group documented uncon
scious biases in the identification of 
dyslexics: "Boys who are hyperactive or 
disruptive are more likely to be iden
tified than girls who may not read but 
are not bothering anyone,"  she explains. 

Yet some experts also criticize the 
Yale group's approach to spotting dys
lexics. "They took a group of children 
defined by substandard reading achieve· 
ment quite early in their education and 
then a couple of years later. That isn't 
really dyslexia. That's just substandard 
reading achievement, period. It has 
many explanations, "  fumes Albert M .  
Galaburda, a dyslexia researcher a t  Beth 
Israel Hospital in Boston. He suspects 
that by looking at scores instead of in
dividuals, the Yale group failed to rec
ognize many true dyslexiCS and misla-
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beled other poor readers. The net ef
fect of these inaccuracies, he argues, is 
to make the dyslexic group appear more 
normal. "It' s a self-fulfilling prophecy," 
he says. 

Paula Tallal, a language disorder spe
cialist at Rutgers University, believes that 
the children were too young to be reli
ably classified early in the study. "How 
can children be diagnosed as having 

reading difficulties if they haven't yet 
had the opportunity to learn to read? " 
she asks. The children who seemed to 
move from the dyslexic to the normal 
categories, she thinks, were not correct
ly diagnosed in the first place. 

Moreover, Tallal considers the argu
ment over the arbitrariness of the dys
lexia definition a straw man. Instead 
she maintains that the important task 

Rapid Recall 

N
ame a movie that has an extended dream sequence, red shoes, a lion 
and a scarecrow. Researchers have spent years trying to get comput
ers to emulate the human ability to sift through tens of thousands of 

pieces of information and find unsuspected connections. But it could take 
hours for a conventional machine program med with film information to come 
up with The Wizard of Oz, according to computer scientist James A. Hendler 
of the University of Maryland. 

That kind of response time makes conversing with artificial intelligences an 
exercise in patience. Until recently, the only way to make the programs faster 
was to limit their range to carefully defined problems requiring only a few 
hundred to a few thousand pieces of knowledge. For the past decade, artifi
cial-intelligence mavens have blamed slow hardware for the field's relative 
lack of progress. 

Now the researchers' bluff is being called. Lack of computer power "is not 
an excuse anymore,"  says David Waltz of Thinking Machines Corporation, a 
parallel-computer company in Cambridge, Mass. By developing new algo
rithms that run on massively parallel computers such as the company's Con
nection Machine, Hendler and other researchers can pick the right datum out 
of a vast collection of facts in one ten-thousandth the time taken by other ma
chines. Hendler's system ,  called PARKA, answers queries containing multiple 
conditions ( The Wizard of Oz question has four) nearly as fast as those calling 
for a single fact. What might take a conventional algorithm the better part of 
a day takes PARKA less than a second. 

The program that Hendler and his student Matthew P. Evett have built relies 
on semantic networks. These software structures represent knowledge using 
nodes that stand for objects and coded links that stand for relationships be
tween the m ,  such as "part-of, "  "location" or "is-a." (For example, Clyde, a ze
bra, might be connected by an is-a link to "Zebra, "  which would be linked in 
turn to "Herbivore" and to "Animal," thence to "Life-Form" and ultimately to 
''Thing.'') Because each of the 6 5 , 5 36 processors in a full-size Connection Ma
chine handles a node and all its links, all the nodes in a knowledge base can 
be checked simultaneously. 

Other researchers have adopted somewhat different techniques. Waltz and 
his colleagues are exploring memory-based reasoning, which relies on an 
enormous data base of examples to classify new cases according to the ones 
they most closely resemble. Memory-based methods proved faster and more 
reliable than the people employed to pick key words for indexing news sto
ries at Dow-Jones, Waltz says. Both Hendler and Waltz point out that a large, 
fast memory changes the way intelligent programs should be designed
long, complex chains of reasoning working from a few key facts give way to 
simpler deductions based on what did or didn't work in similar cases. 

Waltz says a handful of other projects are under way, including one to 
tackle the nearly insuperable task of translating medical diagnoses into the 
codes that insurance companies insist on. Hendler, meanwhile, is looking 
forward to the chance of converting CyC (pronounced "psych") to a form 
that PARKA can digest. CyC, the largest knowledge base now in existence, is 
under construction at MCC in Austin, Tex. It contains more than two mil
lion rules encoding everyday knowledge. Its creator, Douglas B. Lenat, esti
mates that 1 0  million rules should endow it with intelligence. Parallel algo
rithms might allow such an intelligence to work fast enough for humans 
to recognize. -Paul Wallich 
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confronting researchers is to under
stand the mechanisms underlying read
ing problems so that dyslexic children 
can be helped more efficiently. 

Most investigators now suspect that 
dyslexic children read poorly because 
of a highly specific linguistic problem 
sometimes called "phonological un
awareness." They cannot easily learn to 
read because they have extraordinary 
trouble associating printed letters with 
the sounds of speech. (Similarly, many 
congenitally deaf people who have mas
tered the linguistic complexities and 
subtleties of sign language have trou
ble learning to read. ) 

Several lines of evidence further sug
gest that the root cause for much dys
lexia is a problem with processing very 
rapidly changing sensory stimuli. Tallal, 
for example, has shown that dyslexic 
children have trouble making accurate 
distinctions between similar auditory 
signals: they often cannot hear the dif
ference between speech sounds such 
as "bah" and "dah."  Galaburda and his 
colleague Margaret S. Livingstone of 
Harvard Medical School have recently 
seen variations in the visual pathway 
of dyslexics that suggest an analogous 
problem with fast-changing visual stim
uli. Galaburda has also found several 
other neuroanatomical abnormalities in 
the temporal lobe and other areas of 
the brain. 

Shaywitz fully endorses the idea that 
dyslexia has biological underpinnings 
but insists that "we have to move away 
from this set of anecdotal, impression
istic standards. " Until a rigorous and 
empirical definition of dyslexia is de
veloped, she contends, all the research 
on mechanisms is blunted by unre
solved issues about whom to study. 

Whom to help is also an issue. Gal
aburda worries that if dyslexics cease to 
be distinguished from other poor read
ers, they will again fall prey to the old 
stigma that they are "just stupid." More 
worrisome is the idea that the Yale 
study could be misinterpreted as mean
ing that dyslexia goes away on its own. 
Such views could lead to cutbacks in re
medial assistance to dyslexic children. 

To the contrary, Shaywitz hopes her 
work will make more assistance avail
able. "Current school policy is very 
much based on an all-or-none model of 
dyslexia," she says. Consequently, many 
children are not allowed access to read
ing assistance programs because their 
abilities, although poor, are not bad 
enough for them to be classified as dys
lexic. Shaywitz believes that if dyslexics 
are no longer seen as a group apart, in
appropriate and arbitrary cutoffs limit
ing the access to remedial aid will be 
repealed. -John Rennie 
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Announcing an interruption of tonight's regular programming 
N

ow you can share with your 
family and friends your own 
enthusiasm for science with this 

charter offer from the award-winning 
SCIENTIFIC AMERICAN Frontiers 
television series. This five-hour scan of 
the universe of science puts the viewer 
where the scientists are and tells their 
exciting stories in non-technical 
language. SCIENTIFIC AMERICAN 
Frontiers is guaranteed to kindle the 
flames of insight and understanding. 

Go behind the scenes at the Moscow 
circus to the engineering department; 
take a quick course in the physics of 
roller coasters; get a progress report on 
the test-tube trumes that may one day 
compensate for the dramatic fall-off 
in the French harvests; meet the Russian 
mathematician who invented Tetris™ 
and the Alaskan ground squirrel that 
drops its body temperature to below 
freezing when it hibernates. 

The premier season of SCIENTIFIC 
AMERICAN Frontiers earned positive 
reviews all across America. Now you can 
purchase this season of SCIENTIFIC 
AMERICAN Frontiers handsomely 
packaged for your personal enjoyment. 
Available for purchase only through 
SCIENTIFIC AMERICAN. 

S P E C I A L  I N T RO D U CTO RY O F F E R  
Five 1 �hour cassettes, handsomely 

$�J9'95 
plus $5 postage and handling, 
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4 1 5  Madison Avenue 
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Chedd-Angier Production Company, Inc.  All rights 
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PROFILE : GEORGE F.  SMOOT 

COBE 's Cosmic Cartographer 

T
he team from People magazine 
has already come and gone, and 
George F. Smoot is now trying 

to answer SCIENTIFIC AMERICAN'S  only 
slightly more scientific questions. It's not 
easy. A former colleague telephones to 
congratulate him. A graduate student 
strides into Smoot's office and shoves a 
fax into his hand, an invitation to a con
ference on religion, science 
and the environment. The 
student smirks at the mish
mash of issues, but Smoot 
seems intrigued. "Cosmolo
gy is where science and reli
gion meet, right? "  

A photographer pokes her 
head in the door to ask when 
Smoot will be free. "I'm get
ting tired of having my pic
ture taken," he mutters. The 
photographer jokes that his 
colleagues are worried about 
the People photographs. 
" They're worried," Smoot 
snorts. "They're not in 'em." 
Smoot is scheduled to go to 
a conference in Amsterdam 
the follOwing week , and he 
is thinking of leaving a few 
days early. "Success is dis
ruptive," he sighs. 

ing of the American Physical Society 
(APS), Smoot unveiled a garishly col
ored, ovoid-shaped map that he said 
showed the long-sought "ripples" in 
the primordial radiation corresponding 
to the vast vacuums and clusters of 
galaxies populating the modern uni
verse. "If you're religious," Smoot said, 
"this is like looking at God." 

that seeks to "give a better public ap
preciation of science and show that sci
entists are real people-that's why I try 
not to be too stiff." Indeed, for some
one in a field so other-worldly, his de
meanor is distinctly down to earth. With 
his wire-rim glasses, neatly cropped 
beard, oxford shirt and khaki slacks he 
looks more like a lawyer-a hip public 
defender, say-than someone obsessed 
with such issues as dipole anisotropies 
resulting from galactic rotation. 

The publicity is beginning 
to pall. Since the APS meet
ing, Smoot has been able to 
work only late at night, when 
he is already exhausted. 
Moreover, other team mem
bers have complained-and 
Smoot agrees-that he has 
received too much attention 
and credit for what was, af
ter all, very much a group 
effort. "Even when you tell 
reporters it's a team effort, 
the best they end up doing 
is saying ' team leader.' '' On 
the other hand, Smoot says 
emphatically, "I personally 
had a very strong involve
ment for a long time." 

As the son of a geolo
gist whose job with the U.S. 
Geological Survey took him 
from Florida to Alaska, 
Smoot grew up wanting to 
become a scientist. He even
tually chose physics, obtain
ing his doctorate from the 
Massachusetts Institute of 
Technology. After moving to 
the University of California 
at Berkeley in 1 9 7 1 ,  he be
gan working with the emi
nent particle physicist Luis 
W. Alvarez. 

Just two weeks earlier 
Smoot was a relatively ob
scure, 4 7-year-old astrophys
icist at the University of Cal
ifornia at Berkeley and the 
Lawrence Berkeley laborato
ry. His specialty was the cos
mic microwave background, 
the faint radiation that is 
thought to be the lingering 
afterglow of the dawn of cre
ation. Smoot was perhaps 
best known in the astrophys
ics community as the team 
leader for the Differential Mi-

SMOOT has been scrutinizing the cosmic microwave radia
tion since the early 1 9 70s. Photo: Stephanie Rausser. 

Under Alvarez's guidance, 
Smoot drifted into astro
physics, sending balloons 
aloft to study cosmic rays, 

crowave Radiometers on board the Cos
mic Background Explorer ( COBE) satel
lite. The radiometers were designed to 
find inhomogeneities in the microwave 
background. 

Astronomers had been nervously 
awaiting the COBE results. The failure 
to find inhomogeneities would make it 
difficult-and perhaps impossible-to 
explain how the cosmos came to be so 
clumpy. But during an April 2 3  meet-
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Although Smoot occasionally went to 
church as a child, he says he is not par
ticularly religious himself; he just tries 
to use language that conveys the pro
fundity of the subject. "When you start 
talking about 10-43 second [the instant 
after the big bang at which the universe 
becomes describable by physics] ,  no
body knows what that is. Not even phys
icists, really." 

Smoot is on a committee at Berkeley 

mysterious high-energy particles found 
hurtling in the vacuum of space. Urged 
by Alvarez to consider other phenome
na that could be investigated with high
altitude observations, Smoot became 
increasingly fascinated by the cosmic 
microwave background. 

At that time, the definitive text on 
cosmology was one written by P. James 
E. Peebles of Princeton University. "He's 
influenced a whole generation of cos-
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Special  Advertisi ng Supplement 

• 

1 a ' s  
2 1 s t C e n t u r y T e c h n o l o g i e s  

This special supplement 

outlines Toshiba Corp. 's 

ongoing commitment 

to 21st Century 

technologies, particularly 

emphasizing activities of 

the Research and 

Development Center in 

Kawasaki. The center, 

which employs 

approximately 2,200 

individuals-including 

1, 550 researchers and 

engineers-marked its 

30th anniversary last 

November. 
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Special  Advertising Supplement 

Toshi ba's 
2 1 s t C e n t u r y  T e c h n o l o g i e s  
8y Roger Schreffler 

Naohisa Shimomura, Director of 
Th e Resea rch a n d  Develo p m ent Center 

Q U E S TI O N :  Dr .  S h i m o m u r a ,  cou l d  you  p lease  out l i ne the  bas i c  struc
t u re of Tos h i ba ' s  R&D act iv i t ies? 
A N  S W E  R :  We p resent ly h ave a t h ree- l ayer resea rch  orga n izat ion  struc
t u red a ro u n d  the natu re of the  resea rch a l l  t he  way t h rough  a p p l i ed resea rch 
and p rod uct deve l opment .  Fou r  corporate l a borator ies ,  i n c l u d i n g  the  R&D 
Center ,  concentrate on  bas i c  resea rch .  The m i n i m u m  perspect ive of t hese 
l a b s  i s  f ive yea rs ,  Unde r  t hese corporate fa c i l i t ies  a re 10 deve l opment  l a bo
rator ies ,  wh i ch  cover a broa d range of essent i a l ly prod uct e n g i n ee r i n g-re lat
ed act iv it ies fro m i nform at ion  p roces s i n g  and sem icond uctors to m e d i c a l  
e n g i n ee r i ng ;  deve l opment l a b s  genera l ly take t h ree to f i v e  years to c o m p l ete 
work. And f i n a l ly ,  each of ou r  1 0  bus i ness g ro u p s  or  d iv i s i ons  has its own 
e n g i n eer i n g  d e p a rtment  to focus  on  prod uct eng i neer i ng  a s  it re lates to com
merc i a l izat i o n ,  The t i m e  fra me  here i s  one  to t h ree yea rs ,  

S m ooth tra n sfer a n d  s h a r i n g  of tec h no l og i es i s  e n h a nced t h rough  reg
u l a r  meet i ngs  between the center, the e n g i n ee r i ng  l a bs and the  b u s i ness 
g ro u ps ,  a s  we l l  a s  t h rough  freq uent  exc h a nge of perso n n e l .  

Q .  W h a t  i s  the  center 's p r i m a ry resea rch  
foc us?  
A .  O u r  cu rrent structure has  t h ree overr i d -
i n g  themes ,  O u r  p r i m a ry work  cont i n ues to AN "U N D E R  THE TABLE" 

be basic resea rch  and deve l opment of 
mater i a l s ,  prod ucts ,  a n d  systems w it h i n  the  
context of the  compa ny's overa l l  b u s i n ess PROGRAM ENCOURAGES 

strategy. That i s  not go i ng  to c h a nge .  I n  
a d d it i o n ,  w e  a l so prov ide  R & D  s u p port for 
the  d iv i s i ons ,  ass i st i n g  a l l  1 0  Tos h i ba TOSHIBA RESEARCH ERS 

e n g i neer i n g  l a borator ies.  F i n a l ly ,  the  center 
gen erates new ideas and esta b l i shes  
i nte l lectu a l  p roperty r ights ,  m a i n ly the  f i l i n g  T O  EXPLO R E  PROJ ECTS 

of patents ,  

Q .  How i s  the  corporate R&D strategy O N  THEIR OWN. 

dec i ded?  
A .  O u r  overa l l  resea rch strategy i s  formed 
by t he  corporate techno logy co m m ittee, 
compr ised of executives from the f ive corpo-
rate l a bs ,  i n c l u d i n g  the  R&D  Center, the  heads of rese a rch  and deve l opment 
of each b u s i ness gro u p ,  p l u s  rel eva nt d iv i s i ons ,  i n c l u d i n g  corporate p l a n 
n i n g ,  techno l ogy p l a n n i n g  a n d  coord i na t i on ,  prod uct iv ity, i nte l lect u a l  proper
ty, a n d  the  des ign  center .  Some 20 to 25 i n d iv i d u a l s  m eet month ly  to d i scuss 
the  l a test R & D  issues ,  the  a l l ocat ion  of t he  b u d get, and what  new resea rch 
themes to ta rget. They then present p roposa l s  to the pres i d ent .  

Q . Which prod uct a reas now rece ive the  greatest e m p h a s i s ?  
A .  C o m p uters,  te lecom m u n i cat i ons ,  a n d  v a r i o u s  e l ectro n i c  dev ices ,  w h i c h  
i s  cons i stent w i t h  ou r  corporate b u s i n ess strategy. I n  the  c o n s u m e r  prod ucts 
f i e l d ,  the  p r i m a ry focu s  i s  on advanced a u d i o  and v i s u a l  tec h n o log ies such  
a s  h i g h -def i n it i on  te lev i s i on  a n d  d i g ita l ized i m a g i n g  prod ucts .  

To i l l u strate ou r  c h a n g i n g  foc u s ,  two yea rs ago  we set u p  a new com
m u n icat ion  systems l a boratory .  Then l a st yea r we esta b l i shed new i n forma-
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t i on  system s ,  d i s p lay ,  a n d  v i deo a n d  m e d i a  e l ectron ics l a bs .  Concu rrent ly ,  
we've exp a n d ed the  act iv i t ies of ou r  o lder i n form at ion  systems and e l ectron 
dev ice l a borator ies ,  The e l ectron device l a b  cu rrent ly i s  d eve l o p i n g  h i g h 
s peed switc h i n g  devices a n d  l a ser d i odes ,  both essent i a l  t o  t he  m u lt i m e d i a  
concept .  

I n  1 988 ,  ref lect i n g  the  grow i n g  i m porta nce of sem ico n d u ctors and s i l i 
c o n  mater i a l s ,  w e  sepa rated o u r  VLSI resea rch l a boratory from t h e  m a i n  cen
ter ,  esta b l i s h i n g  its a utonomy as  a n  i n d ependent  resea rch fu nct ion  known a s  
the  U L S I  Research Center .  

Q .  What wou l d  you c h a r
acter ize as t he  center 's 
major a c h i evements over 
the past f ive yea rs? 
A .  I 'd have to i nc l u d e  the 
Jose p h son j u nct ion  device 
for h i g h -tem perature 
su percond uct ive m ateri a l s ,  
a n nou nced l a st October; i n  
a d d it i o n ,  o u r  a synchronous  
tra n sfer mode sw i tch  for 
m u lt i m ed i a  systems a n d  
1 0-g iga b it ga l l i u m  
a rsen i de  8-b i t  m u lt i p l exer 
for very h i g h  s peed opt i ca l 
com m u n icat i ons ,  both 
deve loped in 1 990 ;  a NAND 
type EEPROM,  wh i ch  is 
30% s m a l le r  t h a n  ex ist i n g  
f l a sh  memory c h i ps ,  
i n  1 988 ;  a n d  2 -m i l l i on  p ix-
e l  CCD i m age sensor  used GALUUM ARSENIDE WILL ALLOW TOSHIBA RESEARCHERS 

for h i gh-def i n i t i on  TO DEVELOP SUPERCONDUCTORS WITH MUCH FASTER 

TV, i n  1 98 7 .  OPERATING SPEEDS. 

Q . What is the  center 's a n n u a l  b u dget? 
A .  In the  most recent f i sca l yea r  (en d i n g  M a rc h  1 9 9 2 ) ,  we spent a p p rox i
mate ly  2 6  b i l l ion  yen ,  9% more than i n  1 990 .  Genera l ly, our b u d get r ises 
a bout 10% a n n u a l ly .  Of l a st yea r 's  tota l ,  hea d q u a rters f unded 55% and the  
opera t i ng  d iv i s i ons  40%;  the  rem a i n i n g  5% c a m e  f rom outs i de  pr ivate a n d  
p u b l i c  sector contracts.  

Q .  H ow d oes Tos h i b a  encourage creat iv ity and i n i t i at ive? 
A .  We've i ntrod uced severa l systems to encourage  you n g  sc ient i sts to i n i t i 
a t e  research act iv i t ies o f  t h e i r  own . One  of t h e s e  we ca l l  " u nder  the  t a b le"  
researc h .  A l l  of o u r  researchers a re free to u se 10% of the i r  t ime a n d  b u d get 
to p u rsue  research of t he i r  own choos i n g .  They need not report t h i s .  Secon d ,  
w e  have set u p  a structu re permitt i n g  sc ient i sts to seek d i rect a p prova l fro m 
the d i rector for p roject proposa l s ,  in effect bypa ss i ng  the  c h a i n  co m m a n d .  
A n d  l a st ly ,  e a c h  yea r w e  d i s patch s i x  or  seven i n d iv i d u a l s  overseas t o  fu rther  
the i r  research  stu d i es .  
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MateriaLs Research 
T h e P o l y s i l a n e  R a c e  

Shuji Hayase, Chief Research Scientist, 
Chemica l  Labo rato ry 

E V E  R Y  M 0 R N I N G l i ke c l ockwork, S h u j i  Hayase l eaves h i s  s m a l l  com
pany  a p a rtment  fo r  the  fourth  f l oo r  of the  Tos h i b a  R&D  Center .  After a f ive
m i n ute w a l k ,  he  a rr ives severa l m i n utes a h ead of a regu l a r  p l a n n i n g  sess ion  
sched u l ed for  h a lf past e ight .  

I n  recent months ,  these meet i n g  between mem bers of Hayase 's  c h e m i 
c a l  l a b  h a v e  become more i ntense a s  a s i x-year  p roject on  a n  advanced s i l i 
c o n  po lymer nea rs com p l et i o n .  T h i s  a i r  o f  u rgency h a s  been fue led  b y  the  
recent  entry of severa l new and powerfu l com petitors.  " I f we come u p  w i th  a 
n ew s i l i con dev ice a head of a nyone e lse ,  it w i l l  g ive us a tremendous  advan
tage , "  dec l a res the  3 7 -yea r-o l d  c h e m i st ,  who j o i ned Tos h i b a  i n  1 9 7 8 .  " Fa i l 
u re to do so,  conversely ,  cou l d  h ave ser ious conseq uences . "  

The key, accord i ng to Hayase ,  cou l d  be "po l ys i l a n e , "  a s i l i con-ba sed 
o rg a n i c  polymer wh i ch  l a st s u m mer  Tos h i b a  f i rst synthes ized w i th  pheno l  
mo lecu les ;  i n c l uded a m o n g  th ese i s  the  chem ica l l y  act ive hyd roxyl ( "OH" ) 
g ro u p .  U n t i l  t h e n ,  po lys i l a n e  was l i m ited to l a boratory exper i ments .  "Th i s  
m ater i a l  i s  extre me ly  d i ff i c u lt to work  with , "  m a i nta i n s  Hayase ,  who began 
work  on  the  mater i a l  i n  1 986 a s  an  "under  t he  t a b le"  p roj ect , a pr ivate 
u n d ert a k i n g  f unded and encoura ged by the  research center .  His m a i n  focus  
at t he  t i m e  i nvolved deve l o p i n g  a new type  of res i st mater i a l  f o r  l a rge sca le  
i ntegrated c i rcu its .  " I n  that  endeavor , " h e  exp l a i n s ,  " I  c ame  ac ross severa l 
sc ient i f i c  pa pers w h i c h  deta i l ed a n u m ber  of u n i q u e  p hotoreact i ons  exh i b ited 
by the po lymer ."  

The po lymer ,  wh ich was d i scovered by Dr .  Robert West of t he  U n ivers ity 
of Wiscon s i n  in 1 980 ,  is one of as m a ny as 10 m ater i a l s that  Tos h i ba is c u r
rent ly eva l u a t i n g  for future use in e l ectron i c  dev ices such  as photores i sts ,  

d i s p l ays,  mem ory dev ices ,  
opt ica l switc hes ,  a n d  
com posite mater i a l s .  Sus
pect i n g  it a s  one of the  
most  p ro m i s i n g ,  H ayase 
meets month l y  with as 
m a ny a s  1 0  d i fferent 
p rod uct groups  i n s i d e  
Tos h i b a ,  i n c l u d i n g  those 
i nvo lved i n  d i s p l ays, o pto
e l ectron ics,  LS l s ,  com m u
n i cat i ons ,  and com posite 
mater i a l s .  " In th is sense , "  
h e  dec l a res ,  " ou r  research 
i s  both bas ic a nd a p p l i ca
t i ons-dr ive n . "  

T h e  mater i a l ' s  most 
DR. SHUJI HAYASE: i m porta nt featu re is its 
"IF WE COME UP WITH A NEW SIUCON DEVICE AHEAD OF ANYONE sem icond  uct iv ity, wh i ch  
ElSE. WE WILL HAVE A TREMENDOUS ADVANTAGE. FAILURET O  DO sets it a p a rt from conven-
s o  COULD HAVE SERlOUS CONSEOUENCES. " t i o na  I ca rbon-based poly-

m ers such a s  po lyethy lene 
and polyca rbonate .  I n  a d d it i on , i t  i s  tra n s p a rent ,  g iv ing po lys i l a n e  stro n g  
potent i a l  f o r  opt i ca l dev ices .  So l u b l e  i n  water ,  t he  po lymer  boa sts a h i g h  
mo l ec u l a r  we ight-m ore t h a n  500 ,000 .  Thus  it c a n  be u s e d  i n  l ong  s i l i con 
c h a i n s  of a s  m a ny a s  5 ,000  " repea t i ng "  s i l i con  mo lecu l es .  Moreover, i t  can 
be formed i nto both t h i n  f i l m s  a nd powd ers .  
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Although the  p roject is now i n  its seventh yea r ,  efforts to po lymer ize 
po lys i l a n e  bega n j u st two yea rs ago .  Po lymer izat ion  i s  on ly poss i b l e  i n  me lted 
sod i u m ,  a h i g h ly rea ct ive rea gent ,  says Hayase, who rece ived h i s  doctorate 
fro m Osa ka U n ivers ity w h i l e  e m p l oyed by Tosh i b a .  Beca use of t h i s ,  the  
re ported chem ica l  structu res were  l i m ited to very sta b l e  s u b st i tuents .  These 
factors great ly restr ict opport u n it i es  to u t i l ize the  mater ia l .  And  u n t i l  l a st 
yea r it was v i rtu a l ly i m poss i b l e  to a lter the  po lymer 's  bas i c  struct u re .  

A L L  THAT R E MAIN S  I S  TO 

C HOOSE TH E O PTIMAL 

MOLECULE TO E N HANCE 

That c h a n ged with  the  " l i n kage"  of 
hyd roxl gro u p  mo lecu les  to po lys i l a nes ,  
wh ich  i ntrod uced a n  "act ive" s i d e  to t he  
po lymer 's  c h a i n .  Now a l l  t hat  rem a i n s  i s  t o  
choose the opt i m a l  mo l ecu l e  to e n h a nce 
overa l l  performance  and i n s u re d u ra b i l ity in  
"cross- l i n k i n g "  of t he  c h a i n .  "We've done 
the  h a rd p a rt , "  aff i rms  Hayase ,  who  expects 
to comp lete that task ea rly next yea r. 

Bes ides d i ff i cu l t ies  assoc i ated w i th  
h a n d l i ng the  materi a l ,  po lys i l a ne ' s  p r i n c i -

PERFORMANCE A N D  INSURE 
pal  shortco m i n g  was that  it decom poses 
when exposed to u ltrav i o l et l i ght ( l ess t h a n  
3 0 0  n a n o m eters ) .  U n der  norm a l  l i ght  con d i 

D U RABILITY. "WE'VE 

DONE THE HARD PART." 

t i ons ,  h owever, the  po lymer is sta b l e .  
Of the  cu rrent a rray of mater i a l s  

u n der  study,  po lyacetyl i n e  i s  p roba b ly t h e  
stron gest com petitor i n  terms o f  sem icon
d u ct iv ity a n d  non l i nea r  o pt i ca l propert ies .  
However, the  a l m ost c o m p l ete ly  b lack  po ly
acety l i n e  i s  opaque ,  wh i ch  g ives the tra ns

pa rent po lys i l a n e  a dec i ded adva ntage for  use i n  opt i c a l  dev ices .  
F u rthermore ,  by u s i n g  po lys i l a ne for LS ls ,  the  Tos h i b a  resea rcher  

be l i eves that  a f i n e r  pattern or  d rawi n g  sca l e  of 0 . 2  to 0 . 1  m icrons ca n be 
ach ieved . Present ly the  most advanced dyn a m i c  ra ndom access mem ory 
c h i p s  a re based on 0 .8-m icron pattern s .  "A 0 . 1  or 0 . 2  m i cron pattern is 
eq u iva lent  to a I -g iga b it D RAM,  or a b i l l i on c i rcu its on  a c h i p  the s i ze of a 
t h u m b n a i l , "  he a sserts .  

I n  memory and d i s p l ay dev ices ,  po lys i l a n e  w i l l  have to compete with  
a m i ne po lymers such  a s  po lyv i nyl ca rbazo le .  Here,  too, the  m ater i a l  ho lds  a 
d i st i n ct a dvantage in that  its " ho l e "  m o b i l ity-the  movement of pos it ive 
c h a rges back  and forth t h roughout the  s i l i con  or  "S i"  c h a i n-is much h i gher  
t h a n  convent i o n a l  s u b sta nces .  Th i s  featu re, says  Hayase ,  cou l d  l ead  to 
dev ices 1 ,000 t i mes faster t h a n  th ose cu rrent ly  u sed . 

There is st i l l  no def i n ite i dea  how po lys i l a n e  m i ght e n h a nce com posite 
mater i a l s .  " U n t i l  now it h a s n 't been poss i b l e  to m a ke a com posite bec a u se 
of d i ff i cu l t ies  i n  jo i n i n g po lys i l a n e  with ot her materi a l s , "  says Hayase .  
"However with its h igh refra ct ive i n d ex of 1 .6  to 1 . 7 ,  po lys i l a n e  h a s  one  of the  
h i ghest refra ct ive i n d ices among t ra n s p a rent orga n i c  mo lecu les .  C o m b i ned 
with  g lass ,  for i n stance ,  i t  c a n  be used i n  lenses ."  

At  p resent ,  Tos h i b a ' s  m a i n  com petitors a re I B M  and N i p pon Te legra ph  
a n d  Te l ephone  Corp . ,  a s i tuat i on  wh i ch  cou l d  c h a nge a s  the  mater i a l  h a s  
beco me  the  foc us  o f  a n  I nternat i on a l  Tra de  a n d  I n d u stry M i n i st ry p roject on 
s i l i con-based po lymers .  A l ready e i g ht gro u p s ,  i n c l u d i n g  Tos h i ba s u b s i d i a ry 
Tos h i b a  S i l i cone  Co .  a n d  t h ree u n ivers i t i es ,  h ave j o i ned t h e  1 0-year  project. 
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Cryogenic Cooli ng:  
A S u p e r c o o l  R e f r i g e r a t o r 

Hideki Nakagome, Chief Research Scientist, 
The En ergy Science a n d  Tech n o logy La borato ry 

H I D  E K I N A K A G O  M E  h a s  a d rea m :  He  wa nts to a c h i eve a major  sc i 
ent i f i c  breakt h rough  t h rough  a tot a l  tea m effort. "Ten  yea rs fro m now, I want  
to look back  with  the  knowledge that  I 've created somet h i n g  ent i re ly  new by 
p u l l i n g  peop l e  together  i nto a v i b rant ,  se l f-conta i ned u n it , "  says the  40-year
old eng i neer .  "Wh i l e  n ot d i scount i n g  the  i m porta nce of i n d i v i d u a l  i n i t i a t ive, I 
b e l i eve that  the  dyn a m ics  of the  grou p-bri n g i n g  peop le  together  from d if
ferent backgro u n d s  with var i ed a n d  d iverse i deas-creates an atmosph ere 
for t ru ly  i n n ovat ive researc h . "  

T h e  s o n  o f  a h i g h  schoo l  sc ience teacher ,  N a kagome c u rrently i s  grou p 
l eader  of a l i q u i d  h e l i u m  refr i gerator p roject i n  Tosh i b a ' s  energy sc ience a n d  
tec h n o l ogy l a boratory. Work i n g  i n  concert w i t h  the  R&D  Center 's met a l s  a n d  
cera m i c  l a b  a n d  Tokyo I n st itute o f  Tec h n o l ogy, h i s  j ob  i s  to d eve lop  a n ew 
c ryogen i c  cool i n g  u n it that  wou l d  i m p rove u pon convent i ona l h e l i u m  refr i ger
ators. L i q u i d  he l i u m ,  with a bo i l i n g  po i n t  of 
m i n us 268 .9°C ,  the l owest of a ny c h e m i c a l  
e l e m e n t  known to m a n ,  i s  u s e d  a s  a coo l i n g  THE N EW REFRIGERATOR 
a gent  to a c h i eve su perco n d u ct iv ity. Beca use 
it h a s  such  a low heat of va por izat i o n ,  spe-
c i a l  refr igerat ion u n its a re needed to s l ow 
the  d i ss i pat ion  process. 

S i nce the  project bega n i n  the  s u m mer  
of 1 98 6 ,  Nakagome 's  lO-man tea m has  
been on  a v i rt u a l  nonstop ro l l er  coaster .  
After rea c h i n g  their i n i t i a l  ta rget of 10 

LIKE LY WILL COO L  SUPER-

CONDUCTIVE MAGN ETS O F  

Kelv i n ,  or  m i n u s  2 6 3 ° C ,  w ith i n  m o n t h s ,  they A MAGLEV TRAIN ,  MAKING 
stru gg led  for nea rly two yea rs w ith  v i rt ua l ly 
no p rogress.  U n expected ly in J u ly 1 988 ,  i n  
t he  heat o f  s u m mer ,  the  resea rch tea m 

TH E TRAINS TWIC E  AS 
a c h i eved a n  u n p recedented m i n u s  268°C ,  or  
SK-w h i c h  i s  o n ly So a bove a bsol ute zero. 
J u st a s  s u d d e n ly, the fo l l owi n g  Febru a ry, the  

ENERGY EFFIaENT. 
refr igerator stop ped funct i o n i n g  at that  
"su per-coo l "  leve l .  Then i n  Novem ber ,  a g a i n  
w i thout  warn i n g ,  the  tem peratu re w a s  low-
ered to 4 . S K, o n ly to revert to l eve l s  a bove SK severa l months  l ater. "To say we 
were confused is an u n derstatement , "  exc l a i m s  the m i l d -tem pered Nak
agome ,  who h a s  h a d  to l earn  pat i ence  the  h a rd way .  "We t r i ed  repeated ly  for 
the next seven months to get back to SK ,  a n d  noth i n g  see med to work. The 
frustra t i n g  t h i n g  i s  that we d i d n 't know why."  

A l l  t he  w h i l e ,  Nakagome ,  who  jo ined Tos h i b a  i n  1979 after ea rn i n g  h i s  
d octorate at Tokyo U n ivers ity, w a s  dogged b y  l i nge r i ng  q u est i ons  a bout the  
p roject ' s  f i n d i ngs  f rom severa l pro m i nent  i n d iv i d u a l s  i n  the  J a p a nese sc ien
t i f i c  com m u n ity. Those  dou bts h ave o n ly recent ly h ave been put  to rest. 

Toward the end of 1 990 ,  th rough  a series of mod i f i cat i ons  in the refr ig
erator' s heat excha nge u n it ,  tem peratu re was g ra d u a l ly l owered to 4K ( m i n u s  
269°C ) ,  t h e n  3 K ,  a n d  f i n a l ly 2 . SK. A l though  N a kagome wo u l d  l i ke t o  go lower,  
h e  be l i eves that 2K  i s  p ro b a b ly the l i m it .  "At t h i s  po i n t ,  a m ore i m porta nt 
object ive i s  to i m prove the  refr igerator 's performa nce at 4K."  Based on c u r
rent progress,  he expects to com p l ete that  task  with i n  two yea rs .  

Tos h i ba fee l s  that  t he  key to the  project 's s u ccess to date was the  1 988 
d eve l opment of a com pos ite ,  erb i u m3-n icke l  ( E r3 N i ) ,  a mater i a l  c a p a b l e  of 
reta i n i n g  five t i mes more heat t h a n  convent i o n a l  m ateri a l s .  U n l i ke l ead  or 
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copper ,  w h i c h  lose t he i r  heat  preserv i n g  q u a l it i es  at 1 0 K  or a bove, Er3 N i  can  
funct i on  at  l i q u i d  h e l i u m  tem peratu res ,  o r  be l ow 4 . 2 K  ( m i n u s  268 .9°C ) .  The  
new mater i a l  su bseq uent ly  was adopted fo r  the  secon d  sta ge o f  t he  refr iger
ator 's regenerator ,  a type of heat exc h a n ger .  A ser ies of mod i f i cat i ons  a i med 
at ra i s i n g  the  dev ice 's  eff i c i ency and m i n i m iz i n g  its he l i u m  va por izat ion 
p roved eq u a l ly s i g n i f i cant .  

Among the  ma jor  ta rget a p p l i cat ions  a re m a g n et i c  reso n a nce i m a g i n g  
( M R I )  eq u i p ment  for med ica l d i a gnost i cs ,  m a g net ica l ly l ev itated or  " m a g lev" 
tra i n s ,  rad i owave e l ectron ics ,  a n d  vacu u m  p u m ps for sem icon d u ctor m a n u 
factu r i n g  eq u i pment .  Longer term , Tos h i b a  sets i t s  s i g hts on  s p a c e  a n d  
su percom p uter a p p l i cat i ons .  

The n ew refr igerator l i ke ly  w i l l  be used to coo l  the  su percon d u ct ive 
m a gnets of a m a g l ev tra i n  sched u led to beg i n  t r i a l  serv ice  t h ree yea rs from 
now i n  Tsu r u ,  48 m i les west of Tokyo . The p l a n ned 2 7 - m i l e  l i n e ,  f unded  
m a i n ly by  the  J a pa nese govern ment ,  i s  be i ng  b u i lt to acco m m od ate t ra i n s  
ru n n i n g  a t  over 3 1 0  m i les p e r  h o u r ,  more t h a n  twice t h e  speed o f  J a p a n ' s  
fa mous  " b u l let" tra i n .  E n g i neers a t  Tosh i b a ' s  F u c h u  Works c u rrent ly  a re 
deve l o p i n g  m a g nets c a p a b l e  of power i n g  tra i n s  at speeds of u p  to 3S0  m i les  
per hou r  w ith  1 0 , 000-hour  i nterva l s  between serv ice .  For more than I S  yea rs,  
the  c o m p a ny has s u p p l i ed  n i o b i u m  and t i ta n i u m  (N b-Ti )  m a g n ets for a 4 . 3 -
m i l e - l ong  exper i menta l m a g lev serv ice  i n  M iyaza k i ,  Kyu s h u .  Tos h i b a  a nt i c i 
pates m a g lev tra i n s  e m p loyi ng  the  n e w  coo l i n g  u n it wou l d  be  t w i c e  a s  energy 
eff i c i ent  at 4K. 

in the case of MRI sys
tems ,  for w h i c h  Tos h i ba is 
J a p a n ' s  l ead i n g  m a n ufac
tu rer ,  l i q u i d  h e l i u m  refr iger
ated at 10K m u st be re p l e n 
i shed  every t h ree to s i x  
months .  A t  SK,  the  i nterva l 
extends  to between f ive a n d  
t e n  years.  S i m i l a r ly ,  for 
pa ra bo l i c  ra d i o a nten n a e ,  
such  a s  t he  one  u s e d  by 
J a p a n ' s  Nat i o n a l  R a d io 
Observatory in Nobeya m a ,  
t h e  we ight  o f  t he  coo l i n g  
u n it c a n  be tr i m med b y  a s  
m u c h  a s  7S% ( o r  a p proxi -
mate ly  100  k i l ogra ms)  from SINCE BEGINNING THE PROJW IN 1986, DR. HIDfKI 

the cu  rrent l eve l .  Moreover, NAKAGOMf'S lO·MAN TEAM HAS BEEN ON A VIRTUAL 

the t i m e  req u i red to coo l  the  NONSTOP ROLtER COASTER. 

4S-meter a nten n a ' s  su per-
con d u ct i n g  sensor can be cut  from the  cu rrent 12 h o u rs to t h ree .  F i n a l ly ,  for 
su percomp uters,  Tos h i b a  pred i cts that comput i ng  speed w i l l  i n c rease by 
as  m u c h  as 10 t i m es .  But i n d u stry experts c l a i m  that  a coo l i n g  tem per
atu re of m i n u s  269°C ,  or  4K,  i s  necessa ry before Josephson com p uters 
can be rea l i zed . 

Nea rly a century h a s  pa ssed s i nce a D utch sc ient i st ,  work i n g  a l one ,  
f i rst l i q u i f i ed  he l i u m ,  l ea d i n g  severa l years  later  to the  d i scovery of s u per  
con d u ct iv ity. Now ,  a tea m f rom Japan  s h a res a d rea m of mak ing  those d i s
cover ies more pract i ca l .  
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Voice Recognition 
D i a l o g  B e t w e e n  M a n  a n d  M a c h i n e  

Yoichi Takebayashi , Chief Research Scientist, 
Info rmati o n  Systems  Laborato ry 

A 0 E M  0 N 5 T R A TI 0 N comme mora t i ng  the 30th a n n ivers a ry of Tos h i 
b a ' s  Research a n d  Deve l opment Center l a st Novem ber c a m e  off with j u st one 
m i no r  g l it ch :  An experi menta l fa st-food order i ng  system ,  des igned to rea ct to  
vo ice co m m a n d ,  fa i l ed to res pond  to a fore i g n  v i s itor 's  req uest for a h a m 
b u rger .  Ever a l ert , o n e  o f  Tos h i b a ' s  o b l i g i n g  hosts q u ick ly  ste pped forward 
and reordered " h u m-bah-ga h "  i n  perfect J a p a nese .  

I n  a l l  fa i rness ,  the  p rototype vo ice-recogn it i on  system was p rogra m m ed 
with spea kers of J a p a nese ,  not E n g l i s h ,  in m i n d .  B u i lt a round  an eng i neer i n g  
workstat ion  a n d  a 1 9 - i n c h  c o l o r  d i s p lay ,  a s i m p l e  gra p h i c a l  m e n u  conta i n i n g  
i cons  f i rst meets a customer 's  eye . A ca r-
toon - l i ke v i sage  a p pea rs on  screen to take 
t he  order .  The m a c h i ne processes a l l  of the  
menu  i tems by vo ice  co m m a n d .  I n  a c r i sp  
" synthes ized" rep l y ,  it conf i rms the order ,  
then  exten d s  a fr ien d ly t h a n k  you .  I f  it 
doesn 't u n d ersta n d ,  it po l i te ly asks the 
c u stomer to order a ga i n .  

Yo i c h i  Takebaya s h i ,  w h o  heads  the  
vo ice-reco g n it i on  p roject fro m Tosh i b a ' s  
I nform at ion  Systems La b ,  says t he  system 
represents "a  sponta neous i nteract ion  
between man and m a c h i n e . "  I t  i s  " s pea ker 
i n d e pendent , "  he  exp l a i n s ,  thus des igned  
for u n s pec if ied users and  i n d ef i n ite ,  
u n rehea rsed speec h .  

SPEECH I S  J U ST  PART 

OF A LARGE R  M U lTI-

M E DIA CONCEPT THAT 

INCLUDES G ESTURES, 

. FACIAL EXPRESSIONS, 

Gen era l ly ,  researchers have fou n d  that  
recogn i t i on  accu racy i n  systems not rest r i ct-
ed to a predeter m i ned text i s  lower t h a n  i f  

AND EYE MOVEM ENTS. 

word order i s  f ixed . But for systems to be 
t ru l y  user-fr i e nd ly ,  they m u st dea l with the  
s a m e  var i a t i ons  i n  voc a b u l a ry a n d  sentence structu re that  occ u r  i n  conversa
t i o n .  The Tos h i ba a p proach  attem pts to meet t hese cond i t i ons .  B a sed on " key 
words" essent i a l  to the  comp let ion of the  j ob  at h a n d ,  t he  system ign ores a l l  
other  verba l  i n put .  The fa st-food prototype recog n izes j u st 49  word s ,  i n c l u d 
i n g  " h a m b u rger , "  "cheese b u rger , "  "coffee , "  "co l a , "  " o n e , "  "two , "  a n d  " g ive 
m e . "  A more co m p l ex system that  m i ght be e m p l oyed at a McDon a l d ' s  or  
P i zza Hut  wou l d  req u i re a voc a b u l a ry of a p prox i m ately 200 word s .  

Vers i ons  of such  systems a re expected to h i t  t he  rea l w o r l d  with i n  f ive 
years .  Sta n d i n g  in the  way a re a need for more comput i ng  power and greater 
knowledge a bout spontaneous speed . J u st 49 word s req u i re 500 megaf lops of 
p rocess i n g  speed ;  a McDon a l d ' s  system wou l d  need at l east fou r  g i gaf l ops ,  or  
e ight t i mes more c a p a c ity. 

Tosh i b a ,  w h i c h  has con d u cted vo ice recog n it i on  R&D s i nce  1 9 7 7 ,  deve l 
o p e d  a novel " n o ise i m m u n ity" method to dea l w i t h  a m b i g u it i es  of speech 
and l a n g u age .  Rather  than rely on ea r l i e r  a p proa ches w h i c h  atte m pt to m i n i 
m ize backgro u n d  no i se ,  Tosh i b a  has  taken t he  op pos ite tack ,  g ra d u a l ly 
a d d i n g  m a ny d i fferent types of no i se  co l l ected from the  rea l wor ld a n d  s i m u 
l ated b y  comp uter. " Uttera nces o f  both i ntent i o n a l  a n d  u n i ntent i o n a l  words 
a re i nc l uded  in the  d ata base," exp l a i n s  the  40-yea r-o l d  resea rcher ,  who 
earned h is doctorate i n  1 9 7 9  from Sen d a i ' s  Tohoku U n iversity. "As a resu lt ,  
we've deve lo ped vo ice-recogn it i on  software that  i s  more  ' robust . ' It can  
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u n d erstand  a w ider  m ix of i n f lect i ons  a n d  c a n  even be 'ta ught '  fore i gn  
l a n g u a ges . "  

I n  a n  atte m pt to measu re a n d  eventua l ly ra i se perform a nce ,  Tos h i ba 
researchers have p l otted key word patte rns on a " t ime-freq uency" spectru m :  
C o m p r i s i n g  1 6  freq uency c h a n n e l s  a n d  1 2  sa m p l i n g  po i nts ( between t h e  
sta rt i n g  a n d  end i n g  po i nts o f  words ) ,  com p utat i o ns  for pattern matc h i n g  
between  the  i n put  speech a n d  key word reference a re performed at i nterva l s  
of e ight  m i l l i secon d s .  

B e s i d e s  resta u ra nt a p p l i cat i ons ,  v o i c e  recogn i t ion  i s  a p r ime  c a n d i d ate 
for a i r l i n e  reservat i on  and t i cket i n g  systems ,  te l ephone  d i a l i n g  a n d  i nform a 
t i o n  serv ices ,  stock m a r ket tra d i n g ,  a n d  a utom o b i l e  a n d  home  a p p l i a nce con
tro l s .  S i m p l e  forms of the  techno l ogy a l ready h ave been e m p l oyed i n  remote 
b a n k i n g  syste m s ,  e l evators,  and te lephones .  

I n  the  a utomot ive f i e l d ,  a potent i a l  $ 1  b i l l i on ma rket, Tos h i b a  expects 
to con centrate on  a ux i l i a ry funct ions  such a s  ra d i o  t u n i n g  ( " switch on/off , "  
"vol u m e  u p/dow n " ) ,  tem peratu re contro l ,  a n d  a utomat ic  d oors a n d  w i n d ows.  
Longer term , it hopes to i n c l u d e  the  bas ic c a r  o perat i on  i n struct i ons :  sto p
p i n g ,  sta rt i n g ,  a n d  a ct ivat i n g  a g row i n g  n u m ber of e l ectro n i c  safety dev ices .  
Ta kebaya s h i  po i nts out that  a s  m a ny a s  h a lf of acc idents occ u r  when the  
d r iver i s  n ot pay i ng  attent ion  to d r i v i ng .  "Pu re ly  f rom a safety sta n d po i nt ,  
there 's  a p l ace  f o r  t h i s  techno l ogy. " 

Takebaya s h i ,  who  spent  severa l years of postdoctora l stud ies  at t he  
m e d i a  l a b  at the  Massachu setts I n st i tute o f  Techno l ogy, a d m its that  h i s  
resea rch i nterests extend fa r beyond  the a uto m o b i l e  or  s i m p l e  i nteract ive 
system s  for the  food serv ice and a i r l i n e  i n d ustr ies .  L i ke h is fr iend M a rv i n  
M i n sky ,  the  fou n d e r  of " a rt i f i c i a l  i n te l l i gence , "  the  congen i a l  sc ient ist ho pes 
to u n cover the sec rets of 
the m i n d .  Presently u s i n g  
h i s  l e i s u re t i m e  t o  read 
such d iverse su bjects as 
psycho l ogy, c h i l d  deve lop
ment ,  l i n g u ist ics ,  a n d  the  
body 's  i m m u n e  syste m ,  
Takebaya s h i  dec la res :  " I f  
we ever  hope to s i m u late 
h u m a n  behav ior  by co m 
puter ,  w e  n eed to know a s  
m u c h  a bout  t h e  h u m a n  
cond i t i on  a s  poss i b l e . "  

And speec h ,  he  
i n s i sts ,  " i s  j u st pa rt of a DR. YOIUlI TAKEBAYASHI: ·WCVE DEVELOPfD VO)CE· 

l a rger m u lt i - m ed i a  conce pt RECOGNmON SOrrtlARE THATIS ROBUSr. ' Il CAN 

that  i n c l udes  gest u res ,  UNDERSJAND A MIX OFINFLEUIONS. ff 

fac i a l  exp ress i ons ,  a n d  eye 
move ments .  The tone a n d  i n f lect ion of t he  vo ice  a l so m u st be cons i dered , a s  
shou l d  the  a l most i n f i n ite i n ventory o f  h u m a n  emot ions .  U n cover i ng  mean
i ng , "  stresses Takebaya s h i ,  " i nvolves m uch more t h a n  s i m p ly  i n putt i n g  text. 
O u r  objective i s  a more na tu ra l  ' h u m a n-co m puter' i nteract i o n .  In the future 
th ere w i l l  be no bou n d a r ies between te lev i s i o n ,  ra d i o ,  c omp uters, a n d  te le
phones ;  they' l l  com b i n e  i n  a comprehens ive network. Wh ich i s  why,"  says 
Takebaya s h i ,  " I 've chosen to work here ."  
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Su percond uctors 
A n  O p e n  D o o r  

Jiro Yoshida, Chief Research Scientist, 
Adva n ced Resea rch Laborato ry 

L A S  T A U G U S  T ,  a seven-person resea rch  tea m at Tosh i b a ' s  Kawa sk i  
R&D  Center  developed what i s  be l i eved to be t he  wor l d ' s  f i rst Josephson j u nc
t i on  u s i n g  o n ly ox i de  su percon d u ctors.  U n l i ke convent i o n a l  materi a l s  such  as 
n i o b i u m  and lead ,  these s u b stances can perform at s i g n i f ica nt ly h i gher  tem
peratu res-at m i n u s  1 96°C ,  the  bo i l i n g  po i n t  of l i q u i d  n itroge n .  " I n  the  pro
cess," asserts J i ro Yos h i d a ,  the  40-year-o ld  sc i ent i st hea d i n g  one  of four 
s u perconductor-re l ated resea rch  g ro u p s  at Tos h i b a ,  "the door has opened to 
a whole new f i e l d  of su percon d u ct ive e l ectron i c s . "  

Though  yea rs away  f r om pract ica l a p p l i cat ion ,  o x i de  su percon d u ctors 
p rom ise  enormous  potent i a l .  At the very l east ,  they w i l l  l i ke ly  f i n d  use in a 
future Josephson co m p uter, wh i ch  was p a rt of a nat i o n a l  su perc o m p uter pro
j ect comp l eted two yea rs ago i nvo lv i n g  most of J a p a n ' s  big e l ectro n i c  f i rms .  
The techno l ogy a l so i s  expected to e n h a nce h i g h -sens it iv ity m a g net ic  f i e l d  
sen sors fo r  a p p l i cat ion  i n  med ica l d i a g nost ic systems .  

Longer  term,  Yosh i d a  hopes that  t he  tec h n o logy w i l l  serve a s  a cata lyst 
for a su perconduct ive tra n s i stor,  a dev ice that  cou l d  l ead  to d ra m at i c  
i ncreases i n  switc h i n g  speeds  fo r  n u m erous fu tu r i s t i c  i nformat ion  system s .  
"We ' re j u st at the  beg i n n i n g , "  he  exp l a i n s .  " B ut ou r  su ccess w i t h  the  Jose p h 
son j u nct ion  i s  extre me ly  encoura g i n g .  Th i s  i s  2 1 st Century techno l ogy . "  

Yos h i d a  cred its t he  deve l opment t o  adva n ces i n  t h i n-f i l m  fabr i cat i on .  
By e m p loyi n g  a p rocess known a s  " m u l t i -ta rget" s p utteri ng ,  t he  c o m p a ny 
p rod uced a n  u lt ra-t h i n ,  t h ree- l ayer j u nct ion .  U n d etecta b l e  to the  h u m a n  eye, 
the com pos ite f i l m-wh ich  i s  a mere 850 n a n o m eters t h i c k-con s i sts of two 
l ayers of yttr i u m - b a r i u m -ca rbon-ox i de  s a n dwiched  a ro u n d  a lOa-nanometer 

t h i c k  m i d d l e  l ayer of 
pra seodym i u m-ba r i u  m
cop per-ox i de .  

When l a u n c h i n g  
the  p roject i n  the  fa l l  of 
1 98 7 ,  Tos h i ba tr ied to 
p rod uce the j u nct ion  
both from h i g h-tempera
t u re and convent i o n a l  
l ow-tem peratu re mater i 
a ls  such  a s  lead .  Th ree 
years l ater,  w ith  c l ea r  
ev i dence  of a ma gnet ic  
f i e l d  effect u s i n g  the  
h i g h -tem peratu re mate
r i a l ,  the  c o m p a ny n a r
rowed its foc us .  

DR. JIRO YOSHIDA ASSURES THAT A CLEAR MAGNillC DEPENDENCE- Pr ior  to that  d i s-
A NECESSARY CONDmON FOR A JOSEPHSON EFFECT-HAS BEEN covery,  research ers on ly 
OBSERVED. h a d  succeeded i n  

demonstrat i n g  a Joseph
son effect-the f l ow  o f  cu rrent between two  p i eces o f  su percon d ucti ng  m ate
r i a l-with su perco n d u ctors m a d e  of n i o b i u m  a n d  l ea d ,  both of wh i ch  req u i re 
refr igerat ion be low m i n u s  269°C (the bo i l i n g  po int  of l i q u i d h e l i u m ) .  With the  
n ew mater i a l ,  t he  tem peratu re h a s  been  ra i sed 73° .  

Yos h i d a  a s s u res that  a c l ea r  m a gnet ic  dependence-a necessa ry con
d it i on  for a Josephson  effect-has been observed . More i m porta nt ly ,  the  c u r
rent pa ssed through a j u nct ion  w i th  a l Oa - n a n o meter t h i c k  m i d d l e  l ayer, 
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a bnorm a l ly t h i c k  accord i n g  to convent i o n a l  theory. A p u b l i s h ed report reve a l s  
t h a t  1 0 0  m i c roa m peres of su percond uct i n g  cu rrent  h ave pa ssed t h rough  t h e  
j u nct ion ;  j u nct ion  res i sta n ce sta n d s  at 0 . 2  o h m .  

T h e  Tos h i ba resea rcher  c l a i m s  t h a t  at least 1 0  t i m es more su perco n 
d u ct i n g  cu rre nt i s  n eeded to rea ch 1 m i l l ivo lt o u t p u t  vo ltage leve l s  ( o r ,  1 , 000 
m icroa m peres at 1 o h m )  and res i sta nce m u st be i n c reased at l east f ive 
t i m es before the  company  can a p p ly the  techno l ogy to m a gnet i c  f ie ld sen sors 

such as  SQU IDs ,  o r  s u perco n d uct i ng-q u a n 
t u m  i nterference dev ices .  He  h o p e s  to 
a c h i eve both l eve l s  by 1 995 .  

The exper iences of Yos h i d a  a n d  h i s  
THERE'S A VERY REAL tea m reca l l  t hose of Wa lter B ratta i n  nea r ly 

h a l f  a century ago.  When t he  future Nobe l  
l a u reate f i rst observed a n  e l ectr i c a l  effect 

POSSIBILITY THAT A 

COM PLETELY NEW PHYSICS 

IS HIDDEN IN OXIDE 

SUPERCON DUCTORS. 

from a need le  touch i n g  a c ryst a l  of germ a 
n i u m ,  the  i dea  f o r  the  po i nt-co ntact tra n 
s i stor was born . As with  B ratta i n ' s  d i scov
ery, n o  theory exp l a i n s  the effect , no  p roven 
c a u s a l  re l a t i on s h i p  exists. With no  exp l a 
nat i on  a p p a rent ,  "There ' s  a rea l  poss i b i l ity 
that  a comp l etely new p hys ics  is h i d d e n  i n  
t h i s  h i gh -tem peratu re s u percon d u ctor ,"  
asserts Yos h i d a ,  who ho lds a d octorate in  
phys ics fro m Tokyo U n i vers ity. 

The Tos h i ba tea m i s  exc ited a bout 
a c h iev i ng  a f u n d a me nta l breakt h rou g h .  
"Many  J a p a nese sc ient i sts wa nt t o  do  more 
bas i c  resea rc h , "  says Yos h i d a .  "When  

Amer i ca  was the  wor l d  l eader  i n  sc i ence ,  a l l  we h a d  to do  was  a p p ly  the  US  
res u lts .  Japan  n ow h a s  grown to a po int  on  p a r  w i th  the  U n ited States and  
Eu rope ,  so i f  we d o n 't create i deas  of ou r  own ,  we c a n 't expect p rogress . "  

I n  1 988 ,  p r i o r  to Tos h i b a ' s  J osephson  j u nct ion  success ,  J apan ' s  I nter
nat i on a l  Tra d e  a n d  I n d u stry M i n i st ry l a u nched a l a -yea r  nat i on a l  p roject on 
su perconduct iv ity. Now i n  its f i fth yea r, p roject mem bers w i l l  rece ive c l ose to 
$24 m i l l i on  t h i s  yea r a l one .  In a d d it i on  to Tos h i b a ,  other e l ectron i c s  f i rms  
tea m i n g  with  M ITI i n c l ude  Fu j i ts u ,  H i ta c h i ,  M its u b i s h i  E l ectr ica l ,  NEC ,  Ok i  
E l ectri c I n d ustry,  Sa nyo E l ect r i c ,  a n d  S u m itomo  E l ectr ic I n d u str ies .  The 
sta kes a re h i g h .  The company that  can  advance  i n  the  f i e l d  of s u perconduc
t ive  e l ectron i c s  a h ead of compet itors w i l l  be a s s u red of a stro n g  i n d u stry 
pos i t ion  ear ly  next century. 

H i g h -tem peratu re su perconductors c lea r ly offe r a n u m ber of advan
tages ,  cost b e i n g  a mo n g  the most s i g n i f i cant .  L i qu i d  he l i um  cu rrent ly  costs 
close to $8 per l iter in J a p a n ,  c o m p a red with l i q u i d n itrogen w h i c h  is j u st a 
few cents .  Moreover, l i q u i d he l i u m  is h a rder  to h a n d le ;  those l i m ited a p p l i c a 
t i ons  where it so fa r  h a s  fou n d  use genera l ly req u i re extens ive a n d  costly 
refr igerat i o n .  

O f  l ong-term i m porta nce ,  m a ny observers be l i eve that  ex ist i n g  sem i 
con d u ctor tec h n o logy wi l l  reach  its pract i ca l l i m its b y  t he  e n d  o f  t h e  decade .  
"We ' l l  need  a brea kt h rough  to go f u rther , "  warns  Yosh i d a .  Su percon d u ct ive 
devices a re a m ong  the  more prom i s i n g  a lternat ives .  "Shou l d  a su perconduc 
t i ve  m ater i a l  be deve l oped that  demonstrates i t s  effects at room tem pera 
t u re,  the  wor ld w i l l  c h a nge i n  ways we c a n  o n ly i m a g i ne . "  
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mologists , "  Smoot says. Peebles argued 
that careful measurements of the ap
parently smooth microwave radiation 
should show anisotropies correspond
ing to such phenomena as galaxy clus
ters and the rotation of the Milky Way. 

In 1 9 7 7  a team headed by Smoot dis
covered for the first time that the cos
mic background was not utterly iso
tropic but was slightly hotter in one 
direction of space than the other. The 
observations were carried out from a 
U2, an aircraft originally designed for 
spying. It was Alvarez, Smoot recalls,  
who suggested using a U2 rather than a 
balloon and who persuaded the Nation
al Aeronautics and Space Administra
tion to make one available. 

The so-called dipole anisotropy was 
surprisingly small , and , odder still , it 
did not seem to result from the ro
tation of the Milky Way. The workers 
concluded that the rotation was being 
offset by a slightly greater and oppo
site motion of the galaxy relative to the 
microwave sea. The discovery of this 
"peculiar motion" helped lead a decade 
later to the hypothesis that the Milky 
Way and other nearby galaxies are be
ing tugged toward some huge, mysteri
ous mass, dubbed the Great Attractor. 

Meanwhile, back in 1 9 74, Smoot, Alva
rez and others at Berkeley had put to
gether a proposal for a satellite-borne 
instrument that could make a much 
more detailed search for cosmic micro
wave anisotropies. NASA eventually com
bined the Berkeley proposal with oth
ers from the Goddard Space Flight Cen
ter and the Jet Propulsion Laboratory 
into COB£. Smoot was given responsi
bility for the Differential Microwave Ra
diometers, one of three types of instru
ments on the satellite. "It came down 
to who wanted to spend the time doing 
it and whose design we wanted to fol
low, " Smoot says. 

Smoot never envisioned himself as 
a manager. "I was pretty shy when I 
was young, "  he says. "Even at the time 
of the proposals. I just wanted to do 
the science." According to some, Smoot 
evolved into an occasionally abrasive, 
even autocratic, team leader. One theo
rist likened him to Carlo Rubbia, who is 
said to have won the 1 984 Nobel Prize 
in part by relentlessly whipping a team 
of physicists into finding a particle con
firming electroweak theory. 

Smoot laughs at the comparison. "It 's  
the office, "  he says. "As the principal 
investigator, looking out for the instru
ment is your job.  It takes a while to 
learn that it is your responsibility, be
cause you're used to cooperating with 
your fellow scientists, and running a 
project is a different scheme."  

The COBE proj ect changed course 

several times during the next decade. 
Originally scheduled for launch on an 
unmanned rocket, COBE had to be re
designed when NASA decided to loft 
it on one of its new fleet of shuttles. 
Then, in the early 1 980s,  many theo
rists came to believe that the universe 
had undergone a prodigious growth 
spurt in the instant after the big bang. 
A related theory held that the universe 
consisted largely of invisible , slowly 
moving particles. 

These theories,  commonly called in
flation and cold dark matter, predicted 
much smaller fluctuations in the mi
crowave background than previous the
ories had. Smoot fought for and won 
improvements in the sensitivity of the 
radiometers. Yet another crisis struck in 
1 986 when the Challenger space shut
tle exploded, forcing the COBE team to 
redesign the spacecraft yet again to fit 
on a Delta rocket. 

Smoot hopes that his 
team can keep gathering 
data from the (OBE 
satellite "until it croaks. " 

Smoot went to Vandenberg Air Force 
Base in November 1 989 to watch COBE 
be hurled skyward. "You're working so 
hard to get everything ready and make 
sure everything goes right, you don't 
let it cross your mind that it might 
blow up until it's too late . "  There was 
no backup plan; if the satellite had 
been destroyed, 1 5  years of work would 
have been wiped out. "It was a high
risk experiment,"  Smoot smiles .  

As the results started accumulating, 
Smoot emphasized to the data-process
ing team that "no matter what we find 
it' s  really important. If we find fluctua
tions that is really important because 
then we know that dark matter is out 
there, and if we don't find it that' s  im
portant because that means gravity is 
not what's  causing structure, some new 
force is involved. Either one is a big dis
covery, so let's do it. "  

After the researchers started seeing 
islands of structure poking from the sea 
of noise last summer, Smoot pushed 
his colleagues to root for possible sourc
es of error. He offered a free round-trip 
airplane ticket to anywhere to the team 
member who could find a flaw in the 
data. " You always have to worry, be
cause you're talking about parts in a 
million here."  

Finally, by the end of the year, he 
was convinced. How could he be sure? 
In response to the question, Smoot ex
tracts an inch-thick notebook from a 

crowded bookcase. It is a compilation 
of "all the systematic errors I could ever 
think of over the years.  It 's not like we 
just thought about them recently; it 
was intrinsic to the design of the exper
iment from the beginning. "  As he leafs 
through the notebook, he murmurs ,  
" This is  great, this is historical. "  

A s  the workers went through the la
borious process of writing up the find
ings-the four papers went through 
more than 1 00 revisions before being 
submitted to journals-they had to keep 
curious colleagues at bay. "I was trying 
to keep people confused so we had a lit
tle more time to check the results and 
so forth," he says. "People would say, ' I  
hear you found the [anisotropies] at 
such and such a level, ' and I 'd say, 
' That's  a little big, don't you think? ' "  

The announcement, when it came, 
meant sudden death for a number of 
cosmological theories ,  but Smoot has 
no regrets. "In some sense, it's  hard on 
people to kill their theories , "  he says, 
"but on the other hand it's  nice to real
ly focus down to a small area. If there's 
too much freedom in the early universe, 
the theorists can make up all kinds 
of things."  

Is the finding by the differential ra
diometers deserving of a Nobel Prize, 
as some astronomers have suggest
ed? Smoot grimaces before answer
ing the question. " You don't know how 
things are going to be viewed in the 
long run, " he says. On the other hand, 
he continues, "How many things do 
we really know about the early uni
verse? We know the night sky is dark , 
we know the universe is expanding, we 
know what the primordial material is, 
the hydrogen, helium and lithium, and 
we know about the cosmic microwave 
background. Those are the relics of the 
early universe. So this is one more. It' s 
obviously, in terms of cosmology, very 
important. "  

Smoot says h e  i s  eager t o  return to 
the task of analyzing the data still flow
ing in from the differential radiome
ters. "We have two years of data, we're 
into our third year of collection and I 
have a formal request in for a fourth 
year. Probably we want to run it until it 
croaks, because,  especially now if the 
Russians aren't able to launch their sat
ellite, it'll be a long time before any
body builds a better map. "  

Somehow h e  also has t o  write a book 
about his discovery for William Morrow 
& Company, tentatively entitled Wrin
kles in Time, with the help of a science 
writer. Smoot declines to reveal the size 
of his brand-new contract. " There is 
enough of a problem with me getting all 
this press," he says. "I don't want people 
thinking I'm rich, too."  -John Horgan 
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Origins of Western 
Environmentalism 

Strategies to preserve nature arose as newly colonialized 
tropical lands were exploited in the 17th and 18th centuries. 

Scientists played an important role in this burgeoning concern 

W
idespread misgivings about the 
effects of economic activity on 
the environment can seem a 

uniquely modern preoccupation-the 
result of industrialization, an expand
ing population and a science sophisti
cated enough to trace cause and effect. 
Theodore Roosevelt's pride, the U.S. For
est Service, and the myriad nature ref
uges established in England by natu
ralist Nathaniel Charles Rothschild are 
remembered more as attempts to pre
serve unspoiled nature than as respons
es to worries about impending environ
mental doom. 

In truth, the roots of Western conser
vationism are at least 200 years old and 
grew in the tropics. Arising in a search 
for utopia, European-based environmen
talism first took shape in the mid-18th 
century. At that time, colonial enterprise 

RICHARD H. GROVE has traveled to 
the Caribbean, South Africa, India and 
Mauritius, among other places, to study 
the history of environmental concerns. 
He holds degrees in geography from the 
University of Oxford, in conservation bi
ology from University College, London, 
and in history from the University of 
Cambridge. Grove, who has worked as 
a consultant for several organizations, 
including Friends of the Earth, runs the 
Global Environmental History Unit at 
Cambridge. He is a lecturer in environ
mental history at Churchill College and 
a research associate at the National In
stitute of SCience, Technology and De
velopment Studies in New Delhi. 
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by Richard H. Grove 

began to clash with Romantic idealism 
and with scientific findings. 

The setting for this conflict was the 
threatened ecology of tropical islands 
and lands, from the Caribbean Sea to 
Asia. In London, Paris and other impe
rial capitals, these islands became alle
gories for the world at large. The power 
of this metaphor and the simultaneous 
emergence of a community of profes
sional natural scientists spurred gov
ernments to protect the environment. 

T
he image of an untouched tropi
cal island had long been associat
ed with a Western vision of uto

pia. In the Divine Comedy, for example, 
Dante Alighieri set earthly paradise in a 
southern ocean. During the 15th and 
16th centuries, voyages by Christopher 
Columbus and Ferdinand Magellan gave 
Europe its first glimpse of such islands. 

As growing international trade extend
ed Europe's commercial reach, it per
mitted "exploitation" of these sites for 
more philosophical needs. Exotic lands 
were seen as symbols for idealized land
scapes: Edens, Arcadias or New Jerusa
lems. Eventually, as the large, unchart
ed terrains of India, Africa and America 
were explored, all wilderness became 
vulnerable to colonialization by an ever 
expanding myth. 

During the 17th century, the full flow
ering of what could be called the Eden
ic island discourse led to the realiza
tion that European colonial rule could 
be environmentally destructive. Agri
culture and the harvesting of timber, 

minerals and game by the government
run Dutch, British and French East In
dia companies began to destroy idyllic 
terrain. The work of some contempo
rary artists communicated the extent 
of this degradation to Europeans. Draw
ings of Mauritius in 1677, for instance, 
forcefully depicted the stark reality of 
felled ebony forests. A coherent aware
ness of the ecological impact of capital
ism and colonial rule began to emerge. 

This insight was inextricably linked 
to the growing social leverage and of
ten radical agenda of the scientific lob
by of the time. During the late 17th and 
early 18th centuries, the urgent need 
to understand unfamiliar floras, faunas 
and geologies for commercial purposes 
attracted many scientists into employ
ment with the trading companies. 

These scientists, almost all of whom 
were medical surgeons or custodians 
of the early colonial botanical gardens, 
were an essential part of the adminis
trative machinery of the East India com
panies. Hendrik B. Oldenland was a case 
in point: he served as curator of the bo
tanical garden, doctor, town engineer 
and superintendent of roads for the 
Dutch Cape Colony in South Africa. 

As companies extended territorial ac
quiSitions, the associated research com-

MAP OF ST. HELENA from 1570 portrays 
the South Atlantic island as a paradise. 
In the early 1700s, as forests were cut 
for timber, St. Helena became one of the 
first sites for conservation. 
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munity grew proportionately. By 1838 
more than 800 surgeons were employed 
by the British East India Company in 
India and in the East Indies. As time 
passed, increasingly complex admin
istrative and technical demands were 
made on these highly educated and of
ten independent-minded employees. 

By the 19th century academies and 
scientific societies were established 
throughout the new territories. These in
stitutions made it easy for scientists to 
communicate and debate their observa
tions of the changes wrought by imperi
alism. Environmental theories and an 
ever growing flood of information about 
natural history and ethnology were dif
fused through meetings and publica
tions. Thus, at the same time as it had 
promoted large-scale ecological change, 
the colonial enterprise had also created 
a coterie of men-and some women
predisposed to rigorous analytic think
ing about the processes of ecological 
change and the need for land control. 

One of the first places where science 
spurred conservation was Mauritius. 
Although initially visited by the Portu-

guese, this island in the Indian Ocean 
was claimed by the Dutch in 1598; it fell 
under French rule in 1721 and there
after became directly associated with 
the utopic visions of Romanticism and 
French physiocracy, an economic phi
losophy based on the "laws of nature" 
and the methods of Isaac Newton. 

The first Dutch settlers were not 
conservationists. By the time they left, 
Mauritius's vast hardwood forests were 
largely depleted in areas easily accessi
ble from the coast. As a result, zealous 
anticapitalist French reformers attempt
ed to forestall further deforestation. 
Mauritius became the site for some of 
the earliest experiments in conservation. 

These initiatives were carried out by 
scientists who, characteristically, were 
followers of Jean-Jacques Rousseau and 
the rigorous empiricism associated with 
the French Enlightenment. They viewed 
responsible stewardship of the environ
ment as an aesthetic and moral priority 
as well as a matter of economic neces
sity. On Mauritius, these men-includ
ing Philibert Commerson, Pierre Poivre 
and Jacques Henri Bernardin de St. Pi-

erre-wished to construct a just soci
ety, uncorrupted by absolutist France. 

The strategies of these scientists were 
founded on an awareness of the poten
tially global impact of modem economic 
activity. Commerson, a botanist trained 
by Unnaeus, had been the royal bota
nist accompanying Louis Antoine de 
Bougainville on his voyage around the 
world. Commerson's wife, Jeanne Baret, 
traveled with him, becoming the first 
woman to circumnavigate the globe. 
(She accomplished this feat by starting 
the trip disguised as a manservant.) As 
a result of this journey, she inspired 
her husband, the most experienced bot
anist of the 18th century, to take a post 
as state botanist on Mauritius in 1768. 

Bernardin de st. Pierre, an engineer 
who joined Commerson on Mauritius, 
was shocked by the deforestation he 
witnessed on his arrival. Yet he also be
lieved he had found an unequaled har
mony between people and nature in 
Mauritius, a harmony celebrated in his 
novel Paul et Virginie, one of the first 
French Romantic novels. Bernardin de 
St. Pierre felt that the preservation of 

© 1992 SCIENTIFIC AMERICAN, INC



Events and Ideas That Shaped Western Environmentalism 
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this harmony demanded rigorous pro
tection of natural resources. 

Commerson and Bernardin de St. Pi
erre in turn stirred the climatic and 
economic anxieties of Poivre, who had 
been appointed governor of Mauritius in 
1767. An adherent of physiocracy, Poivre 
believed scientific knowledge should be 
applied to land management. Originally 
a Jesuit missionary, he had studied In
dian and Chinese forestry and horticul
tural methods and had been greatly in
fluenced by the botanical gardens and 
forest protection methods he had ob
served in the Dutch-run Cape Colony. 

In the course of trying to acquire use
ful medical plants in India, the Dutch 
learned that their own classification 
methods were less sophisticated and ef
fident than the medicobotanical systems 
of an Indian caste-the Ezhava-from 

founded in America 

Malabar. Hendrik Adrian van Rheede Tot 
Drakenstein, who promoted forest con
servation in the Cape Colony, organized 
a translation of the Ezhava texts into Lat
in. The resulting 12 volumes were pub
lished in Amsterdam as the Hartus Mal
abaricus, the garden of Malabar. These 
books formed the basis of all subse
quent European classifications of South 
and Southeast Asian plants. Recogni
tion of the superiority of the Ezhava 
system accounted for the first protec
tion of trees and plants by the Dutch. 

Although it may have been novel in a 
Western context, the protection of nat
ural resources has been promoted since 
time immemorial. This recognition is es
pecially significant today as research
ers and others increasingly turn to na
tive peoples for an understanding of the 
medicinal value of tropical plants or to 

SCIENTIFIC SOCIETIES urgently called for conservation in the 18th and 19th cen
turies. For instance, in the 1860s members of the Madras literary and Scientific So
ciety advocated establishment of Indian forest reserves. Scientists Edward Balfour 
(standing) and Hugh F. C. Cleghorn (far right) were instrumental in these efforts. 
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small-scale efforts to stem desertifica
tion. Indigenous strategies have success
fully combated soil erosion and defor
estation in precolonial East Africa, the 
Cape Verde Islands, the Kingdom of 
Ghana and Mauryan India, as well as in 
the early colonial empires of China and 
Venice. As early as 450 B.C., for exam
ple, Artaxerxes I attempted to restrict 
cutting Lebanese cedar. 

But the central, innovative aspect of 
French conservationism on Mauritius 
was the perceived relation between de
forestation and local climatic change. A 
1769 ordinance incorporated several 
stipulations prompted by this under
standing: 25 percent of all landholdings 
were to be kept as forest, particularly on 
steep mountain slopes, to prevent soil 
erosion; all denuded areas were to be 
reforested; and all forests within 200 
yards of water were to be protected. 
Eight years later a fully staffed forest 
service was set up. And in 1803 clear
ing of forest was forbidden higher than 
one third up a mountainside. 

The early laws were not confined to 
forests. Pollution of water by effluent 
from indigo factories and sugar mills 
engendered more laws in 1791. In 1798 
regulations were introduced to control 
vital but diminishing fish stocks. 

T
he English were quick to imitate 
the example of the French poli
cy in Mauritius. Again, these ef

forts were brought about by scientists, 
this time in the West Indies and in 
the Caribbean as well as, later, in In
dia. In Tobago, an island in the eastern 
Caribbean, the work of Stephen Hales 
and Soame Jenyns was especially im
portant. Hales, a plant physiologist who 
lived from 1677 to 1761, pioneered the 
study of transpiration, root pressure, 
the circulation of sap and the rela
tion between green plants and the at
mosphere. His friend Jenyns was the 
member of Parliament for Cambridge 
and one of the Lords Commissioners 
for Trade and Plantations, the group 

through 
Treaty of 

Paris 
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that was responsible for settling Tobago. 
Using techniques pioneered by New

ton, Hales established a clear link be
tween the atmosphere and plant pro
cesses. His experiments suggested a 
causal relation between trees and rain
fall. Hales and his colleagues warned 
against the dangers of deforestation. 
Citing the examples of Jamaica and Bar
bados, where clearing for massive plan
tations had led to extensive soil ero
sion, Hales urged Jenyns and the Lords 
Commissioners to protect forests. 

As a result, in 1764 forest reserves 
were established on Tobago. On land 
settlement maps these areas, which 
covered about 20 percent of the island, 
were marked as "reserved in wood for 
rains." Rain reserves were a revolution
ary concept. They still exist today, al
though somewhat enlarged, as the old
est reserves of their kind in the world. 

Similar measures were enacted on the 
West Indian island of St. Vincent in 
1791. The Kings Hill Forest Act also pro
tected the forests for climatic reasons. 
This piece of legislation was inspired 
by Alexander Anderson, the curator of 
the St. Vincent Botanic Garden-the 
first such garden to be founded in the 
Western Hemisphere. Anderson, like his 
French colleagues in Mauritius, was at
tracted by visions of utopian landscapes 
peopled by noble savages. By procuring 
protection of the St. Vincent forests, he 
hoped to prevent extinctions of species, 
protect the climate and preserve the is
land's idyllic quality. In practice, howev
er, this vision was shattered. During the 
1790s, the indigenous Carib people were 
uprooted and the culture stamped out. 

The poliCies developed on Mauritius, 
Tobago and St. Vincent eventually pro
vided the justification and practical 
models for the forest planting and pro
tection systems that developed in India 
after 1847. Until then, it seems that con
cerns about environmental change had 
been delayed by the vastness of the 
subcontinent, which concealed the im
pact of soil erosion and deforestation. 

Galapagos in India Act passed in laws enacted established 
South Africa in Tasmania 

The roots of environmentalism in In
dia were strongly reinforced by the writ
ings of Alexander von Humboldt, the 
famous German geographer and explor
er. He promulgated a new ecological 
concept of the relation between people 
and the natural world: that of the fun
damental interrelation of humankind 
and other forces in the cosmos. His 
ideas, which drew extensively from the 
holistic thinking of Hindu philosophers, 
presented a scientifically reasoned in
terpretation of the threat posed by un
restrained human activities. 

H
umboldt's views influenced some 
of the scientists working for 
the British East India Company. 

These men were receptive to a way of 
thinking that related deforestation, wa
ter supply, famine, climate and disease 
in a coherent fashion. Humboldt based 
his theories on detailed observations 
carried out over several years, supple
mented by historical records of the lev
el of Lake Valencia in Venezuela. 

Several Scottish scientists, including 
Alexander Gibson, Edward Balfour and 
Hugh F. C. Cleghorn, became enthusi
astic proselytizers of the conservation
ist message. They advocated establish
ing a forest system in India that was 
unequaled in scale. In an 1852 report, 
they warned that a failure to set up an 
extensive forest system would result in 
ecological and social disaster. 

The study took a global approach, 
drawing on evidence and scientific pa
pers from all over the world. Its authors 
argued that rapid deforestation might 
cause severe rainfall decline, reduced 
runoff and ultimately famine. They 
pointed to widespread deforestation and 
ensuing soil erosion on the southwest
ern coast of India, the Malabar Coast. 

Their message struck at the heart of 
the British East India Company's con
cerns: revenue. The destruction in Mal
abar had caused commercially impor
tant harbors to silt up and become 
useless. This experience provided early 

evidence of what might happen in the 
absence of a state conservation pro
gram. (It should be mentioned that ear
ly warnings about deforestation in In
dia came as much from indigenous 
rulers as from scientists. In 1830 the 
Rajah of Nilumbur alerted the governor 
of Bombay to the serious consequences 
of felling too many trees.) 

The researchers' activities proved 
highly alarming to the British East India 
Company. Officials grasped the associ
ation between deforestation and famine 
fairly quickly, fearful as they always 
were of agrarian economic failure and 
social unrest. Unfortunately, it required 
an initial famine for scientists to gain 
credibility in the eyes of the govern
ment. Only then did the state take mea
sures to protect the environment. 

In India, periods of serious drought 

DODO, which existed only on the Indian 
Ocean island of Mauritius, is shown with 
an unidentified animal. The flightless 
bird became extinct during the 1670s. 

SCIENTIFIC AMERICAN July 1992 45 

© 1992 SCIENTIFIC AMERICAN, INC



between 1835 and 1839, in the early 
1860s and between 1877 and 1878 were 
all rapidly followed by state programs 
to strengthen forest protection. The for
est conservation system set up in India, 
which was based in part on the Mauri
tius experience, later provided the mod
el for most of the state conservation 
systems in Southeast Asia, Australia and 
Africa and, later, in North America. 

Drought prompted environmental 
policy in other colonies as well. John 
Croumbie Brown, a pioneer of conser
vation in the Cape Colony, secured 
government agreement to conserve for
ests and prevent burning of grasslands 
only after the drought of 1862-1863 
wreaked havoc on settler agriculture. 

The South African drought of 1862, 
the worst ever recorded, had implica
tions that extended far beyond conser
vation policies in Africa. It encouraged 
the development of an entire school of 
desiccationist theory that related the co
lonial experience to the world at large 
for the first time. Many scientists be
came convinced that most of the semi
arid tropics were becoming arid as a 
result of colonial deforestation, an idea 
that has been confirmed by recent study. 

T
heories of widespread climatic 
change acquired further credibil
ity in March 1865, when a paper 

by James Fox Wilson was presented at 
the Royal Geographical Society in Lon
don. The report, "On the progressing 
desiccation of the Orange River in 
Southern Africa, " made a strong case. 
Wilson, a naturalist, believed that the 
Orange River was becoming deprived 
of moisture and that the Kalahari Des
ert was expanding. He attributed the 

desiccation to the "reckless burning of 
timber and the burning of pasture over 
many generations by natives." 

Present at Wilson's lecture was the ex
plorer David livingstone. He vehemently 
disagreed, asserting that rainfall had 
declined because of natural geophysical 
phenomena. Another speaker, Sir Fran
cis Galton, a cousin of Charles Darwin, 
believed the introduction of cheap axes 
into Africa by Europeans had promot
ed excessive deforestation and conse
quent drought. Yet another member of 
the audience, Colonel George Balfour of 
the Indian Army-brother to Edward
sounded a more caustic note. Rainfall 
decline in India, he asserted, was caused 
principally by the European community, 
including the plantation owners. 

Balfour argued that countermeasures 
were necessary. He said he had been in
formed that the government of Trini
dad had prohibited cutting trees near 
the capital in order to ensure a supply 
of rain. Balfour was quick to point out 
that in precolonial times it had been the 
practice of Indians to sink wells and 
"plant topes of trees" to encourage water 
retention. In 1866, in another Royal Geo
graphical Society discussion, Balfour cit
ed the example of Mauritius, where "the 
Government had passed laws to prevent 
the cutting down of trees, and the result 
has been to secure an abundant supply 
of rainfall." Thus, the debate about cli
matic change had become international 
in scope by the mid-1860s. Detailed re
search raising the possibility that the very 
composition of the atmosphere might 
be changing reinforced the concerns. 

Such views, which presaged contem
porary fears about global warming, 
found early advocacy in the writings 
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KINGS HILL FOREST ACT of 1791 protected trees on the island of St. Vincent in the 
West Indies. The British colonial legislation sought to forestall climatic change. 
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of]. Spotswood Wilson. He presented a 
paper in 1858 to the British Associa
tion for the Advancement of Science on 
the "general and gradual desiccation of 
the earth and atmosphere." Upheaval of 
land, destruction of forests and waste 
by irrigation were not sufficient to ex
plain the available facts on climatic 
change, Wilson stated in his paper. In
stead, he believed, the cause lay in the 
changing proportions of oxygen and 
carbonic acid in the atmosphere. Wilson 
argued that their respective states were 
connected with the relative rates of their 
production and absorption by the ani
mal and vegetable kingdom. This paper 
probably helped to influence the ideas 
of debaters at the Royal Geographical 
Society several years later. 

Wilson concluded with a dismal set 
of remarks. Changes in the atmosphere 
were "in the usual course of geological 
changes, slowly approaching a state in 
which it will be impossible for man to 
continue as an inhabitant .... As inferi
or races preceded man and enjoyed ex
istence before the earth has arrived at 
a state suitable to his constitution, it is 
more probable that others will succeed 
him when the conditions necessary for 
his existence have passed away." 

R
aising the specter of human ex
tinction as a consequence of 
climatic change was a shocking 

psychological development in 1858. Yet 
it was consistent with fears that had 
been developing among the internation
al scientific community for a long time. 
The concept of species rarity and the 
possibility of extinction had existed 
since the mid-17th century, when the 
scope of Western biological knowledge 
began to embrace the tropical world. 

The demise of the auroch, a form of 
wild cattle, in 1627 in Poland and of 
the dodo in the 1670s in Mauritius had 
made a considerable impact. In 1680 
the Polish government had set aside 
large areas of forest where hunting was 
prohibited. The contemporary survival 
of the wisent, or European bison, is at
tributed to this isolated effort. And in 
1713 attempts were made to prevent 
the demise of redwood trees on the 
South Atlantic island of St. Helena. 

The publication in the early 1830s by 
Charles Lyell of the Prindples of Geology 
gave firm foundation to the confused 
awareness of extinction already shared 
by some East India Company scientists. 
The book questioned the permanence of 
species and laid the basis for modern 
understanding of geological change. Ly
ell questioned the ideas presented in 
Genesis, overturning notions about the 
speed of environmental processes. Para
doxically, this discussion emphasized 
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the apparent helplessness of humanity 
in the face of environmental change. 

Other scientists were probing these 
ideas as well. In the 1840s Ernest Dief
fenbach chronicled the fauna of Mauri
tius, New Zealand and the Chatham Is
lands, which lie off the coast of Chile. He 
too became acutely aware of the poten
tial for further rapid extinction if Euro
pean economic activity spread. Indeed, 
a paleontologist named Hugh Edwin 
Strickland, who understood the threat 
because of his work on the dodo and 
other vanished birds of the Mascarenes 
(Mauritius and Reunion islands), sug
gested that all of New Zealand be made 
a nature reserve. 

The publication of The Origin of Spe
cies by Darwin in 1859 placed extinc
tion in the dynamic context of natural 
selection. His theory served to sharpen 
the predicament of colonial scientists, 
many of whom were already aware of 
the part played by humans in hasten
ing the demise of certain species. 

A central part of the response to 
the existential havoc created by Origin 
served to fuel efforts to enact state con
servation legislation. For instance, Cleg
horn, who was the first inspector gen
eral of the Madras Forest Department, 
which was set up in 1856, stated that 
uncontrolled deforestation would both 
cause the loss of valuable species and 
prevent botanists from assembling evi
dence for evolution. (He was aware that 
such arguments might not carry great 
weight with government, and so he 
chose to emphasize the more obvious 
economic hazards of climatic change 
and resource depletion.) 

Origin made protection a more valid 
concept in the eyes of the government. 
Indeed, between 1860 and ] 870, a flurry 
of protectionist legislation was enacted 
in Britain and its colonies. Once again 
the galvanizing force was an island col
ony: Tasmania. A comprehensive law 
designed to protect indigenous Tasma
nian birds was introduced in 1860, sup
ported principally by an amateur natu
ralist, j. Morton Allport. 

Other territories rapidly followed suit. 
By 1865 the colonial legislatures of Na
tal in South Africa and Victoria in Aus
tralia introduced laws to protect several 
animals and birds. Somewhat belatedly, 
in 1868, the U.K. introduced its first 
measures to protect birds. Significantly, 
the architect of the British measure was 
Alfred Newton, a frequent correspon
dent with Allport and the first promi
nent scientist to recognize the validity 
of Darwin's theory. Such early measures 
to protect species, all closely connected 
to opinions of Lyell and Darwin, offered 
a symbolic as well as practical opportu
nity to try to reassert control over a 

UNTOUCHED LANDSCAPE in Mauritius today is for the most part the result of the 
creation of forest reserves by the French in the 1700s. 

process of environmental degradation 
that was now understood as global. 

B
y the mid-19th century long
established anxieties about arti
fiCially induced climatic change 

and the loss of species had reached a 
climax. The spread of Western econom
ic development, initially through colo
nial expansion, was increasingly seen by 
more perceptive scientists as eventual
ly threatening the survival of humanity. 

If a single lesson can be drawn from 
the early history of conservation, it is 
that states will act to prevent environ
mental degradation only when their eco
nomic interests are shown to be directly 
threatened. Philosophical ideas, science, 
indigenous knowledge and people and 
species are, unfortunately, not enough 
to precipitate such decisions. Time and 
again, from the 1850s onward, some sci
entists have discovered that the prospect 
of artificially induced climatiC change, 
with the full weight of its implications, 
was one of the few effective instru
ments that could persuade governments 

of the extent of an environmental crisis. 
Our contemporary understanding of 

the threat to the global environment is 
thus a reassertion of ideas that reached 
maturity over a century ago. It is to be 
regretted that it has taken so long for 
the warnings of early scientists to be 
taken seriously. 
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Building Molecular Crystals 
By investigating how molecules assemble 

to form crystals, researchers hope to synthesize materials 
with novel electronic, magnetic or optical properties 

T he universe is full of things that 
take care of themselves. Atoms 
spontaneously assemble into mol

ecules. Mountains steadily rise out of 
the sea. Stars continuously cluster into 
galaxies. Yet nowhere is self-organiza
tion more impressive than in crystals. 

A snowflake, for example, begins its 
existence as countless water molecules 
in the clouds. The molecules initially 
come together in small groups because 
of a weak attractive force between oxy
gen and hydrogen atoms in each mol
ecule. The same forces then organize 
the groups into a frozen molecular crys
tal, a perfectly ordered lattice of mole
cules. Finally, several molecular crys
tals join together to form a delicate, 
sparkling flake. 

Scientists have realized for some time 
that the forces that assemble molecules 
into natural crystals can be utilized to 
produce a variety of important materi
als. They have determined the structure 
of more than 90,000 different molecular 
crystals. Some are well known, such as 
aspirin and mothballs. Others exhibit re
markable optical, electronic or magnetic 
properties-even superconductivity [see 
"Organic Superconductors," by Klaus 
Bechgaard and Denis Jerome; SCIENTIFIC 
AMERICAN, July 1982]. 

The material properties of a crystal 
depend greatly on the arrangement of 
the molecules in the crystal. Yet sci en-

PAUL ]. FAGAN and MICHAEL D. 
WARD began collaborating six years ago 
to construct molecular crystals. Fagan is 
a scientist in the central research and 
development department of the E. I. du 
Pont de Nemours and Company, where 
he has worked since 1982. He earned his 
Ph.D. in inorganic chemistry from North
western University. Ward, who received 
his Ph.D. in chemistry from Princeton 
University, is associate professor in the 
department of chemical engineering and 
materials science at the University of 
Minnesota. He conducted research at Du 
Pont from 1984 to 1990. 
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tists know little about the factors that 
control the assembly of such crystals. 
In recent years, we and many other re
searchers have investigated how mole
cules organize themselves to form crys
tals. By studying such issues, we hope 
to understand better what types of mol
ecules and what kinds of conditions will 
produce molecular crystals with unusu
al and useful properties. 

Synthesizing a molecular crystal is 
similar to the task of designing a build
ing. Before any construction can begin, 
engineers must specify the shapes and 
sizes of girders and decide the num
ber and placement of rivets. likewise, to 
produce new molecular crystals, chem
ists must choose molecules of the ap
propriate shape and size, and they must 
pick the molecular forces that will hold 
the crystal together. A chemist can usu
ally find many molecules of various dif
ferent shapes and sizes; the trick is to 
find ones that assemble in a predict
able manner. 

Molecules can attract one another in 
many ways, if they are designed prop
erly. In general, these attractive forces 
are weaker than the bonds that form be
tween atoms. Yet some attractive forc
es are relatively strong and act over 
a long range. For example, a positively 
charged atom embedded in one mol
ecule will attract a negatively charged 
atom in another molecule, and the 
strength of this force decreases by a fac
tor of only one fourth as the distance 
between the molecules doubles. 

Other attractive forces are weak and 
influence only nearby molecules. For 
instance, if two molecules come close 
together, the charge may be redistrib
uted so that one is negatively charged 
near the point of contact, whereas the 
other is positively charged. This inter
action, known as an induced dipole, is 
generally referred to as van der Waals 
force. The strength of the dipole force 
decreases by a factor of 128 as the dis
tance between the molecules doubles. 

Chemists can exploit most of these 

attractive interactions to make molecu
lar crystals. They can choose which in
teractions to use by selecting specific 
molecules. Once chemists understand 
how a molecule interacts and know its 
size and shape, they can begin to guess 
what kind of molecular crystals it might 
form. During the 1960s, Gerhard M. ]. 
Schmidt pioneered this approach and 
coined the term "crystal engineering." 

I n 1973 Aleksandr 1. Kitaigorodsky 
of the Academy of Sciences in Mos
cow pointed out one of the most 

important principles in the design of 
molecular crystals. He realized that mol
ecules tend to pack together in ways 
that minimize space. (Molecules typical
ly occupy 65 to 77 percent of the vol
ume of a crystal; the remainder is sim
ply empty space.) Hence, one would ex
pect a "bump" on one molecule to fit 
into a "hollow" in some other species, 
or one might predict that a flat area on 
one molecule will fit flush against a flat 
area on another. 

Molecules assemble in a way that min
imizes space because dense packing bal
ances the attractive and repulsive forc
es. More speCifically, the arrangement 
that requires the least space is likely 
to be the one that minimizes the total 
energy of all the forces among all the 
molecules. 

Although such principles are impor
tant, it is very difficult to predict exactly 

DESIGNING MOLECULAR CRYSTALS re
quires building blocks that combine in 
predictable ways. Flat molecules known 
as HCTMCP (top left) pack closely next 
to cylindrical molecules called Fe(MES)2 
(bottom left). The flat molecule has a 
charge of -2 and is attracted to the cy
lindrical molecule, which has a charge 
of +2. The molecules stack to form col
umns, and the columns fit together to 
form the crystal (right). The arrange
ment maximizes the attractive forces 
among the molecules. 
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what type of crystal will form from any 
particular combination of molecules. 
Chemists would be able to make reliable 
predictions if they could deduce all the 
molecular interactions in any given lat
tice. Using this information, they could 
calculate the total energy of each possi
ble arrangement and could predict the 
lowest energy configuration. 

Unfortunately, the molecular interac
tions in a lattice become too complicat
ed for any human or computer to han
dle. There are simply too many atoms 
involved, too many different kinds of 
interactions and too many possible ar
rangements. Furthermore, although the 
strength of the interactions could be 
approximated, such results might not 
be very helpful, because minute details 
can play a large role in determining 
structure. 

Even if chemists could somehow 
specify the preferred crystal structure 
for a given set of molecules, they might 
still not know how to produce such a 
crystal. For researchers have only be
gun to understand what conditions in
fluence the structure of a molecular 
crystal as it grows. 

As a start, investigators have identi
fied several stages of crystal growth. 
Initially, molecules assemble into small 
aggregates that may differ slightly in 
structure. An aggregate may or may 
not combine with others depending on 
its shape and the ambient conditions. 
Those aggregates that do combine read-

ily will become part of a larger aggre
gate and eventually become incorporat
ed in a sizable crystal. In general, the 
growth of a molecular crystal depends 
on the structure of the aggregates and 
the ease with which they assemble. 

During the past decade, chemists 
have deduced, in several cases, how the 
structures of molecules and their ag-

gregates may be related to the struc
tures of crystals. These insights have 
come from such researchers as Gautam 
R. Desiraju of the University of Hyder
abad in India, Richard Robson of the 
University of Melbourne in Australia, 
Margaret C. Etter of the University of 
Minnesota and Angelo Gavezzotti of 
the University of Milan in Italy. 
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Desiraju has shown how molecules 
containing chlorine atoms can be guid
ed into certain generic arrangements by 
exploiting the attractive interactions be
tween those atoms. Robson has found 
that low-density crystalline structures 
tend to form when nitrogen atoms in 
metal compounds bond to metal ions. 
Etter has investigated how molecular 
structure is influenced by hydrogen 
bonding, an attractive interaction in 
which hydrogen atoms are shared be
tween such atoms as oxygen. 

Gavezzotti has examined aromatic 
rings, molecules characterized by spe
cial kinds of bonds between carbon 
atoms. For some time, researchers have 
realized that such aromatic rings as 
benzene and naphthalene pair up to 
form herringbone patterns. Gavezzotti 
has found, however, that if aromatic 
rings have high ratios of carbon atoms 
to hydrogen atoms, they generally or
ganize into stacks of molecules in the 
crystalline lattice. 

In 1987 we began to develop a dif
ferent strategy to study how mole
cules assemble to form crystals. We 
searched for molecular ingredients that 
would combine in Simple and predict
able ways. Holding the crystal togeth
er required using the Simple attractive 
force between negatively and positively 
charged atoms in a molecule. We there
fore designed charged molecules with 
well-defined shapes that could pack eas
ily into a crystalline lattice. In addition, 
we devised molecules that were identi
cal in shape and size but had different 
electronic properties. 

During the past five years, our strate
gy has yielded several novel materials, 
and we have gained many insights into 
how molecules combine to form aggre
gates and ultimately crystals. 

M
OSt of our work involves two 
species of molecules: polycy
anoanions and organometallic 

compounds. The polycyanoanions are 
a species of flat molecules containing 
carbon and nitrogen. The organometal
lic compounds are made from carbon, 
hydrogen and metal atoms such as 
iron. We selected these two families of 
molecules for many reasons. 

We chose polycyanoanions mainly 
because they assemble in predictable 
ways. The polycyanoanions can hold a 
charge of -lor -2 and can donate elec
trons to other molecules, resulting in a 
weak attraction between the molecules. 
Under some conditions, polycyanoan
ions can share electrons with each oth
er, forming pairs or what chemists call 
a dimer. Under other conditions, poly
cyanoanions can share electrons among 
many molecules, and they then stack 
like pancakes to produce extended 
chains. By pairing or stacking togeth
er, the molecules share their outer
most electron, thereby lowering the to
tal energy of the arrangement. We were 
also intrigued by polycyanoanions be
cause we suspected that they would 
form crystals with interesting electron
ic properties. 

The negatively charged polycyanoan
ions combine readily with positively 
charged organometallic compounds. In 

particular, we decided to work with a 
subset of the organometallic molecules 
that chemists sometimes call "sand
wich" compounds. In these molecules, 
each metal atom is nestled between 
rings of carbon atoms, and each can 
hold a charge of + 1 or +2. The sand
wich compounds include molecules with 
a wide variety of shapes and charge dis
tributions. The simplest sandwich com
pounds are cylindrical molecules with 
a single charge in the center. The group 
also includes rod-shaped molecules with 
charges at both ends, tetrahedral mole
cules with charges at each vertex and 
even cubic or octahedral molecules. 

Sandwich molecules have an impor
tant advantage. Whereas the carbon and 
hydrogen atoms determine the overall 
shape of sandwich compounds, the met
al atoms are responsible for most of the 
electronic properties. Hence, two sand
wich molecules might have identical 
structures but different electronic prop
erties because one of the molecules was 
based on say, iron, and the other con
tained ruthenium. By using such pairs, 
we hoped to tune the electronic prop
erties of molecular crystals. 

When positively charged sandwich 
molecules are combined with negatively 
charged polycyanoanions, they attract 
one another, forming bound aggregates. 
The form of these aggregates-and of 
the crystals derived from them-derives 
from the shape of the sandwich mole
cules, the arrangement of charges with
in the molecules and the growth con
ditions. The crystal structures are also 
influenced by the electroneutrality prin-

SIMPLE MOLECULES tend to assemble into many different sim
ple structures. The cylindrical molecule called (Cp*)(Rul+) 
(HMB) (bottom left) can combine in two ways with the flat 

molecule TCNQI- (top left). The molecules can stack togeth
er (center), or the two compounds can assemble to form a 
herringbone structure (right). 
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ciple, which requires that the number 
of negative charges equal the number 
of positive charges. 

F or the most part, we conducted 
our experiments with these mole
cules in a logical order. We start

ed with molecules with the simplest 
shapes and charge distributions and 
worked our way up to the more com
plicated molecules. 

The simplest molecular ingredient 
we used is a sandwich compound that 
is cylindrical and has a single positive 
charge in its center. The top of the mol
ecule is a structure called pentamethyl
cyclopentadiene, or Cp *. It is a flat ring 
of five carbon atoms, each of which is 
bonded to a methyl group (that is, a car
bon atom and three hydrogen atoms). 
The bottom of the molecule is hexam
ethylbenzene, or HMB. It is a flat ring of 
six carbon atoms instead of five, and as 
in Cp *, each of the carbon atoms is dec
orated with a methyl group. At the cen
ter of the molecule lies a ruthenium 
atom, which bonds to the carbon atoms 
in both Cp" and HMB. The ruthenium 
atom holds a charge of + 1 and is sur
rounded by the carbon and hydrogen 
atoms. The entire molecule is abbrevi
ated as (Cp*)(Rul+)(HMB). ( The super
script 1+ indicates the charge of the 
molecule.) 

We wished to combine this cylin
drical molecule with a polycyanoanion 
called tetracyanoquinodimethanide, or 
TCNQI-. The molecule consists of a flat 
network of 12 carbon atoms with four 
nitrogen atoms and four hydrogen at
oms at the edges. TCNQ can carry a 
charge of - 1 . 

We prepared TCNQI- by placing a 
negatively charged electrode in a solu
tion cont aining neutral TCNQand (Cp*)
(Rul+) (HMB). This process yields two 
different types of molecular crystals: 
one is colored emerald green and the 
other, dark purple. Both kinds of crystal 
have the same molecular formula, but 
they differ in molecular organization. 

To dete rmine the structure of the two 
materials, we and Joseph c. Calabrese 
of Du Pont used a technique called x
ray crystallography. We bombarded the 
samples with x-rays and recorded the 
radiation that scattered off the atoms 
in the sample. With this information, 
we deduced the arrangement of atoms 
in the crystal. 

The green crystals consist of col
umns that are parallel to one anoth
er. Each column contains both TCNQI
and (Cp*)(Rul+)(HMB). The flat surfac
es of the TCNQl- molecules fit flush 
against the carbon rings at the top and 
bottom of (Cp*)(Rul+)(HMB). The two 

ELECTRODE in a glass flask charges TCNQ rnolecules in a solution, thereby promot
ing the growth of molecular crystals. 

molecules alternate along the length of 
the column. 

The purple crystals have a more com
plicated structure. The TCNQI- mole
cules are joined together in pairs, one 
flat surface against the other. Each pair 
is sandwiched between two molecules 
of (Cp*)(Rul+)(HMB). These cylindrical 
units then pack together in a herring
bone pattern, so each unit is roughly 
perpendicular to its nearest neighbors 
[see illustration on opposite page]. 

We were not surprised that TCNQI
and (Cp*)(Ru1+)( HMB) combined to form 
more than one type of molecular crystal. 
Because these molecules have a simple 
shape and charge distribution, they are 
free to assemble in at least two differ
ent ways. 

We next ex amined what would happen 
if TCNQ was combined with a rodlike 
molecule with charges at each end. We 
searched for a molecule with this form 
and decided on a compound abbreviat
ed as (Cp *)(Rul+)(CYC)(Rul+) (Cp*). This 
molecule is really nothing more than 
two (Cp * )(Rul+)(HMB) molecules con
nected by two short bridges composed 
of carbon and hydrogen atoms. 

The top and bottom of the molecule 
consist of Cp *, the five-carbon ring 

with five methyl groups. Each Cp * is 
bonded to a ruthenium atom carrying a 
charge of + 1. The ruthenium atoms are 
connected by cyclophane (CYC ), which 
consists of two rings connected by two 
bridges, all made of carbon and hydro
gen. Hence, the molecule (Cp" )(Ru1+)
(CYC )(Ru1+)(Cp*) is roughly cylindrical, 
with the charged ruthenium atoms em
bedded near the ends. 

We mixed solutions of (Cp*)(Ru1+)
(CYC)(Ru1+)(Cp") and neutral TCNQ. We 
again formed TCNQI- using a negatively 
charged electrode. When the electrode 
was set at a high negative voltage, we 
noticed that purple crystals formed on 
the electrode. Yet when the electrode 
was tuned to a low negative voltage, 
black, needle-shaped crystals grew. 

By analyzing the structure of pur
ple and black crystals, we were 
able to deduce why these two dif

ferent crystals form under different con
ditions. When the electrode is at a high 
negative voltage, many TCNQ molecules 
with a - 1  charge are produced. These 
charged molecules then combine in 
pairs to form dimers. Each dimer, hav
ing a -2 charge, is then attracted to 
(Cp") (Ru1+)(CYC)(Ru1+)(Cp" ), which has 
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How Conditions Influence the Growth of Crystals 

Molecular crystals with two different structures can be 
grown from a solution containing the cylindrical mole
cule (Cp*)(Rul+)(CYC)(Rul+)(Cp*) and the flat compound 
TCNQ. The growth process depends on how much elec-

tric current flows through the solution. A strong current 
produces many TCNQ molecules with a charge of -1. A 
weak current generates only a few TCNQ molecules 
with a -1 charge. 

\ 

I 

1 a. If the concentration of 
TCNQI- is much higher than 
the concentration of neutral 
TCNQ molecules, the TCNQI
will combine in pairs. 

1 b. If the concentration of 
TCNQI- equals the concen
tration of neutral TCNQ, 
the molecules will combine 
to form units of four. 

2a. The TCNQI- pairs are 
attracted to molecules of 
(Cp*)(Ru I +)(CYC)(Ru I +)(Cp*). 

2b. The TCNQI- units 
of four are attracted 
to molecules of 
(Cp*)(Ru I +)(CYC)(Ru 1+)(Cp*). 

3a. The molecules 
assemble so that the 
TCNQ pairs attach to 
the top or bottom of 
(Cp*)(Ru I +)(CYC)(Ru I +)(Cp*). 

4a. The aggregates 
assemble and even
tually yield a rhom
boid crystal that is 
highly reflective. 

/ 
4b. The aggregates 
assemble and ulti
mately create a 
black, needle-shap
ed crystal that con
ducts electricity. 

3b. The molecules \ 
assemble to form columns 
of TCNQ and columns of 
(Cp*)(Ru I +)(CYC)(Ru I +)(Cp*). 
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RHOMBOID CRYSTALS (left) were made from the molecules 
TCNQ and (Cp·)(Ru1+)(CYC)(Ru1+)(Cp·), as were the needle-

shaped crystals (right). The crystals differ in their molecular 
structure (see box on opposite page). 

a +2 charge. The flat side of each dimer 
fits against the flat surface of the ruthe
nium molecule to form a long cylindri
cal aggregate. These units then stack 
on top of one another to form columns 
in which each dimer is sandwiched be
tween two ruthenium molecules. The 
columns align alongside one another to 
produce a purple, rhomboid crystal. 

When the electrode is at a low neg
ative voltage, molecules of TCNQ with 
a charge of -1 are formed rather slow
ly. Hence, the concentration of TCNQl
is comparable to that of the neutral 
TCNQ molecules. Under these condi
tions, two charged TCNQ molecules 
combine with two neutral TCNQ mole
cules to form a stack of four. Each of 
these units, having a charge of -2, then 
aligns alongside one of the (Cp")(Ru1+)
(CYC)(Ru1+)(Cp*) molecules, which have 
a charge of +2. This alignment maxi
mizes the attractive force between the 
unit of four TCNQ molecules and the 
ruthenium molecule because the stack 
of four TCNQ molecules and the (Cp")
(Ru1+)(CYC) (Ru1+)(Cp") are equal in 
length. These aggregates then assemble 
in a manner that resembles the closing 
of a Zipper. This process produces col
umns consisting of either TCNQ or ru
thenium molecules. The columns as
semble parallel to one another to form 
a black, needle-shaped crystal. 

The black crystal differs from the 
purple crystal not only in structure but 
also in electronic properties. In the pur
ple crystal, charge is confined within 
the TCNQ and ruthenium molecules. In 
the black crystal, every two TCNQ mol-

ecules share a charge of -1,  and the 
TCNQ stacks are not interrupted by the 
ruthenium molecules. As a result, elec
trons move through the columns of 
TCNQ easily, and the crystal is a good 
conductor of electricity [see box on op
posite page]. 

This work demonstrated that a sand
wich compound can define the range of 
possible molecular structures, whereas 
the experimental conditions determine 
which possibility actually emerges. In 
both cases, the structure of the molec
ular crystal is established by the aggre
gates that form during the early stages 
of growth. 

N
ext we wanted to find out wheth
er more complicated charge ar
rangements would combine in 

predictable ways. We used a tetrahedral 
sandwich molecule whose vertices hold 
positive charges. The molecule is based 
on ruthenium atoms, each of which 
holds a charge of + 1. The ruthenium 
atoms are held in a tetrahedral configu
ration within a network of carbon and 
hydrogen atoms. 

We combined this tetrahedral mol
ecule with a polycyanoanion known as 
hexacyanotrimethylenecyclopropanide, 
or HCTMCP. This molecule consists 
of three V-shaped branches, projecting 
from a triangular ring of three car
bon atoms. These branches are made 
of three carbon atoms and two nitro
gen atoms, which sit at the tips. The 
HCTMCP molecule is flat and can carry 
a charge of -1.  

When we combined the negatively 

charged HCTMCP molecules with the 
positively charged tetrahedral mole
cules, they formed a crystal with a pre
dictable structure. The crystal consists 
of units of four HCTMCpl- and one 
tetrahedral molecule. Two of the posi
tive charges within the tetrahedral mol
ecule encourage HCTMCPl- to stack in 
one direction, whereas the other two 
positive charges force HCTMCpl- to 
stack perpendicular to that direction. 
The result is an interweaving network 
of HCTMCpl- columns between tetrahe
dral molecules [see illustration on next 
page]. In these experiments, we believe 
the charge distribution of tetrahedral 
molecules is the governing factor in the 
growth of the crystal. 

We and our colleagues continue to 
investigate how negatively charged mol
ecules combine with sandwich com
pounds that have even more compli
cated charge distributions than that in 
the tetrahedral molecule. But we have 
also been interested in influencing the 
growth of crystals by changing the mag
nitude of the charge instead of the dis
tribution of the charge. 

To study this issue, we chose (Fe2+) 
(MES}z, a cylindrical molecule with a 
single iron atom resting in the center 
that holds a charge of +2. The iron atom 
is bonded to two mesitylene rings (MES). 
Each MES ring consists of six carbon 
atoms connected to three hydrogen at
oms and three methyl groups. 

We combined (Fe2+)(MES)2 with 
HCTMCpl--. Each HCTMCpl- prefers to 
share one of its electrons with another 
HCTMCpl-. Consequently, the HCTMCP 
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COMPUCATED MOLECULES tend to assemble into complex 
but predictable structures. The molecule called [(Cp·)(Ru1+)
(C6Hs)14C (bottom left) combines with the flat compound 
HCTMCP (top left), which is negatively charged. The molecule 

[(Cp·)(Ru1+)(C6HS))4C contains four positive charges, which 
are arranged at the vertices of a tetrahedron. These mole
cules encourage the HCTMCP molecules to stack in an array 
of interweaving columns (right). 

molecules tend to stack together to 
form columns. Each HCTMCP column 
is then surrounded by columns of 
(Fe2+)(MES)2' creating a crystal. 

We obtained dramatically different re
sults, however, when (Fe2+)(MES)2 was 
combined with HCTMCP with a charge 
of -2. The HCTMCp2- molecule will not 
share its electrons with others and re
pels them. Rather HCTMCp2- prefers to 
stack on top of (Fe2+)(MES}z. This pref
erence leads to columns whose com
ponents are alternately HCTMCp2- and 
(Fe2+)(MES)2' The columns assemble 
in such a way that each HCTMCp2- has 
eight neighbors: two (Fe2+)(MES)2 in 
the same column and six (Fe2+)(MES)2 
in adjacent columns [see illustration on 
page 49]. 

In this crystal, HCTMCP2- prefers to 
share its electrons with (Fe2+)(MES}z. 
As a result, a small amount of elec
tric charge is transferred from the 
HCTMCp2- molecule to the (Fe2+)(MES)2 
molecule. This transfer reduces the 
total energy of the electrons. Ultimate
ly, the process favors the formation of 
columns that contain both HCTMCp2-
and (Fe2+)(MES)2 lmolecules. This exper
iment showed that the assembly of 
molecular crystals depends not only on 
the structure of the template molecules 
but also on the electronic states of the 
constituents. 

The crystal composed of (Fe2+)(MES)2 
and HCTMCP2- is remarkable for anoth
er reason. We can essentially change the 
electrOnic properties of the crystal with
out altering its structure. We can do so 
by creating a crystal of (Ru2+)(MES)2 and 
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HCTMCp2- instead of (Fe2+)(MES)2 and 
HCTMCp2-. Both kinds of crystals have 
the same structure. Yet whereas the 
iron-based crystal absorbs red light, 
the ruthenium crystal captures blue 
light. The ruthenium atom influences 
the electronic structure of the crystal in 
such a way that the crystal absorbs 
blue instead of red light. 

W
e could also produce a crys
tal that absorbs both red and 
blue light when HCTMCP was 

mixed together with (Ru2+)(MES}z and 
(Fe2+)(MES)2' And by altering the pro
portion of iron to ruthenium, we could 
control the amount of absorption of 
each color, thereby changing the color 
of the crystal. 

This example demonstrates an im
portant property of molecular crystals 
based on organometallic compounds. 
For the most part, the structure of an 
organometallic compound and the mo
lecular crystal derived from it do not 
depend on whether the compound is 
based on iron, ruthenium or some oth
er metal atom. The structure is deter
mined mainly by the outer shell of car
bon and hydrogen atoms. Yet the elec
tronic properties of such a crystal will 
be influenced by the metal atoms, and 
in many cases, the effect of the metal 
atoms can be predicted. We believe that 
tuning the electronic properties of mo
lecular crystals in this manner will lead 
to novel materials. 

Crystal engineering offers exciting 
possibilities in several areas of technol
ogy. The techniques may make it feasi-

ble to fabricate molecular crystals with 
large pores. Such structures could be 
considered part of the class of zeolites 
[see "Synthetic Zeolites," by George T. 
Kerr; SCIENTIFIC AMERICAN, July 1989]. 
Porous molecular crystals could serve 
as size-selective filters for molecules, 
or they might be able to contain guest 
molecules, yielding materials with use
ful structural or electronic properties. 
Other approaches to crystal engineer
ing may result in new materials with 
unique mechanical, optical or electronic 
characteristics. Molecular crystals may 
be used for magnetic storage, laser sys
tems or electronic devices. 

Our work demonstrates that it is pos
sible to control the organization of mat
ter in a reasonably predictable way us
ing the attractive interactions between 
positively and negatively charged mole
cules. A tantalizing question is whether 
we can apply our knowledge to fabri
cate structures that are a few billionths 
of a meter in size. If so, the future may 
bring a new generation of electronics 
and minute mechanical devices. 
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G Proteins 
Tucked into the internal surface of the celts outer membrane, 

these versatile molecules coordinate cellular responses to 
a multitude of signals that impinge {rom without 

by Maurine E. Linder and Alfred G. Gilman 

F or a person to think, act or mere
ly exist, the cells of the body must 
communicate with one another. 

They do so by dispatching such chemi
cal messengers as circulating hormones 
and neurotransmitters. Perhaps surpris
ingly, few of these messengers actual
ly enter target cells to induce changes 
in function. Instead, in a cellular version 
of the game "telephone," most of the 
agents convey information through in
termediaries. They issue orders by bind
ing at the outer surface of target cells 
to proteins that serve as speCific re
ceptors. Then, in a process called signal 
transduction, the receptors, which span 
the cell membrane, relay the informa
tion to a series of intracellular middle
men that ultimately pass the orders to 
the final executors. 

Investigators have discovered dozens 
of extracellular messengers. Each could 
conceivably initiate a distinct series of 
molecular interactions. Yet it turns out 
that a great many messengers rely on 
just one class of molecules, called G 
proteins, to direct the flow of signals 
from the receptor to the rest of the cell. 
G proteins are so named because they 
bind to guanine nucleotides, which like 
all nucleotides consist of an organic 
base (in this case guanine), a sugar and 
one or more phosphates. 

One of us (Gilman) and his colleagues 
identified G proteins as crucial inter-
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mediaries in signal transduction in the 
late 1970s at the University of Virginia. 
Soon after, Gilman moved to the Uni
versity of Texas Southwestern Medical 
Center at Dallas, where his group has 
since deciphered a good deal of what 
is known about how these remarkable 
proteins work. We continue to be fasci
nated by their machinations, as well as 
by the central role they play in an ever 
increasing array of cellular activities
from mating in yeast, to chemically in
duced movement in slime molds, to vi
sion, smell, hormone secretion, muscle 
contraction and cognition in humans. 

Over the years researchers have also 
learned that signal-transducing G pro
teins are part of a large superfamily of 
proteins that are regulated by guanine 
nucleotides. It has become apparent as 
well that aberrations in the functioning 
of Signal-transducing G proteins and 
their relatives can contribute to diseas
es-among them, cholera, whooping 
cough and cancer. One day, treatments 
targeted to regulating specific G pro
teins may well become commonplace. 

R esearchers who study G pro
teins owe a major debt to Theo
dore W. Rall and the late Earl W. 

Sutherland, Jr. Those investigators car
ried out ground-breaking studies on 
cellular signaling in the late 1950s at 
Western Reserve University (now Case 
Western Reserve). 

Scientists now know that many dif
ferent receptors convey instructions of 
hormones or other extracellular "first 
messengers" by stimulating one or an
other G protein. Attached to the inner 
surface of the cell membrane (the plas
ma membrane), such proteins in turn 
act on membrane-bound intermediaries 
called effectors. Often the effector is an 
enzyme that converts an inactive pre
cursor molecule into an active "second 
messenger," which can diffuse through 
the cytoplasm and thus carry the sig
nal beyond the membrane. The second 
messenger triggers a cascade of molec
ular reactions leading to a change in 

1. FIRST 

MESSENGER 
EPINEPHRINE 

2. SPECIFIC 

RECEPTOR 
EPINEPHRINE 
RECEPTOR 
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3.G PROTEIN 

Gs 

4. EFFECTOR 
ADENYL YL CYCLASE 

7. CHANGE IN 

CELL BEHAVIOR 
RELEASE OF GLUCOSE 

o 

� � R GLYCOGEN 

ATP � 5.SECOND / c!)� � 
!t���g����TE) MESSENGER \ - � CYCLIC AMP � 

6. ENZYMATIC ," � GLUCOSE 

CASCADE � 

'" 
ACTIVATED 
PHOSPHORYLASE 

G PROTEIN (red complex) in a liver cell relays signals (arrows) 
from the hormone epinephrine (purple sphere at far left) to a 
series of molecules that ultimately cause the cell to release 
glucose (small yellow cylinder at far right). The pathway trav
eled by such signals is typical of many that are regulated by 
G proteins; standard features are numbered and bold. In this 
case, epinephrine, a first messenger, opens the pathway by 

binding to its receptor (lavender), which stimulates the pro
tein Gs to activate adenylyl cyclase ( green). This enzyme, 
called an effector, converts ATP ( orange cylinder) into the 
second messenger cyclic AMP ( orange curl). Cyclic AMP then 
triggers a cascade of enzymatic reactions that stimulates the 
enzyme phosphorylase (blue) to convert glycogen (yellow 
strip) into glucose, which the cell finally extrudes. 

the cell's behavior. For instance, the 
cell might secrete a hormone or release 
glucose. 

Back in the 1950s, though, the work
ings of intracellular signaling pathways 
were almost completely obscure. Dogma 
held that the effects of hormones could 
be observed only in intact cells. Yet Rall 
and Sutherland, who were studying how 
the hormone epinephrine (adrenaline) 
stimulates liver cells to release glucose, 
thought otherwise. They insisted that to 
understand a system, one must study 
its component parts. 

Their analyses of cell fragments re
vealed that epinephrine caused an en
zyme in the plasma membrane to con
vert the nucleotide adenosine triphos
phate (ATP) into a previously unknown 
substance: cyclic AMP (cyclic adeno
sine-3',5'-monophosphate). The enzyme 
in question was another novel mol
ecule they called adenyl cyclase (now 
adenylyl cyclase). 

In today's terminology, the team re
vealed that a first messenger (epineph
rine) works in part by stimulating an 
effector (adenylyl cyclase) to produce 

a second messenger (cyclic AMP). The 
steps between Signaling by epinephrine 
outside the cell and activation of aden
ylyl cyclase in the membrane remained 
elusive, however. 

Sutherland suspected that adenylyl 
cyclase and the receptor for epinephrine 
might be the same molecule, which 
would have meant the receptor served 
double duty as an effector, without need 
for a go-between. In some signaling 
pathways, that is indeed the case, but 
experiments done in the early 1970s 
established that the epinephrine recep
tor and adenylyl cyclase were in fact 
separate entities. 

How, then, did the receptor commu
nicate with adenylyl cyclase? Two im
portant clues suggested guanine nu
cleotides were involved-and opened a 
line of inquiry that eventually led to dis
covery of the significance of G proteins 
in signal transduction. First, Martin Rod
bell, Lutz Birnbaumer and their col
leagues, then at the National Institutes 
of Health, demonstrated that the pres
ence of the hormone glucagon (which 
also exerts effects through adenylyl cy-

clase) and its receptor was not sufficient 
to activate adenylyl cyclase, The nucleo
tide guanosine triphosphate (GTP) had 
to be present, too. 

Then Danny Cassel and Zvi Selinger 
of the Hebrew University discovered 
that when epinephrine was added to 
fragments of plasma membranes, it 
not only stimulated adenylyl cyclase, 
it also caused GTP to be converted to 
guanosine diphosphate (GDP). The con
version occurred because an enzyme 
called a GTPase hydrolyzed GTP (split 
it by bringing it in contact with a water 
molecule), thereby freeing one of its 
three phosphate groups. The identity 
of the GTPase and the specific function 
of GTP would take some time to dis
cern. But, at the least, both results in
dicated that guanine nucleotides par
ticipated in transmitting the epineph
rine signal. 

I n the mid-1970s Gilman and Elliott 
M. Ross, who was a member of Gil
man's laboratory, were among the 

investigators puzzling over the connec
tions between epinephrine receptors, 
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ASSUMED EXPERIMENTAL ASSUMED CONTROL ACTUAL CONTROL 
CONDITION CONDITION CONDITION 

1. ADENYLYL 1. EXTRACT 1. UNSUSPECTED 
CYCLASE CONTAINING G PROTEIN INACTIVATED 

(Gs) PROTEIN ADENYLYL 
EXTRACT CYCLASE 

+ + + 
MISSING 

ADENYLYL ADENYLYL 
RECEPTOR CYCLASE CYCLASE " 

\ 

{] 
K. CYC- MEMBRANE 

� � 
2. RESTORED 2. 2. 

EPINEPHRINE ADENYLYL 
CYCLASE 

6 do 
� CYCLIC 

AMP � � 
Experiment Leading to Discovery of the Protein Gs 

In the experimental condition, Elliott M. Ross in Gilman's laboratory added an 
extract of membrane proteins to so-called cye- membranes (left, I), which 
were thought to lack adenylyl cyclase, the enzyme that synthesizes cyclic 

AMP. Epinephrine then stimulated the membranes to produce cyclic AMP (2) , 
which seemed to indicate that adenylyl cyclase (green) had been inserted into 
the deficient membranes. In the control experiment the adenylyl cyclase in the 
extract was destroyed (center, I). Yet, even without it, epinephrine caused the 
cye- membranes to make cyclic AMP (2) . This puzzling finding led to the 
discovery that the cye- membranes included adenylyl cyclase all along (right, 1) 
but lacked a third component necessary to activate it-a G protein (red spheres) 
that persisted in the extract even after adenylyl cyclase was eliminated. In the 
control experiment, restoration of the G protein to the membranes enabled the 
hidden adenylyl cyclase to produce cyclic AMP (2). 

GTP and adenylyl cyclase. Like Rall and 
Sutherland, they felt the best way to 
understand a biological system was to 
take it apart and put it back together. 
They would have liked to isolate the var
ious proteins associated with the plas
ma membrane and then systematical
ly to add the proteins to, or remove 
them from, an artificial membrane. In 
that way, they could have teased out 
the minimum set of molecules required 
to activate adenylyl cyclase and could 
have identified the role of GTP in the 
sequence of events. 

In those years, however, science 
lacked technology for readily purifying 
membrane components without dam
aging them. Gilman and Ross therefore 
set about testing various techniques for 
fitting proteins into membranes with
out first purifying the inserted materi
al. As luck would have it, they found 
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the solution to the signaling problem 
in the course of that effort. 

Ross had devised an experiment to 
see whether he could restore adenylyl 
cyclase to a line of mutant cells that re
tained epinephrine receptors but appar
ently were unable to make adenylyl cy
clase [see box above]. The late Gordon 
M. Tomkins, Henry R. Bourne and Philip 
Coffino of the University of California 
at San Francisco had discovered such 
cyclase-deficient, or cye, cells in 1975. 

Ross hoped to insert adenylyl cyclase 
into the cye membranes by mixing 
them with an extract of proteins de
rived from membranes that contained 
adenylyl cyclase. If he succeeded, the 
second messenger cyclic AMP would be 
produced when he exposed the treat
ed cye membranes to epinephrine 
(as well as to ATP and GTP-elements 
that had been proved critical to pro-

duction of the second messenger). Sure 
enough, when he ran the test, cyclic 
AMP appeared. 

Naturally, Ross was quite pleased 
with his technical achievement. But the 
results of his control experiment proved 
even more satisfying. 

In the control situation, Ross had 
unequivocally inactivated the extract's 
adenylyl cyclase by gently heating the 
extract or by adding chemicals to it. 
He assumed the protein mixture would 
then have no effect on the activity of 
cyc- membranes. In other words, after 
exposure to the extract, the membranes 
would continue to lack adenylyl cyclase 
and would thus display no response to 
epinephrine, ATP and GTP. Instead the 
membranes unexpectedly synthesized 
cyclic AMP, just as if they had taken up 
active adenylyl cyclase from the extract. 

The explanation for the puzzling find
ing soon became obvious. Cyc - cells 
actually contain adenylyl cyclase. The 
enzyme had simply gone undiscovered 
because it was inactive. And it was in
active because another cellular compo
nent -one adenylyl cyclase required for 
stimulation-was missing from the cells. 
Fortunately, the component remained 
in the extract after adenylyl cyclase 
was eliminated, and it went on to 
"waken" the formerly silent enzyme in 
the cyc - cells. 

R oSS and Gilman quickly showed 
the activating substance to be a 
protein that was itself stimulat

ed by GTP. Rather than referring to the 
substance by the cumbersome name 
"guanine nucleotide-binding protein," 
they simply called it a G protein. It did 
not take much imagination to deduce 
that epinephrine led to the production 
of cyclic AMP by passing information 
through its receptor to a G protein, 
which, when bound by GTP, could stim
ulate adenylyl cyclase to convert ATP 
into cyclic AMP . 

By 1980 Paul C. Sternweis and John 
K. Northup, who were then in Gilman's 
laboratory, managed to purify the G 
protein, now known as Gs, that stimu
lates adenylyl cyclase. Later, when the 
epinephrine receptor and adenylyl cy
clase had been isolated as well, Gil
man and Ross prepared artificial cell 
membranes consisting of all three pro
teins embedded in phospholipids, the 
main structural components of plas
ma membranes. When epinephrine, ATP 
and GTP were added, cyclic AMP was 
produced. 

Thus, in the mid-1980s, this experi
ment proved conclusively that all the es
sential elements of the pathway leading 
from epinephrine to production of the 
second messenger cyclic AMP had been 
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identified. By then, too, other workers 
had learned that cyclic AMP activates 
protein kinases, enzymes that phos
phorylate, or add phosphate groups to, 
other proteins. And they had filled in 
the rest of the epinephrine pathway in 
liver cells, demonstrating that cyclic 
AMP sets off an enzymatic cascade that 
ultimately stimulates phosphorylase, 
the enzyme that breaks glycogen (ani
mal starch) into glucose. In other types 
of cells, cyclic AMP, acting through the 
same kinases, can lead to different ef
fects, such as the synthesis and release 
of steroid hormones by the adrenal 
gland and gonads. 

As often happens in science, at about 
the same time as Gilman and his co
workers were closing in on Gs as the 
stimulator of adenylyl cyclase, other 
investigators were about to make a simi
lar discovery in the course of studying 
a seemingly different problem: how rod 

cells in the retina respond to light. Ex
periments by Mark W. Bitensky, then at 
Yale University, and independently by 
Lubert Stryer and his colleagues at Stan
ford University revealed a second G pro
tein, now known as transducin, or Gt. 

This protein acts as an intermediary 
between the receptor for light (rhodop
sin) and an effector enzyme (phospho
diesterase) that regulates the levels of 
a second messenger (guanosine-3',5'
monophosphate, or cyclic GMP). When 
rhodopsin is struck by photons, it acti
vates Gt, which instructs phosphodi
esterase to convert cyclic GMP to GMP. 
Because cyclic GMP keeps sodium chan
nels open, conversion to GMP closes 
the channels, preventing sodium ions 
(Na2+) from entering the cell. The nega
tive charge inside the cell then increas
es, causing the cell to become hyperpo
larized and so to generate an electrical 
signal that is relayed to the brain. 

The striking parallels between hor
monal stimulation of adenylyl cyclase 
and light activation of phosphodiester
ase soon led other investigators to join 
the search for new G proteins. The field 
did not truly blossom, however, until 
1984, when the genes for the first mem
bers of the family were cloned. (Melvin 
Simon and his associates at the Califor
nia Institute of Technology have been 
especially prolific at isolating the genes 
for novel G proteins; they now number 
new members of the family instead of 
naming them.) 

Since the early 1980s researchers 
have found that more than 100 recep
tors (or perhaps thousands, if odorant 
receptors are included) convey messag
es through G proteins, of which at least 
20 distinct forms have been isolated. 
Scientists have identified several differ
ent G protein-dependent effectors as 
well. Along with adenylyl cyclase and 

How G Proteins Switch Effectors On and Off 

RECEPTOR EFFECTOR 
" 

....--FIRST MESSENGER 

GDP � 

1. In their resting state, G proteins, which 
consist of alpha (a), beta (�) and gamma (y) 
subunits, are bound by the nucleotide gua
nosine diphosphate (GOP) and have no 
contact with receptors. 

4. After a few seconds, the alpha subunit 
converts GTP to GOP, thereby inactivating 
itself. The alpha subunit will then reassoci· 
ate with the beta·gamma complex. 

GDP 

2. When a hormone or other first messenger 
binds to a receptor, the receptor causes the 
G protein to exchange GOP for the nucleo
tide guanosine triphosphate (GTP), which 
activates the G protein. 

3. The G protein then dissociates, after 
which the GTP-bound alpha subunit diffuses 
along the membrane and binds to an ef
fector, activating it. The switch is on. 
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cyclic GMP phosphodiesterase, the effec
tors include other enzymes and mem
brane channels that regulate the flow 
of inorganic ions into or out of the cell. 
Of the enzymes, one called phospho
lipase C is particularly interesting. It 
breaks down a phospholipid in the plas
ma membrane into two second mes
sengers, one of which releases internal 
stores of yet another second messen
ger, calcium. 

A the realization dawned
. 

th�t G 
protems were rrnportant m vrrtu

ally all cells, the need to under
stand how they regulate the flow of in
formation between receptors and effec
tors became more urgent. Within a few 
years after discovery of Gs and trans
ducin, the basic structure and mode of 
operation of G proteins were elucidated. 

The G proteins that participate in 
transmembrane signaling are bound to 
the inner surface of the plasma mem
brane and consist of three protein 
chains, or subunits, called, from largest 
to smallest, alpha «(X), beta (�) and gam
ma (y). The alpha subunit differs in 
each of the G proteins isolated to date. 
The attached pair of beta and gamma 
subunits is not necessarily unique; dif-

ferent alpha chains may be linked to an 
identical beta-gamma pair or to differ
ing pairs. So far workers have noted 
five distinct beta structures and possi
bly more than 10 gammas, suggesting 
that more than 1,000 combinations of 
alpha, beta and gamma could arise. 

G proteins carry out their functions 
in a curious way. In the resting state, the 
alpha, beta and gamma chains form a 
complex, and GDP is bound to the al
pha subunit. After a hormone or other 
first messenger docks with a receptor, 
the receptor, through a change in con
formation, binds to the G protein. This 
interaction spurs the alpha subunit to 
release GDP. Then GTP, which is more 
abundant in cells, fills in the open bind
ing site, altering the shape of the alpha 
subunit and activating it. 

Once activated, the GTP-bound alpha 
subunit dissociates from the beta and 
gamma subunits and diffuses along the 
inner surface of the plasma membrane 
until it links up with an effector, such 
as adenylyl cyclase. After usually a few 
seconds, the alpha subunit hydrolyzes 
GTP to form GDP, thereby shutting it
self off-a behavior that explains why 
Cassel and Selinger had earlier detect
ed GTPase activity in epinephrine-stim-

P21ras PROTEIN (ribbonlike structure) is bound to the nucleotide guanosine tri
phosphate (GTP) (red), which activates it. The GTP-binding region of ras is thought 
to closely resemble that of signal-transducing G proteins, whose three-dimensional 
structure has not yet been deciphered. Curls, arrows and loops indicate, respective
ly, that the backbone is helical, extended or of a less stereotyped nature. The blue 
areas convert GTP to GDP, causing the green regions to change shape and inactivate 
the molecule. (Blue-green areas interact with nucleotides and change shape.) Alfred 
Wittinghofer of the Max Planck Institute for Medical Research in Heidelberg and 
Sung-Hou Kim of the University of California at Berkeley determined the structure. 
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ulated plasma membranes. After the al
pha subunit becomes inactive, it disso
ciates from the effector and then reas
sociates with free beta and gamma 
subunits. 

Hence, G proteins serve as switches 
and timers, determining when and for 
how long signaling pathways are turned 
on and off. The switch flips on when 
the GTP-bound alpha chain binds to an 
effector, and the switch goes off when 
GTP is hydrolyzed to GDP. The rate of 
hydrolYSiS determines the time elaps
ing between the on and the off state. 

G proteins also amplify signals. In the 
extremely effiCient visual system, for ex
ample, one molecule of rhodopsin acti
vates almost simultaneously more than 
500 molecules of transducin. In the case 
of Gs, one alpha subunit bound to a 
molecule of adenylyl cyclase can stimu
late synthesis of many molecules of cy
clic AMP before the timer runs out and 
GTP is converted back to GDP. 

Interestingly, self-hydrolysis of GTP 
also regulates the activity of many pro
teins that do not participate in trans
duction of external signals. Together 
these proteins and the signal trans
ducers form a superfamily of GTPases. 
Some members of the superfamily par
ticipate in the synthesis of proteins 
on ribosomes. Other members, notably 
the products of ras genes, help to con
trol the rate of cell division. 

C learly, the alpha subunit of sig
nal-transducing G proteins plays 
a critical part in conveying mes

sages to effectors, but whether beta
gamma pairs also regulate effectors is a 
subject of spirited debate. Some think 
not, and one partisan even has a li
cense plate that reads "a not b"! 

We are among those who have gath
ered evidence in support of the view 
that beta-gamma complexes, which re
main bound to each other and act as a 
single unit, can be important in signal
ing. Work from our laboratory suggests 
that beta-gamma affects some signal
ing pathways more than others and is 
sometimes stimulatory and sometimes 
inhibitory. For example, Wei-Jen Tang 
has recently shown that beta-gamma 
can cooperate with Gs alpha to activate 
particular forms of adenylyl cyclase. 
Yet it can inhibit a type of adenylyl cy
clase found in some neurons, probably 
by binding directly to that enzyme. In 
contrast, beta-gamma seems to have 
no direct effect on certain other kinds 
of adenylyl cyclase. 

In the last case, the complex might 
sometimes exert an indirect influence. 
Such activity may explain the continu
ing mystery of how Gj, which interferes 
with the ability of adenylyl cyclase to 
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STIMUlATORY PATIIWAY in heart muscle cells (green arrows 
in left panel) might be inhibited in part by the process of sub
unit exchange (left part of right panel). Heart cells are stimu
lated to increase the force of contraction when Gsop the alpha 
subunit of the protein Gs• activates adenylyl cyclase (left pan
el ). The cells decrease the force (s olid red arrows in right 

panel) when acetylcholine spurs the alpha subunit of Gi (large 
red sphere) to open channels that enable potassium ions (K+) 
to leave the cell. Subunit exchange would cause a further de
crease (broken red arrows) if the beta and gamma subunits of 
Gi (double red spheres) combined with the alpha subunit of Gs' 
thus blocking alpha from acting on adenylyl cyclase. 

generate cyclic AMP, achieves its ef
fect. By analogy with Gs and transducin, 
Gilman and his colleagues anticipated 
that Gj, which was discovered in 1982. 
would inhibit adenylyl cyclase by releas
ing its alpha subunit. Yet when Northup 
and Toshiaki Katada in Gilman's group 
measured the ability of purified Gj al
pha and beta-gamma proteins to in
hibit adenylyl cyclase in plasma mem
branes. they found that the alpha pro
tein was a much weaker inhibitor than 
was the beta-gamma complex. 

Strangely. inhibition by beta-gamma 
occurred only when Gs was present. 
This finding led Gilman to suggest that 
a process called subunit exchange might 
be at work. According to this hypothe
sis. beta and gamma subunits from ac
tivated Gj molecules may combine with 
alpha subunits that have been released 
from Gs-something that could well oc
cur if the beta-gamma complexes of Gs 
and Gj were identical. By engaging the 
stimulatory alpha subunit, the inhibito
ry beta-gamma complex would prevent 
it from interacting' with adenylyl cyclase. 

Heart muscle cells offer an example 
of how such subunit exchange could in
fluence cellular behavior [see illustra
tion above]. The neurotransmitter nor
epinephrine increases the vigor and rate 
of contraction through the Gs alpha sub
unit, adenylyl cyclase and cyclic AMP. 

When the neurotransmitter acetylcho
line also acts on cells, it blunts the con
traction, apparently by two mechanisms. 
Birnbaumer, Arthur M. Brown and their 
colleagues at Baylor College of Medicine 
have shown that acetylcholine stimu
lates the alpha subunit of Gj to open 
membrane channels that enable potas
sium ions (K+) to flow out of the cells, 
ultimately impeding contraction. Acetyl
choline also inhibits adenylyl cyclase 
and thus clamps the stimulatory path
way set in motion by Gs. 

Inhibition of adenylyl cyclase in heart 
cells could well be the work of the Gj 
alpha subunit, but some evidence sug
gests the beta-gamma complex is re
sponsible. It could achieve this effect 
by binding to the alpha subunit of Gs, 
thereby blocking its access to adenylyl 
cyclase. We are not wedded to the no
tion that subunit exchange occurs in 
cells, but the hypothesis continues to 
live because it is consistent with much 
experimental data and because no one 
has yet demonstrated that the alpha 
subunit of Gj can inhibit adenylyl cy
clase directly. �uller understanding of the de

tails of how signals are conveyed 
from receptors through G pro

teins to effectors awaits elucidation of 
the three-dimensional structure of such 

molecules by x-ray crystallography. A 
knowledge of shape can reveal which 
parts of a molecule might mesh well 
with other molecules. 

In the meantime, investigators are 
learning something about structure by 
watching for clues in the amino acid 
sequences of the proteins and by com
paring the sequences with those of re
lated proteins whose three-dimensional 
shapes are known. For instance, analy
ses of receptors that interact with G 
proteins indicate that most of them in
clude seven separate regions that are 
rich in hydrophobic, or water-hating, 
amino acids. Those segments almost 
certainly span the hydrophobiC plasma 
membrane (thus escaping the watery 
cytoplasm) and describe a pocket that 
is accessible to first messengers from 
the extracellular face of the membrane. 
In addition, the cytoplasmic segments 
that connect the hydrophobiC regions 
include one or more loops that pre
sumably bind to specific G proteins. 

No one yet knows which sites on sig
nal-transducing G proteins make con
tact with receptors nor how the sub
units of a G protein contact one anoth
er. But investigators have a good idea 
of where the alpha subunit binds GTP 
and GDP and of its conformation in the 
active and inactive state [see illustration 
on opposite page]. This information is 
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INTRODUCING A TRUCK COMPANY'S NEW 
As you'd expect. it extends beyond a simple station wagon. In 

fact. our all-new Suburban carries up to nine passengers facing 

bulk outside. yet more legroom. width. cargo space and front

seat shoulder room inside. Seats. instrument panel and interior 

forward. and is so powerful it can tow some of your 

biggest trailers and boats. And every commanding 

inch and ounce has been redesigned for 1992. To 

give you even more of the extraordinary comforts 

and capabilities that caused one automotive writer* 

to enthuse: "A better blend of utility. comfort. safety 

and style in a motor vehicle is difficult to imagine." 

F or example. Suburban now tows up to five 

tons.t a full 500 pounds more than before. New aero

dynamics virtually eliminate wind noise. There's less 

* Detroit News 12/11/91 
tProperiy equipped including passengers. cargo and trailer. 

JUST ONE OF SUBURBAN'S 
OPTIONAL SEATING CHOICES 

trim are all-new; third-seat passengers now enjoy 

their own recessed foot-well and separate available 

climate control system. And in an age that increas

ingly sees six cylinders as suffiCient. GMC Suburban 

gives you the assurance of standard 5. 7 liter or avail

able 7.4 liter V8 power. As well as the technical 

sophistication of an available electronically con

trolled automatic transmission on 314-ton models. 

And the advanced safety of 4-wheel anti-lock 

braking on all models. 
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IDEA OF THE PERFECT WAY TO TRAVEL. 
But the full appreciation of Suburban's newness comes from consider the editors were towing a 27 -foot travel trailer at the time. 

behind the wheel. Reporting on the benefits of the new longer Inspect our all-new Suburban at your GMC Truck dealer's. 

wheelbase and independent front suspension, Trailer Lifewrote: It's the only vehicle that gives you the strengths of a truck, the 

"A very smooth, controlled boulevard ride. We found steer- versatility of a van and - for 1992 - the smooth, quiet ease and 

ing characteristics impossible to fault. comfort of a luxury sedan. Com-

Road feel was excellent ... requiring bined with the strength of 90 years 

little more than a two-finger effort on of GMC Truck experience. 

the steering wheel:' Driving accolades For more Suburban informa-

all the more impressive when you 

GMC. GMC Truck and Suburban are 
registered trademarks of General Motors Corporation. 

"FUN TO DRIVE SOLO ON MOUNTAIN ROADS." -Trailer Life 

THE STRENGTH OF EXPERIENCE 

tion, call 1-800-879-4621. 

© 1992 GM Corp. All Rights Reserved. IGMl � '.:\ 
Buckle up. Amencal ��.� 

�-© 1992 SCIENTIFIC AMERICAN, INC© 1992 SCIENTIFIC AMERICAN, INC



based on the crystal structure of a ras 
protein, which was deciphered inde
pendently by Alfred Wittinghofer of the 
Max Planck Institute for Medical Re
search in Heidelberg and Sung-Hou 
Kim of the University of California at 
Berkeley. The guanine nucleotide-bind
ing part of ras closely resembles that 
of signal-transducing G proteins. 

In contrast to receptors, G proteins 
do not seem to include strongly hy
drophobic regions that would explain 
how the proteins attach to the plasma 
membrane. Nevertheless, Susanne M. 
Mumby and Patrick J Casey in our lab
oratory and John A. Glomset and his 
associates at the University of Wash
ington have independently discovered 
a possible dab of "glue": one end of 
the gamma protein is bound to a lip
id molecule called an isoprenoid. We 
think the lipid might anchor G pro
teins to the cell membrane, for the sim
ple reason that it, like the phospholipid 
membrane, is hydrophobic. Or the iso
prenoid might help G proteins attach 
to other proteins in the membrane. The 
alpha subunits of some signal-trans
ducing G proteins are probably also 
bound to the membrane with assis-

tance from a second lipid known as 
myristic acid. 

Little is known about the conforma
tions of the effectors targeted by G pro
teins, but our laboratory has been mak
ing some headway with adenylyl cy
clase. On the basis of the amino acid 
sequence of several such molecules, we 
suggest that adenylyl cyclase assumes 
a rather complex shape: 12 transmem
brane segments collectively form a tun
nel resembling the channels through 
which ions travel in and out of cells. 
Two hydrophilic (water-loving) domains 
that reside in the cytoplasm are neces
sary for the synthesis of cyclic AMP. At 
the moment, we can only speculate on 
why the structure is so intricate. Per
haps adenylyl cyclase is more than an 
enzyme and serves as a transporter of 
some kind as well. 

Up to this point, we have focused 
mainly on individual pathways of sig
nal transduction. Yet, as the complexity 
of activity in heart muscle suggests, the 
Signaling pathways mediated by G pro
teins moderate one another's effects. 

When pathways converge, such as 
when different receptors act on the 
same type of G protein or when differ-

ent G proteins act on one kind of effec
tor, a cell may produce a single (albeit 
graded) response to different first mes
sengers. On the other hand, when path
ways diverge, such as when one kind 
of receptor acts on different types of 
G proteins or when one G protein acts 
on more than one effector, a cell may 
exhibit several concurrent responses to 
a single external message. The ability 
of receptors, G proteins and effectors 
to interact with more than one spe
cies of molecule inside the cell also 
means a cell can make different choices 
from time to time-now sending a sig
nal down one pathway and now direct
ing it along a somewhat different route. 

Clearly, the cell membrane is a switch
board of considerable complexity, tak
ing in a diversity of signals, assess
ing their relative strengths and relaying 
the summed signals to second messen
gers that will assure the cell reacts ap
propriately to a changing environment. 
The specific responses a cell makes de
pend on the precise combination of sig
nals affecting it from without, as well 
as on both the mix of its receptors, G 
proteins and effectors and the reper
toire of other specialized proteins it 

A Sampling of Physiological Effects Mediated by G Proteins 

AFFECTED 
STIMULUS CELL TYPE G PROTEIN EFFECTOR EFFECT 

Epinephrine, Liver cells Gs Adenylyl cyclase Breakdown of glycogen 
glucagon 

Epinephrine, Fat cells Gs Adenylyl cyclase Breakdown of fat 
glucagon 

Luteinizing Ovarian follicles Gs Adenylyl cyclase Increased synthesis of estrogen 
hormone and progesterone 

Antidiuretic Kidney cells Gs Adenylyl cyclase Conservation of water by kidney 
hormone 

Acetylcholine Heart muscle cells Gi Potassium channel Slowed heart rate and decreased 
pumping force 

Enkephalins, Brain neurons GjlGo Calcium and potassium Changed electrical activity of neurons 
endorphins, channels, adenylyl 
opioids cyclase 

Angiotensin Smooth muscle cells Gq Phospholipase C Muscle contraction; elevation of 
in blood vessels blood pressure 

Odorants Neuroepithelial cells 
in nose 

Golf Adenylyl cyclase Detection of odorants 

Light Rod and cone cells Gt CyclicGMP Detection of visual signals 
in retina phosphodiesterase 

Pheromone Baker's yeast GPA1 Unknown Mating of cells 
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produces. Of particular importance are 
the unique proteins in a cell. Hence, a 
liver cell, which contains phosphorylase 
and stores much glycogen, will respond 
to epinephrine through Gs by liberating 
glucose. Heart cells, which produce spe
cialized channels and contractile pro
teins, will respond through Gs by con
tracting more forcefully and frequently. 

T here is obvious satisfaction in un
raveling the mechanisms of trans
membrane signaling, but these 

explorations have a practical side, too. 
Studies of Signaling systems that rely 
on G proteins have already improved 
knowledge of several diseases, which is 
a first step to their rational control. 

The bacterium responsible for cholera 
secretes a toxin that enters intestinal 
cells, where it prevents the alpha sub
unit of Gs from converting GTP to GOP. 
The toxin, then, prevents Gs from shut
ting itself off. Consequently, the cells ac
cumulate excess cyclic AMP, which caus
es them to secrete large amounts of 
electrolytes and water into the lumen 
of the gut. The severe diarrhea causes 
potentially lethal dehydration. 

The bacterium that causes whooping 
cough elaborates a related toxin that 
prevents receptors from activating Gj. 
Without an inhibitor, stimulatory path
ways again remain functional for too 
long. This toxin affects many types of 
cells, apparently contributing to the im-

CELL MEMBRANE is a kind of switchboard that can merge varied signals or route 
similar signals down multiple paths, depending on the needs of the cell. For in
stance, messages arriving through different receptors can produce a single effect if 
the receptors act on the same kind of G protein (purple arrows). On the other 
hand, messages coming in through a single receptor can produce more than one re
sponse if the receptor acts on different kinds of G proteins (red arrows) or if the G 
proteins act on different effectors ( green arrows). 

munodeficiency that can accompany the 
characteristic cough. 

Finally, mutations of G proteins, in
cluding Gs and Gj, seem to participate 
in the development of some cancers. In 
the cells of pituitary tumors, for exam
ple, Bourne and his colleagues in San 
Francisco have found mutations in the 
gene that specifies the alpha subunit of 
Gs. The mutations cause the subunit to 
act on effectors for minutes rather than 
seconds, which can promote excessive 
replication of pituitary cells. Similarly, 
in a more widespread example, defects 
that impair the ability of ras proteins 
to convert GTP to GOP result in uncon
trolled proliferation of cells. 

Because G proteins control the highly 
specialized functions of most cells, in
vestigators are also beginning to exam
ine whether disturbances in G protein 
function can contribute to conditions 
as diverse as heart failure, diabetes and 
psychological depression. As knowledge 
of the structure and activity of G pro
teins expands, it should be possible to 
design drugs to interact selectively with 
speCific types, thereby correcting de
fective functioning in disordered cells 
while leaving healthy cells untouched . 

. Ultimately, scientists will compile a 
complete wiring diagram of the plasma 
membrane in all the myriad cell types 
of the human organism. For each, they 
will know how dozens of types of re
ceptors, G proteins and effectors are 

connected. And they will be able to pre
dict how the cells will operate in re
sponse to any combination of signals. 
As one wag has said, for those who 
would hope to develop drug therapies, 
such discoveries would be like giving a 
thief a wiring diagram to the alarm sys
tem at a banle 
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Genetic Algorithms 
Computer programs that ({evolve" in ways that resemble 

natural selection can solve complex problems 
even their creators do not fully understand 

n·ving organisms are consummate 
problem solvers. They exhibit a ver

satility that puts the best com
puter programs to shame. This observa
tion is especially galling for computer 
scientists, who may spend months or 
years of intellectual effort on an al
gorithm, whereas organisms come by 
their abilities through the apparently 
undirected mechanism of evolution and 
natural selection. 

Pragmatic researchers see evolution's 
remarkable power as something to be 
emulated rather than envied. Natural 
selection eliminates one of the greatest 
hurdles in software design: specifying 
in advance all the features of a problem 
and the actions a program should take 
to deal with them. By harnessing the 
mechanisms of evolution, researchers 
may be able to "breed" programs that 
solve problems even when no person 
can fully understand their structure. In
deed, these so-called genetic algorithms 
have already demonstrated the ability 
to make breakthroughs in the design of 
such complex systems as jet engines. 

Genetic algorithms make it possible 
to explore a far greater range of poten
tial solutions to a problem than do con
ventional programs. Furthermore, as re
searchers probe the natural selection of 
programs under controlled and well-un-

JOHN H. HOLLAND has been investi
gating the theory and practice of algo
rithmic evolution for nearly 40 years. He 
is a professor of psychology and of elec
trical engineering and computer science 
at the University of Michigan. Holland 
received a B.S. in physics from the Mas
sachusetts Institute of Technology in 
1950 and served on the Logical Planning 
Group for IBM's first programmed elec
tronic computer (the 701) from 1950 un
til 1952. He received an M.A. in math· 
ematics and a Ph.D. in communication 
SCiences from the University of Michi
gan. Holland has been a member of the 
Steering Committee of the Santa Fe in
stitute since its inception in 1987 and is 
an external professor there. 
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derstood conditions, the practical re
sults they achieve may yield some in
sight into the details of how life and in
telligence evolved in the natural world. 

Most organisms evolve by means of 
two primary processes: natural selec
tion and sexual reproduction. The first 
determines which members of a pop
ulation survive to reproduce, and the 
second ensures mixing and recombina
tion among the genes of their offspring. 
When sperm and ova fuse, matching 
chromosomes line up with one another 
and then cross over partway along their 
length, thus swapping genetic material. 
This mixing allows creatures to evolve 
much more rapidly than they would if 
each offspring simply contained a copy 
of the genes of a single parent, modified 
occasionally by mutation. (Although uni
cellular organisms do not engage in 
mating as humans like to think of it, 
they do exchange genetic material, and 
their evolution can be described in anal
ogous terms.) 

Selection is simple: if an organism 
fails some test of fitness, such as recog
nizing a predator and fleeing, it dies. 
Similarly, computer scientists have little 
trouble weeding out poorly performing 
algorithms. If a program is supposed to 
sort numbers in ascending order, for ex
ample, one need merely check whether 
each entry of the program's output is 
larger than the preceding one. 

People have employed a combination 
of crossbreeding and selection for mil
lennia to breed better crops, racehorses 
or ornamental roses. It is not as easy, 
however, to translate these procedures 
for use on computer programs. The 
chief problem is the construction of a 
"genetic code" that can represent the 
structure of different programs, just as 
DNA represents the structure of a per
son or a mouse. Mating or mutating the 
text of a FORTRAN program, for exam
ple, would in most cases not produce a 
better or worse FORTRAN program but 
rather no program at all. 

The first attempts to mesh computer 
science and evolution, in the late 1950s 

and early 1960s, fared poorly because 
they followed the emphasis in biolOgi
cal texts of the time and relied on muta
tion rather than mating to generate new 
gene combinations. Then, in the early 
1960s, Hans]. Bremermann of the Uni
versity of California at Berkeley added 
a kind of mating: the characteristics of 
offspring were determined by summing 
up corresponding genes in the two par
ents. This mating procedure was limit
ed, however, because it could apply only 
to characteristics that could be added 
together in a meaningful way. 

D uring this time, I had been in
vestigating mathematical analy
ses of adaptation and had be

come convinced that the recombination 
of groups of genes by means of mating 
was a critical part of evolution. By the 
mid-1960s I had developed a program
ming technique, the genetic algorithm, 
that is well suited to evolution by both 
mating and mutation. During the next 
decade, I worked to extend the scope of 
genetic algorithms by creating a genet
ic code that could represent the struc
ture of any computer program. 

The result was the classifier sys
tem, consisting of a set of rules, each 
of which performs particular actions 
every time its conditions are satisfied 
by some piece of information. The con
ditions and actions are represented by 
strings of bits corresponding to the 
presence or absence of specific charac
teristics in the rules' input and output. 
For each characteristic that was pres
ent, the string would contain a 1 in the 
appropriate position, and for each that 
was absent, it would contain a O. For ex
ample, a classifier rule that recognized 
dogs might be encoded as a string con
taining l's for the bits corresponding to 
"hairy," "slobbers," "barks," "loyal" and 
"chases sticks" and O's for the bits cor
responding to "metallic," "speaks Urdu" 
and "possesses credit cards." More real
istically, the programmer should choose 
the Simplest, most primitive character
istics so that they can be combined-as 
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in the game of 20 Questions-to classify 
a wide range of objects and situations. 

Although they excel at recognition, 
these rules can also be made to trigger 
actions by tying bits in their output to 
the appropriate behavior [see illustra
tion on page 69]. Any program that can 
be written in a standard programming 
language such as FORTRAN or llSP can 
be rewritten as a classifier system. 

To evolve classifier rules that solve a 
particular problem, one simply starts 
with a population of random strings of 
l's and O's and rates each string ac
cording to the quality of its result. De
pending on the problem, the measure 
of fitness could be business profitabili
ty, game payoff, error rate or any num
ber of other criteria. High-quality strings 
mate; low-quality ones perish. As gen
erations pass, strings associated with 
improved solutions will predominate. 

Furthermore, the mating process con
tinually combines these strings in new 
ways, generating ever more sophisti
cated solutions. The kinds of problems 
that have yielded to the technique range 
from developing novel strategies in 
game theory to designing complex me
chanical systems. 

R ecast in the language of genetic 
algorithms, the search for a good 
solution to a problem is a search 

for particular binary strings. The uni
verse of all possible strings can be con
sidered as an imaginary landscape; val
leys mark the location of strings that 
encode poor solutions, and the land
scape's highest point corresponds to 
the best possible string. 

Regions in the solution space can also 
be defined by looking at strings that 
have l's or O's in speCified places-a 

kind of binary equivalent of map coor
dinates. The set of all strings that start 
with a 1, for example, constitutes a re
gion in the set of possibilities. So do all 
the strings that start with a 0 or that 
have a 1 in the fourth position, a 0 in 
the fifth and a 1 in the sixth and so on. 

One conventional technique for ex
ploring such a landscape is hill climb
ing: start at some random point, and if 
a slight modification improves the qual
ity of your solution, continue in that di
rection; otherwise, go in the opposite 
direction. Complex problems, howev
er, make landscapes with many high 
points. As the number of dimensions of 
the problem space increases, the coun
tryside may contain tunnels, bridges 
and even more convoluted topological 
features. Finding the right hill or even 
determining which way is up becomes 
increasingly difficult. In addition, such 

BEE ORCHID demonstrates the specificity with which natural 
genetic selection can match an organism to a particular niche. 
The flower, which resembles a female bumblebee, is fertilized 
by male bees that attempt to mate with it. Mechanisms similar 

to natural selection, the author says, can produce computer 
programs (so-called genetic algorithms) capable of solving 
such complex problems as the design of jet turbines or com
munications networks. 
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CROSSOVER is the fundamental mechanism of genetic rear
rangement for both real organisms and genetic algorithms. 

Chromosomes line up and then swap the portions of their ge
netic code beyond the crossover point. 

search spaces are usually enormous. If 
each move in a chess game, for exam
ple, has an average of 10 alternatives, 
and a typical game lasts for 30 moves 
on each side, then there are about 1060 
strategies for playing chess (most of 
them bad). 

Genetic algorithms cast a net over this 
landscape. The multitude of strings in 
an evolving population samples it in 
many regions simultaneously. Notably, 
the rate at which the genetic algorithm 
samples different regions corresponds 
directly to the regions' average "eleva
tionn-that is, the probability of finding 
a good solution in that vicinity. 

This remarkable ability of genetic 
algorithms to focus their attention on 
the most promising parts of a solution 
space is a direct outcome of their ability 
to combine strings containing partial so
lutions. First, each string in the popula
tion is evaluated to determine the per
formance of the strategy that it encodes. 
Second, the higher-ranking strings mate. 
Two strings line up, a point along the 
strings is selected at random and the 
portions to the left of that point are 
exchanged to produce two offspring: 
one containing the symbols of the first 
string up to the crossover point and 
those of the second beyond it, and the 
other containing the complementary 
cross [see illustration above]. Biological 
chromosomes cross over one another 
when two gametes meet to form a zy
gote, and so the process of crossover in 
genetic algorithms does in fact close
ly mimic its biological model. The off
spring do not replace the parent strings; 
instead they replace low-fitness strings, 
which are discarded at each generation 
so that the total population remains the 
same size. 

Third, mutations modify a small frac
tion of the strings: roughly one in every 
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10,000 symbols flips from 0 to 1, or vice 
versa. Mutation alone does not general
ly advance the search for a solUtion, 
but it does provide insurance against 
the development of a uniform popula
tion incapable of further evolution. 

T he genetic algorithm exploits the 
higher-payoff, or "target," regions 
of the solution space, because 

successive generations of reproduction 
and crossover produce increasing num
bers of strings in those regions. The al
gorithm favors the fittest strings as 
parents, and so above-average strings 
(which fall in target regions) will have 
more offspring in the next generation. 

Indeed, the number of strings in a giv
en region increases at a rate proportion
al to the statistical estimate of that re
gion's fitness. A statistician would need 
to evaluate dozens of samples from 
thousands or millions of regions to es
timate the average fitness of each re
gion. The genetic algorithm manages to 
achieve the same result with far fewer 
strings and virtually no computation. 

The key to this rather surprising be
havior is the fact that a single string 
belongs to all the regions in which any 
of its bits appear. For example, the 
string 11011001 is a member of regions 
11 ****,,* (where the * indicates that a 
bit's value is unspecified), 1***,,*',1, 
**0**00* and so forth. The largest re
gions-those containing many unspeci
fied bits-will typically be sampled by 
a large fraction of all the strings in a 
population. Thus, a genetic algorithm 
that manipulates a population of a few 
thousand strings actually samples a 
vastly larger number of regions. This 
implicit parallelism gives the genetic al
gorithm its central advantage over oth
er problem-solving processes. 

Crossover complicates the effects of 

implicit parallelism. The purpose of 
crossing strings in the genetic algorithm 
is to test new parts of target regions 
rather than testing the same string over 
and over again in successive genera
tions. But the process can also "move" 
an offspring out of one region into an
other, causing the sampling rate of dif
ferent regions to depart from a strict 
proportionality to average fitness. That 
departure will slow the rate of evolution. 

The probability that the offspring of 
two strings will leave its parents' re
gion depends on the distance between 
the 1 's and O's that define the region. 
The offspring of a string that samples 
10****, for example, can be outside 
that region only if crossover begins at 
the second position in the string-one 
chance in five for a string containing 
six genes. (The same building block 
would run a risk of only one in 999 if 
contained in a 1,000-gene string.) The 
offspring of a six-gene string that sam
ples region 1 ***,' 1 runs the risk of leav
ing its parents' region no matter where 
crossover occurs. 

Closely adjacent l's or O's that define 
a region are called compact building 
blocks. They are most likely to survive 
crossover intact and so be propagated 
into future generations at a rate propor
tional to the average fitness of strings 
that carry them. Although a reproduc
tion mechanism that includes crossover 
does not manage to sample all regions 
at a rate proportional to their fitness, it 
does succeed in doing so for all regions 
defined by compact building blocks. 
The number of compactly defined build
ing blocks in a population of strings still 
vastly exceeds the number of strings, 
and so the genetic algorithm still ex
hibits implicit parallelism. 

Curiously, an operation in natural ge
netics called inversion occasionally rear-
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ranges genes so that those far apart in 
the parents may be placed close to one 
another in the offspring. This amounts 
to redefining a building block so that it 
is more compact and less subject to be
ing broken up by crossover. If the build
ing block specifies a region of high aver
age fitness, then the more compact ver
sion automatically displaces the less 
compact one because it loses fewer off
spring to copying error. As a result, 
an adaptive system using inversion can 
discover and favor compact versions of 
useful building blocks. 

The genetic algorithm's impliCit par
allelism allows it to test and exploit 
large numbers of regions in the search 
space while manipulating relatively few 
strings. Implicit parallelism also helps 
genetic algorithms to cope with nonlin
ear problems-those in which the fit
ness of a string containing two particu
lar building blocks may be much great
er (or much smaller) than the sum of 
the fitnesses attributable to each build
ing block alone. 

Linear problems present a reduced 
search space because the presence of a 
1 or a 0 at one position in a string has 
no effect on the fitness attributable to 
the presence of a 1 or 0 somewhere 
else. The space of 1,000-digit strings, 
for example, contains more than 31,000 
possibilities, but if the problem is lin
ear, an algorithm need investigate only 
strings containing 1 or 0 at each posi
tion, a total of just 2,000 possibilities. 

When the problem is nonlinear, the 
difficulty increases sharply. The average 
fitness of strings in the region ,,01***, 
for example, could be above the popu
lation average, even though the fitness
es associated with ,,0;,*** and ** 1 *** 
are below the population average. Non
linearity does not mean that no useful 
building blocks exist but merely that 
blocks consisting of single l's or O's 
will be inadequate. That characteristic, 
in turn, leads to an explosion of possi
bilities: the set of all strings 20 bits in 
length contains more than three billion 
building blocks. Fortunately, implicit 
parallelism can still be exploited. In a 
population of a few thousand strings, 
many compact building blocks will ap
pear in 100 strings or more, enough to 
provide a good statistical sample. Build
ing blocks that exploit nonlinearities to 
attain above-average performance will 
automatically be used more often in fu
ture generations. 

In addition to coping with nonlineari
ty, the genetic algorithm helps to solve 
a conundrum that has long bedeviled 
conventional problem-solving methods: 
striking a balance between exploration 
and exploitation. Once one finds a good 
strategy for playing chess, for exam-

pIe, it is possible to concentrate on ex
ploiting that strategy. But this choice 
carries a hidden cost because exploita
tion makes the discovery of truly novel 
strategies unlikely. Improvements come 
from trying new, risky things. Because 
many of the risks fail, exploration in
volves a degradation of performance. 
Deciding to what degree the present 
should be mortgaged for the future is 
a classic problem for all systems that 
adapt and learn. 

The genetic algorithm's approach to 
this obstacle turns on crossover. Al
though crossover can interfere with 
the exploitation of a building block by 
breaking it up, this process of recombi
nation tests building blocks in new 
combinations and new contexts. Cross
over generates new samples of above
average regions, confirming or disprov
ing the estimates produced by earlier 
samples. Furthermore, when crossover 

breaks up a building block, it produces 
a new block that enables the genetic al
gorithm to test regions it has not previ
ously sampled. 

The game known as the Prisoner's 
Dilemma illustrates the genetic algo
rithm's ability to balance exploration 
against exploitation. This long-studied 
game presents its two players with a 
choice between "cooperation" and "de
fection": if both players cooperate, they 
both receive a payoff; if one player de
fects, the defector receives a higher 
payoff and the cooperator receives 
nothing; if both defect, they both receive 
a minimal payoff [see table on page 71]. 
For example, if player A cooperates and 
player B defects, then player A receives 
no payoff and player B receives a pay
off of five points. 

Political scientists and sociologists 
have studied the Prisoner's Dilemma be
cause it provides a Simple, clear-cut ex-

How to Build a Classifier System 

B uilding a computer algorithm that 
can evolve requires a way of rep

resenting the program so that any 
change in its genotype (the bits that 
compose the program) leads to a 
meaningful change in its phenotype 

(what the program does). A classifier 
consists simply of strings represent
ing possible characteristics of the pro
gram's input and actions to take 
(be/ow). Changing any symbol in a 
string changes its behavior. 

A classifier system to emulate a frog, for ex
ample, might contain strings that react to 
objects that the frog sees. Depending on an 
object's motion, size, location and other at
tributes, the frog would attack, pursue or ig
nore it. Several strings may match the same 
input string; the one with the fewest "don't 
care" symbols governs the system's actions. 

INPUT 

IF OBJECT IS MOVING, FLEE 

IF OBJECT IS MOVING, IN THE AIR, SMALL AND NEAR, PURSUE 

OUTPUT 

IF OBJECT IS MOVING, IN THE AIR, SMALL, NEAR AND STRIPED, DO NOTHING 
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ample of the difficulties of cooperation. 
Game theory predicts that each player 
should minimize the maximum dam
age the other player can inflict: that is, 
both players should defect. Yet when 
two people play the game together re
peatedly, they typically learn to cooper
ate with each other to raise their joint 
payoff. One of the most effective known 
strategies for the Prisoner's Dilemma is 
"tit for tat," which begins by cooperat
ing but thereafter mimics the last play 
of the other player. That is, it "punish
es" a defection by defecting the next 
time, and it rewards cooperation by co
operating the next time. 

Robert Axelrod of the University of 
Michigan, working with Stephanie For
rest, now at the University of New Mex
ico, decided to find out if the genetic 
algorithm could discover the tit-for-tat 
strategy. Applying the genetic algorithm 
first requires translating possible strate
gies into strings. One simple way is to 
base the next response on the outcome 
of the last three plays. Each iteration 
has four possible outcomes, and so a 
sequence of three plays yields 54 pos
sibilities. A 54-bit string contains one 
gene (or bit position) for each. The first 
gene, for instance, would be allocated 
to the case of three consecutive mutual 
cooperations and the last to three mu
tual defections. The value of each gene 
would be either 1 or 0 depending on 
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GENE POOL of algorithms consists of strings of l's and O's. Each string is evaluated 
for fitness, and the best strings mate (second column) and produce offspring by 
means of crossover (indicated by a vertical black line). Strings of intermediate 
fitness simply survive to the next generation, and the least fit perish. If particular 
patterns of bits (shown here by colored areas) improve the fitness of strings that 
carry them, repeated cycles of evaluation and mating (succeeding columns) will 
cause the proportion of these high-quality "building blocks" to increase. The pattern 
corresponding to each building block appears in the rightmost column; asterisks 
represent bits whose values are unspecified. 

whether the preferred response to its 
corresponding history was cooperation 
or defection. For example, the 54-bit 
string consisting of all O's would desig
nate the strategy that defects in all cas
es. Even for such a simple game, there 
are 264 (approximately 15 quadrillion) 
different strategies. 

Axelrod and Forrest supplied the ge
netic algorithm with a small random 
collection of strings representing strate
gies. The fitness of each string was sim
ply the average of the payoffs its strate
gy received under repeated play. All 
these strings had low fitnesses because 
most strategies for playing the Prison
er's Dilemma are not very good. Quickly 
the genetic algorithm discovered and ex
ploited tit for tat, but further evolution 
introduced an additional improvement. 
The new strategy, discovered while the 
genetic algorithm was already playing at 
a high level, exploited players that could 
be "bluffed"-lured into cooperating re
peatedly in the face of defection. It re
verted to tit for tat, however, when the 
history indicated the player could not 
be bluffed. 

B iological evolution operates, of 
course, not to produce a single 
superindividual but rather to pro

duce interacting species well adapted 
to one another. (Indeed, in the biologi
cal realm there is no such thing as a 

best individual.) Similarly, the genetic 
algorithm can be used, with modifica
tions, to govern the evolution not mere
ly of individual rules or strategies but 
of classifier-system "organisms" com
posed of many rules. Instead of select
ing the fittest rules in isolation, com
petitive pressures can lead to the evo
lution of larger systems whose abilities 
are encoded in the strings that make 
them up. 

Re-creating evolution at this higher 
level requires several modifications to 
the original genetic algorithm. Strings 
still represent condition-action rules, 
and each rule whose conditions are met 
generates an action as before. Rating 
each rule by the number of correct ac
tions it generates, however, will favor 
the evolution of individual "superrules" 
instead of finding clusters of rules that 
interact usefully. To redirect the search 
toward interacting rules, the procedure 
is modified by forcing rules to compete 
for control of the system's actions. Each 
rule whose conditions are met com
petes with all other rules whose condi
tions are met, and the strongest rules 
determine what the system will do in 
that given situation. If the system's ac
tions lead to a successful outcome, all 
the winning rules are strengthened; oth
erwise they are weakened. 

Another way of looking at this meth
od is to consider each rule string as a 
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hypothesis about the classifier's world. 
A rule enters the competition only when 
it "claims" to be relevant to the current 
situation. Its ability to compete depends 
on how much of a contribution it has 
made to solving similar problems. As 
the genetic algorithm proceeds, strong 
rules mate and form offspring rules 
that combine their parents' building 
blocks. These offspring, which replace 
the weakest rules, amount to plausible 
but untried hypotheses. 

Competition among rules provides 
the system with a graceful way of han
dling perpetual novelty. When a system 
has strong rules that respond to a par
ticular situation, that is the equivalent 
of saying that it has certain well-validat
ed hypotheses. Offspring rules, which 
begin life weaker than do their parents, 
can win the competition and influence 
the system's behavior only when there 
are no strong rules whose conditions 
are satisfied-in other words, when the 
system does not know what to do. If 
their actions help, they survive; if not, 
they are soon replaced. Thus, the off
spring do not interfere with the sys
tem's action in well-practiced situations 
but wait gracefully in the wings as hy
potheses about what to do under novel 
circumstances. 

Adding competition in this way 
strongly affects the evolution of a clas
sifier system. Shortly after the system 
starts running, it evolves rules with sim
ple conditions-treating a broad range 
of situations as if they were identical. 
The system exploits such rules as de
faults that specify something to be done 
in the absence of more detailed infor
mation. Because the default rules make 
only coarse discriminations, however, 
they are often wrong and so do not 
grow in strength. As the system gains 
experience, reproduction and crossover 
lead to the development of more com
plex, speCific rules that rapidly become 
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0.65 1011 1111JOll00ll0l0 l 00 l 0l l 00ll I 
0.70 1 011�11110011001101010010110011 1 
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0.60 1101010010100010100010010110011 1 
0.65 1 011�11 1 100110001000100101100111 
0.70 110101 00101000101000010100011101 

1 ........ • ...... • ...... ··· 0 1 1 1· 1 

1 .......... • • • • • •  .. 1 0 0 1  .. 1 0  .. · 1 
1 ...... 1 1.1 0 0  .. • ............ ·· 1 

0.60 11010100101000111010010100011101 

strong enough to dictate behavior in 
particular cases. 

Eventually the system develops a hi
erarchy: layers of exception rules at the 
lower levels handle most cases, but the 
default rules at the top level of the hi
erarchy come into play when none of 
the detailed rules has enough informa
tion to satisfy its conditions. Such de
fault hierarchies bring relevant experi
ence to bear on novel situations while 
preventing the system from becoming 
bogged down in overly detailed options. 

The same characteristics that make 
evolving classifier systems adept at han
dling perpetual novelty also do a good 
job of handling situations where the 
payoff for a given action may come 
only long after the action is taken. The 
earliest moves of a chess game, for ex
ample, may set the stage for later victo
ry or defeat. 

To train a classifier system for such 
long-term goals, a programmer gives 
the system a payoff each time it com
pletes a task. The credit for success (or 
the blame for failure) can propagate 
through the hierarchy to strengthen (or 
weaken) individual rules even if their 
actions had only a distant effect on the 
outcome. Over the course of many gen
erations the system develops rules that 
act ever earlier to set the stage for later 
payoffs. It therefore becomes increas
ingly able to anticipate the consequenc
es of its actions. 

G enetic algorithms have now been 
tested in a wide variety of con
texts. David E. Goldberg of the 

University of Illinois, for example, has 
developed algorithms that learn to con
trol a gas pipeline system modeled on 
the one that carries natural gas from the 
Southwest to the Northeast. The pipe
line complex consists of many branches, 
all carrying various amounts of gas; the 
only controls available are compressors 

that increase pressure in a particular 
branch of the pipeline and valves to 
regulate the flow of gas to and from 
storage tanks. Because of the tremen
dous lag between manipulating valves 
or compressors and the actual pressure 
changes in the lines, there is no analyt
ic solution to the problem, and human 
controllers, like Goldberg's algorithm, 
must learn by apprenticeship. 

Goldberg's system not only met gas 
demand at costs comparable to those 
achieved in practice, but it also devel
oped a hierarchy of default rules ca
pable of responding properly to holes 
punched in the pipeline (as happens 
all too often in reality at the blade of 
an errant bulldozer). Lawrence Davis of 
Tica Associates in Cambridge, Mass., 
has used similar techniques to design 
communications networks; his soft
ware's goal is to carry the maximum 
possible amount of data with the mini
mum number of transmission lines and 
switches interconnecting them. 

A group of researchers at General 
Electric and Rensselaer Polytechnic In-

The Prisoner's Dilemma 

PLAYER 

(A) 
COOPERATE 

(A) 
DEFECT 

(B) 
COOPERATE 

3/3 

0/5 

(B) 
DEFECT 

5/0 

0/0 

IN PRISONER'S DILEMMA each play
er can either cooperate or defect and 
receives a payoff based on the other's 
choice. If both cooperate, for example, 
both receive three points. Mutual defec
tion is the safest strategy, but repeated 
play often leads to cooperation instead. 
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SOFlW ARE TO DESIGN JET TURBINE includes a genetic algorithm that combines 
the best features of designs produced by other programs. Engineers using the algo
rithm achieved better results than with more conventional software aids. 

stitute recently put a genetic algorithm 
to good use in the design of a high-by
pass jet engine turbine such as those 
that power commercial airliners. Such 
turbines, which consist of multiple stag
es of stationary and rotating blade rows 
enclosed in a roughly cylindrical duct, 
are at the center of engine-development 
projects that last five years or more and 
consume up to $ 2 billion. 

The design of a turbine involves at 
least 100 variables, each of which can 
take on a different range of values. The 
resulting search space contains more 
than 10387 points. The "fitness" of the 
turbine depends on how well it satisfies 
a series of 50 or so constraints, such as 
the smooth shape of its inner and out
er walls or the pressure, velocity and 
turbulence of the flow at various points 
inside the cylinder. Evaluating a single 
design requires running an engine sim
ulation that takes about 30 seconds on 
a typical engineering workstation. 

In one fairly typical case, an engi
neer working alone took about eight 
weeks to reach a satisfactory design. 
So-called expert systems, which use in
ference rules based on experience to 
predict the effects of a change of one 
or two variables, can help direct the de
signer in seeking out useful changes. 
An engineer using such an expert sys
tem took less than a day to design an 
engine with twice the improvements of 
the eight-week manual design. 

Such expert systems, however, soon 
get stuck at points where further 
improvements can be made only by 
changing many variables simultaneous-
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ly. These dead ends occur because it is 
practically impossible to sort out all the 
effects associated with different multi
ple changes, let alone to specify the re
gions of the design space within which 
previous experience remains valid. 

To get away from such a point, the 
designer must find new building blocks 
for a solution. Here is where the genet
ic algorithm comes into play. Seeding 
the algorithm with designs produced 
by the expert system, an engineer took 
only two days to find a design with 
three times the improvements of the 
manual version (and half again as many 
as using the expert system alone). 

This example points up both a 
strength and a limitation of simple ge
netic algorithms: they are at their best 
when exploring complex landscapes to 
locate regions of enhanced opportuni
ty. But if a partial solution can be im
proved further by making small chang
es in a few variables, it is best to aug
ment the genetic algorithm with other, 
more standard methods. �thOUgh genetic algorithms mimic 

the effects of natural selection, 
until now they have operated 

on a much smaller scale than does bio
logical evolution. My colleagues and I 
have run classifier systems containing 
as many as 8,000 rules, but this size is 
at the low end of viability for natural 
populations. Large animals that are not 
endangered may number in the mil
lions, insect populations in the trillions 
and bacteria in the quintillions or more. 
These large numbers greatly enhance 

the advantages of implicit parallelism. 
As maSSively parallel computers be

come more common, it will be feasible 
to evolve software populations whose 
size more closely approaches those of 
natural species. Indeed, the genetic al
gorithm lends itself nicely to such ma
chines. Each processor can be devoted to 
a single string because the algorithm's 
operations focus on single strings or, 
at most, a pair of strings during cross
over. As a result, the entire population 
can be processed in parallel. 

We still have much to learn about 
classifier systems, but the work done 
so far suggests they will be capable of 
remarkably complex behavior. Rick L. 
Riolo of the University of Michigan has 
already observed genetic algorithms 
that display "latent learning" (a phe
nomenon in which an animal such as a 
rat explores a maze without reward and 
is subsequently able to find food placed 
in the maze much more quickly). 

At the Santa Fe Institute, Forrest, W. 
Brian Arthur, John H. Miller, Richard G. 
Palmer and I have used classifier sys
tems to simulate economic agents of 
limited rationality. These agents evolve 
to the point of acting on trends in a 
simple commodity market, producing 
speculative bubbles and crashes. 

The simulated worlds these agents 
inhabit show many similarities to natu
ral ecosystems: they exhibit counter
parts to such phenomena as symbio
sis, parasitism, biological "arms races," 
mimicry, niche formation and specia
tion. Still other work with genetic algo
rithms has shed light on the conditions 
under which evolution will favor sexual 
or asexual reproduction. Eventually ar
tificial adaptation may repay its debt to 
nature by increasing researchers' un
derstanding of natural ecosystems and 
other complex adaptive systems. 
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Breath Tests in Medicine 
Since antiquity, it has been known that the breath contains clues 

to many diseases. Researchers are developing a new generation 
of breath tests as an alternative to invasive diagnostic procedures 

F or many people, the idea of breath 
testing conjures up a vision of a 
roadside interrogation by a grim

faced police officer. A motorist sus
pected of being intoxicated must blow 
into a hand-held instrument that, after 
a few seconds, indicates the amount of 
alcohol in the blood. Despite this unflat
tering association with inebriation and 
arrest, breath testing is blossoming into 
an exciting area of medical technolo
gy. Physicians have begun using these 
tests to diagnose an increasingly wide 
variety of diseases without the hazards 
or discomforts of invasive procedures. 
Furthermore, breath tests are provid
ing important new insights into the un
derstanding of basic biochemical func
tions of the body. 

The recent upsurge in interest stems 
from advances in analytic technology, 
which have made it possible to identi
fy a rapidly growing number of com
pounds in the breath. Clinical studies 
with these improved assays have shown 
that the presence of abnormal chemi
cals in the breath can aid in the early 
diagnosis of many diseases. 

The breath contains valuable informa
tion because only a slender barrier sep
arates the air in the alveoli of the lung 
from the blood in the capillaries. This 
barrier is called the pulmonary alveolar 
membrane. Like water flowing down a 
hill, a volatile organic compound, such 
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ments at the University of Connecticut 
and Georgetown University. He writes 
that his main interests are in the clinical 
pharmacology of alcohol abuse and in 
"the less popular exhalations of the hu
man body-breath and sweat-for the 
neglected windows they open onto meta
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as alcohol or methyl mercaptan (the fra
grant compound in garlic), will diffuse 
across the alveolar membrane from 
the compartment with the higher vapor 
pressure to the lower, from the air into 
the blood, or vice versa. 

The detection of volatile organic com
pounds in the breath has a long histo
ry. Since the time of Hippocrates, phys
icians have known that the aroma of 
human breath can provide clues to di
agnosis. The astute clinician is alert for 
the sweet, fruity odor of acetone in pa
tients with uncontrolled diabetes, the 
musty, fishy reek of advanced liver dis
ease, the urine like smell that accom
panies failing kidneys and the putrid 
stench of a lung abscess. 

B ut without objective chemical 
analysis, breath testing as a med
ical tool could not have pro

gressed beyond educated sniffing. This 
problem attracted the attention of sci
entists more than 200 years ago. An
toine Laurent Lavoisier, celebrated as 
the father of the "chemical revolution" 
and renowned for his discovery of the 
role of oxygen in combustion, was also 
a pioneer in breath testing. 

In 1784 he and Pierre Simon Laplace, 
the French mathematical physicist, ana
lyzed the breath of a guinea pig. They 
found that the animal consumed oxygen 
and expired carbon dioxide. This finding 
was the first direct evidence that food 
undergoes combustion in the body. In 
this discovery lies both the foundation 
of modem biochemistry and the expres
sion "to be a guinea pig," as Lavoisier 
confirmed the finding by using himself 
as a subject. 

Lavoisier's apparatus included an in
genious innovation that researchers to
day still use in various guises: the breath 
trap. This device accumulates and con
centrates components of the breath. La
voisier's trap was a chemical solution 
through which he bubbled a large vol
ume of breath. The carbon dioxide in 
the breath reacted with the solution to 
form a visible precipitate. 

Carbon dioxide is relatively easy to 
detect, because it makes up approxi
mately 5 percent of the breath. Unfortu
nately, most other volatile compounds 
in the breath are present in much lower 
concentrations, in parts per million or 
less. Their detection had to wait until 
the mid-19th century, when colorimet
ric assays were introduced. In such an 
analysis, an organic compound inter
acts with reagents in a solution to pro
duce a change in color. 

One of the earliest to exploit color
imetric analysis was A. Nebelthau, a 
physician at the Marburg PolycliniC in 
Germany. He constructed a device to 
analyze the breath of patients suffering 
from diabetes mellitus. When uncon
trolled, this condition causes the blood 
glucose to rise to excessively high lev
els; as a result, the body generates large 
quantities of acetone as a major me
tabolite. When Nebelthau bubbled a pa
tient's breath through the alkaline io
dine trap of his apparatus, he observed 
a rapid and intense change in color. 
The change demonstrated that unusual 
amounts of acetone were being excret
ed through the lungs. 

In 1874 the British physician Francis 
E. Anstie applied colorimetric analysis 
to study the fate of alcohol in the hu
man body. His objective was to resolve 
the controversy raging between physi
ologists, who believed the body broke 
down alcohol as it does food, and tem
perance activists, who thought the body 
excreted it unchanged as if it were a 
foreign substance. Anstie's breath trap 
contained a solution of chromic acid, 
which changed from red-brown to green 
in the presence of ethyl alcohol. In an 

BREAlH-COLLECTION DEVICE in the au
thor's laboratory provides the patient 
with air purified by activated carbon (in 
containers at the left). Exhaled breath 
passes through a drying agent (in con
tainer at the right) and is trapped for 
later analysis. The nose clip ensures the 
patient breathes through the tubing. 
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elegant series of experiments, he dem
onstrated that the amount of alcohol ex
creted via the breath and other routes 
fell far short of the amount consumed. 
Therefore, most of the alcohol must 
have been metabolized. (He is also re
membered as the originator of Anstie's 
limit: more than two alcoholic drinks a 
day may be injurious to one's health, a 
concept strongly supported by modern 
findings.) 

Current hand-held breath analyzers 
for alcohol are electronic: the donor 
blows into a plastic tube, and a spring
loaded piston withdraws approximate
ly one cubic centimeter of breath, which 
is oxidized in a fuel cell. The resulting 
electric current is proportional to the 
concentration of alcohol in the breath. 
After a few seconds, the breath analyz
er calculates and then displays digitally 
the blood alcohol concentration. 

A testing for alcohol demonstrates, 
it is easy to detect a volatile or

ganic compound in the breath 
if the substance has been consumed 
in large quantities beforehand. Conse
quently, many breath tests require a 
patient to consume a dose of a specif
ic precursor to a volatile chemical. The 

disease reveals itself when an abnor
mal quantity of the breakdown prod
ucts appears in the breath. 

For example, physicians use this ap
proach to diagnose an intestinal disor
der known as malabsorption syndrome. 
This condition causes severe and chron
ic diarrhea because the diseased intes
tine cannot absorb food efficiently. One 
consequence of the syndrome is that 
most of the sugar in food arrives at 
the colon intact, where bacteria break 
it down. The bacterial action releases 
hydrogen, which is absorbed into the 
blood and excreted through the lungs. 
As a test, a physician gives the patient 
an oral dose of xylose, a five-carbon 
sugar normally absorbed completely by 
the small intestine. The appearance of 
large amounts of hydrogen in the breath 
within the next few hours confirms the 
diagnosis of malabsorption syndrome. 

This test can also be refined to dem
onstrate less common kinds of malab
sorption, in which the intestine fails to 
absorb a speCific carbohydrate. For in
stance, a patient who has a defiCiency of 
lactase in the small bowel will produce 
hydrogen after a dose of lactose but not 
after a dose of a different sugar, such as 
xylose or glucose. Other disorders of the 

small intestine, such as bacterial over
growth, can also be diagnosed by breath 
testing. This condition may result from 
any cause of stagnation in the small 
intestine, including scarring resulting 
from a surgical procedure or damage 
to the nerves that control the propul
sion rate of food through the gut. 

Breath testing is also used to identify 
damage to the pancreas. Jay A. Perman 
of the Johns Hopkins University School 
of Medicine studied children with cystic 
fibrosis, an often fatal condition that 
severely harms the pancreas and lungs. 
He gave them a dose of rice starch, a 
complex carbohydrate. Children with 
impaired pancreatic function could not 
secrete sufficient amylase to digest the 
meal in the small intestine. Instead the 
bacteria in the colon completed the di
gestive task, producing hydrogen, which 
was detectable in the breath. 

Although the presence of hydrogen 
can help diagnose several disorders of 
the intestine, other markers are also 
useful. For example, radioactive carbon 
14 is used to identify diseases of the 
pancreas. The carbon 14 is combined 
with other compounds that are me
tabolized by pancreatic enzymes. The 
amount of radioactive carbon dioxide 
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lAVOISIER'S LABORATORY to study human breath may be the earliest recorded. In 
this woodcut, a subject breathes oxygen through a tube, so that the French chemist 
can study respiration. Madame Lavoisier, seated at the right, records the data. 

(14C02) that subsequently appears in 
the breath indicates how well the pan
creas is functioning. For instance, a dis
eased pancreas may not secrete suffi
cient lipase to break down dietary fats. 
A physician can identify the disorder 
if a reduced amount of 14C02 appears 
in the breath after the patient has con
sumed a dose of a radiolabeled triglyc
eride, a low-molecular-weight fat. 

Although breath tests for disorders 
of the small intestine and pancreas are 
the primary ones now used by the med
ical community, recent studies have 
shown that the technique holds promise 
in recognizing other conditions. Breath 
tests employing radioactive carbon 14 

labeling may be especially useful in 
diagnosing two of the most common 
stomach disorders seen in general med
ical practice: peptic ulcer disease and 
chronic gastritis. The conditions may 
result from Helicobacter pylori infec
tions, which appear to be quite com
mon. The infections are probably under
diagnosed because confirmation usually 
requires endoscopy, in which the phys
ician passes an instrument into the 
stomach to collect a sample of the mu
cosal lining. 

Barry J Marshall of the University of 
Virginia Health Sciences Center has 
shown that breath tests are a highly re
liable noninvasive alternative to en-

Breath Tests in Gastroenterology HYDROGEN 
IN BREATH 
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doscopy in the detection of Helicobac
ter infections. Helicobacter possesses 
an enzyme called urease, which is not 
present in humans. If an infected pa
tient consumes a dose of urea labeled 
with carbon 14, the urease in Helico
bacter will break down the urea in the 
stomach. One of the metabolites will be 
14C02, which is absorbed by the blood 
and excreted in the breath. 

A similar test is also proving useful 
in uncovering damage to the liver. Con
ditions such as cirrhosis and hepatitis 
often go unnoticed in their early stag
es. By the time bilirubin, a major me
tabolite of hemoglobin, builds up in the 
blood to cause the characteristic jaun
dice, a patient may have lost more than 
50 percent of the cells in the liver. 

Breath testing can measure the im
pairment of speCific metabolic path
ways before jaundice sets in. Specifi
cally, it can test the N-demethylation 
pathway in the hepatic microsomes, 
which is affected early by any kind of 
liver damage. The demethylation pro
cess in a healthy liver releases substan
tial amounts of carbon dioxide. To de
tect liver injury, a phYSician can give 
a patient a dose of a tracer compound, 
such as aminopyrine, phenacetin or ga
lactose, labeled with radioactive carbon 
14. Any impairment of N-demethyla
tion capacity will reveal itself through a 
marked reduction in the rate at which 
14C02 appears in the breath. 

There are other markers of liver dis
ease. For example, the liver normally 

SUGAR 

,.....--- 14C-LABELED 
BILE SALT 

SMALL INTESTINE 

Peptic ulcers and chronic gastritis may result from infections of 
Helicobacter pylori. The bacteria will break down a dose of 14C
labeled urea into 14C02, which is absorbed by the blood and will 
appear in the breath. 

In malabsorption syndrome, the small intestine is unable to 
absorb a sugar, such as xylose, lactose, sucrose, glucose, fructose 
or lactose. Hydrogen will appear in the breath. A dose of a bile 
salt labeled with carbon 14 will reveal bacterial overgrowth. 
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breaks down climethyl sulfide, a volatile 
metabolite of the amino acid methio
nine. But if the liver's functions are im
paired, a greater quantity of dimethyl 
sulfide "spills over" into the breath. 

Diagnosis of disease is only one realm 
in which breath testing can be useful. 
Drug mOnitoring is a neglected but po
tentially fruitful field, because most pre
scribed and illicit drugs have low mo
lecular weights. Their vapor pressures at 
body temperature may be sufficiently 
high so that they or their metabolites 
are propelled into the alveolar air in 
measurable quantities. Indeed, breath 
tests for alcohol are so widely employed 
that it is curious that testing for other 
drugs is still comparatively unexplored. 
Metabolites of marijuana can be readily 
measured in the breath for several days 
after use. 

Breath testing can also illuminate dif
ferences in metabolism. It had long been 
observed that Asians react to the con
sumption of alcohol in a different man
ner from most whites. Many Asians ex
perience flushing after a drink, as well 
as more severe reactions, such as palpi
tations, nausea and malaise. Breath tests 
have confirmed that concentrations of 
acetaldehyde, a volatile metabolite of al
cohol, are considerably higher in Asians 
than in whites after consumption of an 
alcoholic beverage. Further research has 
shown that more than 80 percent of 
Asians generally have relatively low lev
els of aldehyde dehydrogenase in the 
liver microsomes. A dose of alcohol re-

suIts in a greater buildup of acetalde
hyde in the blood, causing flushing and 
other unpleasant symptoms. 

Breath testing is already proving use
ful in monitoring the exposure of in
dustrial workers to potentially hazard
ous solvents and petrochemicals. Sev
eral of these toxic compounds can be 
readily measured in human breath. Sen
sitive breath tests developed by Edo D. 
Pellizzari, now at the Research Triangle 
Institute in North Carolina, and his col
leagues at the Environmental Protection 
Agency have shown that toxic chemi
cals can pollute air far from the factory 
floor. It is now clear that indoor air in 
the workplace, office and home may 
be polluted with small amounts of sev
eral compounds, some of them carcin
ogens. In one study Pellizzari and his 
colleagues found that workers in hard
ware stores had ingested volatile com
pounds that may have originated from 
carpet solvents and plastics. �l the breath tests described so 

far detect either a volatile or
ganic compound that had been 

previously consumed (such as alcohol) 
or the metabolites of a precursor. Re
searchers have attempted to advance 
one step further by detecting the vola
tile compounds present in the breath 
under normal circumstances. In 1971 li
nus Pauling described an elegantly sim
ple method for microanalysis of normal 
breath. He first passed breath through a 
cold trap consisting of a stainless-steel 

COMPLEX 14C-LABELED 

HYDROGEN 
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CARBOHYDRATE LIPID 14C-LABELED 
COMPOUND 
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tube chilled by dry ice. He then assayed 
the condensate by gas chromatography 
and mass spectroscopy. He observed ap
proximately 2 50 different compounds. 
This surprisingly large number indi
cated that the composition of human 
breath was more complex than had 
been previously suspected. Other lab
oratories have confirmed his findings, 
and researchers have now isolated near
ly 400 volatile organic compounds in 
normal human breath. 

Why have scientists not routinely as
sayed these compounds, if the technol
ogy has been available for more than 
20 years? Let me attempt to answer 
this question by inviting the reader to 
accompany me on an imaginary visit to 
my laboratory at Bayley Seton Hospital 
in Staten Island. As you enter, I point 
out the instruments we use to analyze 
volatile compounds in breath: thermal 
desorbers, gas chromatographs and a 
mass spectrometer, their functions all 
orchestrated by microcomputers. 

But, you wonder, how does one ac
tually collect breath samples in the 
first place? I now display our collect
ing apparatus, which is something of 
an anticlimax. It is a handcrafted and 
somewhat bizarre-appearing device on 
a wheeled cart. Several meters of plas
tic tubing wind in seemingly disparate 
directions; a plywood container conceals 
a pump and even more tubing. The 
unit contrasts oddly with the polished 
elegance of the analytic instruments. 

This clash of technological styles is 
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PATHWAY 

BACTERIA REDUCED 14C02 
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A lipid labeled with carbon 14 will be broken down by lipase, so 
any deficiency will result in a below normal amount of 14(02 in 
the breath. Insufficient production of amylase, which breaks down 
carbohydrates, will be revealed by the presence of hydrogen. 

Impaired functioning of the N-demethylation pathway can be 
detected by giving aminopyrine, phenacetin or galactose labeled 
with carbon 14. Sulfur metabolism can be gauged by methionine, 
which is broken down by the body into dimethyl sulfide. 
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often encountered in laboratories where 
breath compounds are studied. The ana
lytic instruments are purchased "off the 
shelf," while the collection technology 
consists of the unstandardized gadgetry 
created by individual tinkerers. Despite 
two centuries of experience gained since 
Lavoisier's time, there is still no gener
al agreement on the best way to trap a 
sample of concentrated breath. 

Much of the debate is caused by sev
eral difficulties in designing breath-col
lection equipment. First and foremost, 
a patient should have no trouble exhal
ing into the device. Blowing through 
a liquid trap can be hard work, which 
probably explains why Lavoisier's sub
jects stripped to the waist before using 
the instrument. Even Pauling's device, 
which included a tube five feet long and 
0.2 inch in diameter, could not have 
been especially easy to blow through. In 
addition, mouthpiece parts must be re
placeable to avoid any risk of transmit
ting infections from patient to patient. 

Contamination of the sample is also 
a major consideration. Even the cleanest 
room is polluted with volatile chemicals 
from such sources as ventilation units 
and solvents in carpeting adhesive. 
The trace compounds are measurable 
as background "noise." In addition, 
the moisture in breath will condense 
into droplets on the tubing, which may 

contaminate the chemically clean trap. 
For meaningful results, the appara

tus must be able to sample breath that 
has originated deep in the lungs, be
cause human breath is not a homoge
neous gas. The first 150 milliliters of ev
ery expiration consists of "dead space" 
air from the upper airways, where no 
gas exchange has occurred (a healthy 
individual exhales half a liter or more 
with each breath). The trap should also 
capture only the volatile compounds of 
interest and allow the remainder, in
cluding nitrogen and oxygen (which to
gether constitute more than 90 percent 
of the breath), to pass unimpeded. 

Generally speaking, there are three 
types of breath traps: chemical, 
cryogenic and adsorptive. None 

is perfect. Chemical trapping usually 
uses traditional "wet chemistry": breath 
is bubbled through a reagent solution 
that captures a specific compound, such 
as ethanol or acetone. The method is 
simple and direct, and the trapped de
rivative, often colored, can be measured 
easily. The disadvantages are poor sen
sitivity and the physical effort required 
of the donor. 

In cryogenic trapping, the volatile 
compounds are captured by freezing. 
The breath travels through a tube im
mersed in such cooling fluids as liquid 

Collecting Human Breath 

T his device, in the author's laboratory, is mounted on a cart, which can 
be wheeled to a patient's bedside [see illustration on page 75]. Room 
air is pumped through the activated carbon, supplying the volunteer 

with chemically clean air. Exhaled alveolar breath, drawn through the water 
trap to remove moisture, passes through the stainless-steel breath trap, 
which captures the volatile organic compounds. The one-way valves prevent 
backflow. The respirometer measures the amount of each exhalation. 
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nitrogen, which is at -196 degrees Cel
sius. Unfortunately, a cold trap also 
freezes the water and carbon dioxide 
in the breath and may rapidly become 
plugged by ice. 

Adsorptive trapping has become the 
most convenient and most widely used 
method today. It captures volatile com
pounds by binding them to agents such 
as activated carbon and adsorptive res
ins. Recent advances in microprocessor
controlled thermal desorbers, which au
tomatically "bake off " and concentrate 
trapped compounds, have made the 
technique even more convenient. 

Several investigators have developed 
highly sensitive assays using adsorp
tive traps. They include Pellizzari, M. 
Sydney Gordon of Battelle, Jack O'Neill 
of the IIT Research Institute in Chicago 
and E. S. Kovaleva and R. Liedeman of 
the All-Union Mental Health Research 
Center in Moscow. 

The apparatus that my colleague 
Joel Greenberg and I have made il
lustrates how adsorptive trapping can 
overcome most of the technical diffi
culties [see illustration on this page]. In 
our device the donor inhales purified 
air and breathes out into an exhaust 
tube. One-way valves ensure that there 
is no reflux of breath into the reservoir 
of purified air. There is virtually no re
sistance to breathing because the tubing 
is wide (nearly three centimeters in di
ameter), and the one-way valves require 
very little pressure to open and close. 
Even severely ill patients can donate a 
sample without much discomfort. 

No sample is collected from the first 
part of the breath, which contains the 
dead-space air. Only alveolar breath 
from deep in the lungs is extracted from 
the exhaust tube. Five minutes of collec
tion yields 10 liters of alveolar breath. 
The breath is dessicated in water traps 
and drawn through a stainless-steel 
tube, where activated carbon and an ad
sorptive resin capture the volatile or
ganic compounds. Later, a thermal de
sorber automatically strips the volatile 
compounds from the trap and concen
trates them more than 200,000 times, 
for separation by gas chromatography 
and assay by mass spectrometry. 

The main drawback of adsorptive 
trapping is that it may have a greater 
affinity for some compounds than for 
others. The gas chromatograph is also a 
source of variation. It separates samples 
in a long, narrow tube (called the sep
arating column), whose chemical com
position influences the number of de
tectable compounds. Thus, our method 
yields only about 50 to 60 compounds. 
This comparatively small number has 
proved more than sufficient for re
search purposes. 
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At our current state of knowledge, 
microanalysis of volatile compounds in 
the breath has raised more questions 
than it has answered. The first and 
most pressing question is, from where 
do the compounds come? The origin of 
most is still unknown. Some may be 
environmental pollutants. For instance, 
we found carbon disulfide in the breath 
of all our human volunteers. The com
pound might be a breakdown product 
of sulfur-containing amino acids. On 
the other hand, we have also found car
bon disulfide in air samples collected 
in and around New York City. The ori
gin of the compound is not a trivial 
concern, because studies have shown 
that environmental exposure to carbon 
disulfide can accelerate atherosclerosis 
and coronary artery disease. 

Another problem is the sheer over
whelming mass of data. It is difficult to 
identify a disease marker among nearly 
400 different compounds. Even when 
abnormal quantities of a compound are 
observed in patients suffering from a 
particular illness, phYSicians must still 
use rigorous statistical analysis before 
they can be confident that the findings 
are not due to chance. 

Studies by Gordon and O'Neill have 
illustrated both the promise and the 
potential pitfalls of identifying new dis
ease markers in the breath. They as
sayed volatile chemicals in the breath 
of patients with lung cancer and found 
higher than normal concentrations of 
acetone, methylethylketone, n-propanol, 
tolualdehyde and oxepanone. These 
findings are exciting, because a breath 
test for the early detection of lung can
cer could become an important new 
tool in medical practice. But physicians 
will need more "hard" clinical informa
tion about such tests, including its sen
sitivity and specificity and its positive 
predictive value. Until then, breath test
ing for lung cancer will remain only a 
provocative possibility. 

Lack of information now limits the 
clinical value of most breath tests. Only 
some are accepted as diagnostic tools. 
Yet all are fascinating signposts to pos
sible future developments. For example, 
the measurement of dimethylamine and 
volatile fatty acids in the breath might 
enable physicians to recognize diseas
es of the kidneys and liver in their earli
est stages, before any symptoms have 
developed, without invasive procedures 
or the administration of a precursor. 

Breath tests also offer intriguing clues 
to the biochemical basis of many dis
eases whose causes are still unknown. 
In particular, two alkanes in the breath, 
pentane and ethane, are known to be 
elevated in several conditions. Edward 
J Zarling of Loyola University Medical 
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VOLATILE ORGANIC COMPOUNDS in human breath are identified by mass spec
troscopy; they show up as large peaks. Only some of the 50 to 60 chemicals detect
ed are labeled. Other assays have discerned nearly 400 compounds. 

Center has found increased levels of 
pentane in the breath of patients suffer
ing from acute myocardial infarction, 
arthritis or multiple sclerosis. Kovaleva 
and Liedeman discovered that acutely 
psychotic schizophreniC patients had 
high concentrations of pentane, which 
rapidly returned to normal as their clin
ical condition improved during treat
ment. Elevated levels of ethane have 
also been observed in the breath of hu
mans and animals deficient in vitamin 
E and such trace metals as selenium 
and copper. 

The excretion of pentane and ethane 
in the breath appears to result from an 
accumulation of free radicals of oxygen 
in a damaged cell. These free radicals at
tack the fatty acids in cell membranes, 
a process that releases the alkanes. The 
toxic effects of the free radicals have 
assumed an increasing importance in 
recent years, because they seem to me
diate the final stages of cellular damage 
arising from a wide range of causes. 

H oW can breath testing make the 
transition from the realm of re
search into the mainstream of 

clinical practice? The two most press
ing needs are for simplification and 
clinical evaluation. Simplification is es
sential, because the methods currently 
employed to collect, concentrate and 
assay breath samples are too compli
cated and expensive for general use. 

This situation may change during the 
next decade. New assay instruments on 
the horizon, such as spectroscopes that 

use infrared lasers and mass spectrom
eters that provide instantaneous read
outs, may be able to detect low levels 
of volatile organic compounds in an 
unconcentrated sample of breath. Im
proved collection procedures combined 
with rapid assays should enable re
searchers to conduct detailed clinical 
studies of the diagnostic value of breath 
tests. Physicians and patients of the 
21st century may eventually corne to 
think of a breath test in much the same 
way we now think of a chest x-ray: as 
an inexpensive and convenient screen
ing test that can help the physician di
agnose several diseases in their earliest 
and most treatable stages. 
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Reproductive Strategies 
of Frogs 

The familiar progression from egg to tadpole is only one 
of many methods. Others include egg to froglet, 

egg brooding, and tadpoles in the mother's stomach 

I n 175 8 the German naturalist A. ]. 
Rosel von Rosenhoft published what 
was then the definitive study of frog 

development. His magnum opus, with 
its detailed descriptions and meticu
lously executed drawings, provided the 
world with a close-up view of a frog's 
life cycle-from egg to tadpole to four
legged adult. 

Yet Rosenhoft's work, which was 
based entirely on the common European 
frog, Rana esculenta, is now known to 
describe only one of many life-history 
strategies exhibited by frogs as a group. 
Among herpetologists (those who study 
frogs and their relatives), inclucting my
self, it is increasingly apparent that 
many species do not conform to the life 
cycle of the common European frog. Al
though some frogs adhere to its stereo
typical mode of development (depos
iting thousands of small eggs that be
come free-swimming tadpoles), many 
more have evolved reproductive strate
gies that border on the improbable. In
deed, in reflecting on my 40 years as a 
field biologist, two thoughts come to 
mind. The first is frogs are never-encting 

WILLIAM E. DUELLMAN took the op
portunity to study frogs when he was 
a student at the University of Michigan. 
Through this work he acquired a lifelong 
interest in frogs and their reproductive 
biology. After obtaining his Ph.D. at Mich
igan, he joined the faculty of the Univer
sity of Kansas, where he is professor in 
the department of systematics and ecol
ogy, curator of the division of herpetol
ogy in the Museum of Natural History 
and director of the Center for Neotropi
cal Biological Diversity. His field studies 
have taken him throughout North and 
South America and to Africa and Austra
lia. His studies have resulted in some 
250 publications, including Hy/id Frogs 
of Middle America and, with Linda Trueb, 
Biology of Amphibians. 
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sources of fascination; the second is 
they adhere to few conventions. 

Frogs and toads (hereafter referred to 
collectively as frogs) are members of 
the amphibian order Anura, a term that 
means tailless in Greek and appropri
ately describes the adult form. Over the 
course of the 200 million years since 
anurans first appeared in the fossil 
record, they have differentiated into 
some 24 families and more than 3,800 
species. The precise number of species 
is unknown because new frogs are dis
covered at a remarkable rate: several 
dozen are formally described every 
year. Another indicator of the group's 
success is the degree to which its mem
bers have dispersed across the planet. 
Today frogs inhabit all continents ex
cept Antarctica and have adapted to a 
breadth of environments, including 
deserts, forests and grasslands; some 
species even live at altitudes greater 
than 5,000 meters ( 19,685 feet) in the 
Himalayan and Andean mountains. 

N Ot surprisingly, though, the 
group is most abundant in trop
ical regions. One of the richest 

localities I know, for instance, is a small 
outpost in Ecuador's Amazon basin 
called Santa Cecilia, where my col
leagues and I once collected 56 differ
ent frogs in a single evening. A total of 
81 species actually live there (precisely 
the number of frog species in the entire 
U.S.). Although the diversity of frogs at 
Santa Cecilia is unusually high, 40 or 
more species are commonly found in 
tracts of rain forest no bigger than two 
square kilometers. 

But the frogs of Santa Cecilia are 
noteworthy for another reason: they 
epitomize a key trend in frog evolution, 
notably the movement away from wa
ter, toward land. Of the 81 species we 
found there, 35 are terrestrial during 
one or more developmental stages. Yet 

their proclivity for life on land belies a 
fundamental requirement of the group: 
amphibian eggs-like those of fishes
must be kept continuously moist be
cause the semipermeable egg mem
brane offers little protection against 
desiccation. Moreover, virtually all males 
(like fishes) lack an intromittent organ, 
or penis, and thus must inseminate the 
eggs externally, after they pass from 
the female's cloaca (the combined re
productive and excretory opening). 

Such a feat is accomplished when 
the male grasps the female (generally 

MATING FROGS of the genus Centrolene 
were photographed in Colombia. Their 
popular name, which derives from their 
transparency, is glass frogs; at the right 
the transparency makes the female's 
eggs visible. The eggs (below) develop 
on leaves above streams. 
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around her armpits) in a mating em
brace known as amplexus. In most tem
perate species, mating takes place in the 
water, and so the egg clutch (and the 
aquatic tadpoles that hatch subsequent
ly from it) is never at risk of desicca
tion. The situation is considerably dif
ferent on land, however, where rainfall 
is not guaranteed and humidity levels 
may fluctuate. 

In view of such physiological con
straints, how is it frogs have colonized 
land so successfully? And why, given 
the harsh conditions that prevail on 
land, has it been evolutionarily advanta
geous for them to do so? The answer to 
the first question has several parts. To 
begin with, most terrestrial frogs inhab
it tropical rain forests, where high hu
midity levels (close to 90 percent) re
duce the risk of dehydration and where 
ambient air temperatures (25 to 30 de
grees Celsius on average) foster rapid 
growth. 

More significant perhaps is that ter-

restrial frogs adhere to surprisingly 
few stereotypes; during the 200 million 
years since their debut, they have 
evolved numerous-and in many cases 
startling-adaptations for life on land. 
Because many of these adaptations 
have arisen multiple times, they are 
construed to have a powerful selective 
advantage. Finally, it should be said that 
life on land does not necessarily im
ply life without water; many species lay 
their eggs in the small, temporary pools 
that form after a heavy rain or in plac
es such as the spray zone of waterfalls 
where the humidity is exceptionally 
high. Thus, they are not terrestrial in 
the strict sense of the word. 

T he second question is harder be
cause it is not so easily proved. 
Nevertheless, most herpetologists 

believe land offers a reprieve from 
aquatic predators such as the fishes and 
insects (and their aquatic larvae) that 
abound in tropical ponds and streams. 

The problem is most acute during the 
egg stage, when mortality may reach 
as high as 100 percent. Rich in protein 
and polysaccharides, the frog's mem
branous egg capsule provides prize fod
der for an abundance of predators. Ac
cording to my colleague Linda Trueb of 
the University of Kansas, frogs have 
achieved the best of both worlds: by 
adapting to land, they have reduced the 
risk of predation, yet by retaining the 
ability to live in water, they are able to 
move as conditions change. The jump
ing hind legs, of course, enable adults 
to change habitats quickly, and the mus
cular tail of some tadpoles allows them 
to wriggle across the ground. 

In fact, many species complete only 
the egg stage on land, returning to wa
ter as tadpoles. In short, adaptive strat
egies among terrestrial frogs cover a 
broad gamut of behaviors. One of the 
simplest and most common calls for 
laying eggs near water. Indeed, egg 
clutches are often seen glued to the 
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REPRODUCTIVE TACTICS of frog species vary widely; some 
border on the improbable. In this depiction the genus name 

appears at the lower right of each panel, and the reproductive 
strategy is summarized at the upper left. One of the most un-

rocks and vegetation that overhang 
a tropical pond or mountain stream; 
from this vantage, the tadpoles drop 
neatly into the water when they hatch. 
All leaf frogs and glass frogs (so called 
because the skin on their ventrum, or 
underside, is transparent) lay their eggs 
in this fashion. Other species deposit 
their eggs in shallow depressions adja
cent to ponds; when the nest floods, 
the tadpoles wash directly into the larg
er body of water. J\:0re sophisticated alternative, 

which has been documented in 
at least four families, is to en

velop the eggs in protective foam. As 
the eggs are laid, one or the other par
ent vigorously kicks its hind legs, mix
ing together air, sperm, eggs, cloacal 
secretions and sometimes water. When 
the frothy mass dries, its exterior turns 
tacky (sometimes hard) and so protects 
the eggs from physical harm. At the 
same time, the egg-filled interior re
mains liquid for as long as 10 days, 
which enables the eggs to survive short 
bouts of drought. 

Strategies for laying eggs on
. 

land 
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may lead to increased survivorship with
in the clutch, but they clearly have no 
effect on mortality during the aquatic 
tadpole stage. Indeed, predation pres
sure operating at the tadpole level prob
ably explains another trend in frog bi
ology: the shift away from streams and 
ponds to small pools or puddles that 
contain water for only a few days or 
weeks at a time. Such temporary pools 
often form in tree holes, at the base of 
arboreal plants called bromeliads or in 
small cavities in the ground. Because 
these water pockets are too ephemeral 
to support a predator population, they 
provide a comparatively safe environ
ment in which all stages of the frog's 
life cycle can unfold. The great risk, of 
course, is that the water will evaporate 
before the eggs hatch or the tadpoles 
complete their development, in which 
case the entire clutch perishes. 

A more derived evolutionary strategy 
involves prolongation of the egg stage. 
Rather than producing eggs that hatch 
into free-living tadpoles, some frogs lay 
eggs that hatch into four-legged frog
lets. Known as direct development, the 
process significantly reduces mortality, 

although fewer eggs are produced be
cause each embryo needs a large quan
tity of yolk to see it through the long 
maturation period. Direct development 
is associated with nine families of 
frogs, including the immense tropical 
American genus Eleutherodactylus and 
related genera; it also occurs in many 
Australian, Asian and African species. 
In fact, the elimination of a free-living, 
feeding tadpole stage is characteristic 
of nearly 800 frog species-20 percent 
of the species known. 

Although most direct-development 
frogs live in rain or cloud forests, one of 
the more interesting but poorly under
stood genera of this kind is Breviceps, 
the African rain frog. As the name sug
gests, the animal comes above ground 
only during heavy downpours. Although 
much about the life history of this elu
sive animal remains undocumented, the 
adults are known to form pairs dur
ing the breeding season. Adults emerge 
from their underground burrows and 
absorb rainwater through the skin, thus 
replenishing fluid in their bladder and 
other body tissues. 

Because of his comparatively diminu-
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usual strategies is found in the Australian genus Rheobatrachus: after the male has 
fertilized the eggs, the female swallows them and broods them in her stomach. 

tive size, the male cannot achieve am
plexus with the larger, rotund female 
but instead glues himself to her back. 
With the male riding on her back, the 
female burrows into the ground and 
proceeds to lay eggs that are then fer
tilized by her amplectic partner. Peri
odically the female wets the eggs with 
water from her bladder, keeping them 
moist until they hatch as froglets. Most 
species of Breviceps are true desert 
dwellers, living in the arid regions of 
sub-Saharan Africa, and one (B. mac
raps) inhabits coastal sand dunes, on 
the Atlantic coast of South Africa, where 
there is no fresh water. 

Some species undergo a form of 
highly specialized direct development 
known as viviparity. Literally meaning 
live birth, viviparity occurs when the 
eggs are retained inside the female, 
hatching as advanced tadpoles or frog
lets after a period of incubation more 
reminiscent of mammals than of am
phibians. Although energetically taxing 
for the female, viviparity protects the 
young against terrestrial predators and 
profoundly influences the chances of 
survival. 

Viviparity has been documented in 
only five species of frogs (of those, 
four belong to the same genus), but the 
number is bound to increase as biolo
gists learn more about the life history 
of tropical anurans.In three-Eleuthero
dactylus jasperi from Puerto Rico and 
Nectophrynaides tamieri and N. vivipa
rus from Africa-the tadpoles rely sole
ly on egg yolk for their development 
and so are considered ovoviviparous 
(meaning live birth from eggs). True 
viviparity, in which the female supple
ments yolk with secretions from her 
oviduct, giving birth to newly metamor
phosed froglets, is known to occur in 
only two African species: N. liberiensis 
and N. occidentalis. 

P arental care, the range of be
haviors exhibited by individuals 
protecting their offspring, is well 

documented among birds and mam
mals, but it is also unexpectedly com
mon among frogs. As with other ani
mals, parental care among frogs typ
ically involves one or both parents. 
Some species display only rudimentary 
behavior, as in the case of the African 

hairy frog (so named because males 
grow long, hairlike extensions of the 
epidermis when breeding), which sim
ply sits on its egg clutches in water, but 
by doing so protects them from aquat
ic predators such as insect larvae and 
fish. Or parental care may be more en
ergetically costly, as in the case of the 
small African toad, Nectaphryne afra, 
the male of which stays with its eggs 
throughout their development, kicking 
his feet in the water near the eggs and 
thus increasing oxygen flow through 
the membranes. Among more special
ized frogs, care ranges from retention 
of the young before they hatch (as in 
viviparous species) to the transporta
tion, feeding and incubation of the 
young after they hatch. 

Males act as guardians of the off
spring in some species; in others the 
females do. In only a few are both sex
es known to cooperate as providers for 
their young. Peter Weygoldt of Albert
Ludwigs University in Germany studied 
a captive laboratory population and re
ported seeing a most unusual form of 
cooperation among males and females 
of Dendrabates pumilia, a small dart
poison frog from Costa Rica. In this 
species the two sexes divide parenting 
duties: males guard the eggs for the 
first 10 to 12 days until they hatch; 
thereafter females assume care for the 
young. The females begin by transport
ing each newborn tadpole to a bromeli
ad, at the base of which a small pool of 
water has collected. Although protect
ed from desiccation and predation, the 
tadpole has no food supply and there
fore relies entirely on its mother for 
nutrition during the six- to eight-week 
period to metamorphosis. The mother 
accommodates her offsprings' needs 
by returning periodically to each bro
meliad to deposit an unfertilized egg, 
which provides the tadpole with essen
tial proteins and carbohydrates [see 
"Dart-Poison Frogs," by Charles W. My
ers and John W. Daly; SCIENTIFIC AMER

ICAN, February 1983]. 
Progressive provisioning of this type 

has subsequently been reported in oth
er dart-pOison frogs, both in the lab
oratory and in the field. It has also 
been observed in the large Jamaican 
tree frog, Osteapilus brunneus, which 
like Dendrabates deposits its eggs in 
bromeliads. Leaf frogs (so named be
cause many species encase their eggs 
in leaves) have evolved a distinctly dif
ferent strategy. At the time they depos
it the egg clutch, female leaf frogs also 
lay many eggless, water-filled capsules. 
Although the capsules have no nutri
tive value, they are a vital source of wa
ter, which reaches the eggs by osmosis. 

In some species the task of parental 
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care falls to the males, who aggressive
ly defend their eggs against a variety of 
predators. The aptly named gladiator 
frogs, for instance, frequently engage 
in violent territorial disputes with oth
er males, wielding needlelike spines at 
the base of the thumb to slash the skin 

and eardrums of any intruder. In this 
species the males invest considerable 
time and energy in their offspring, ini
tially by forming nests in which the 
fertilized eggs will be laid and subse
quently by staying with the eggs until 
they hatch. 

M�UTH BREEDING by the adult male is part of the reproductive strategy of Dar
�'s frog, Rhinoderma darwinii. The male takes the newly hatched tadpoles into 
his 

.
mouth; they move into his vocal sacs and stay there for several weeks until 

therr development is complete. Developed tadpoles have just emerged from the 
mouth of this male, photographed in Chile. 
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FOAM NEST of the gray tree frog, ge
nus Chiromantis, is visible below the 
two mating pairs in the photograph at 
the left. The foam serves to protect the 
eggs. At a later stage (above), tadpoles 
are seen dropping from the foam nest 
into the water below. The photographs 
were made in South Africa. 

Males create the nests by scooping 
ml.).d from banks adjacent to slow-mov
ing streams or ponds, thus forming 
shallow basins that fill with water. The 
resulting predator-free site has the ad
vantage of being close to a permanent 
body of water but is nonetheless risky 
because the eggs, which are deposited 
as a thin film on the water's surface, 
are vulnerable to attack. Any rupture in 
the egg film, brought about, say, by the 
leap of another frog or the aerial dive of 
a dragonfly, will cause the eggs to sink 
to the bottom, where they die from lack 
of oxygen. Consequently, males vigor
ously defend their eggs and rush to 
head off any intruder. 

Other species forcefully defend their 
calling sites (which may include egg 
deposition sites). In Tandayapa, Ecua
dor, for example, I have seen Centro
lene males spring into action when ap
proached by conspecifics (males of the 
same species). Thus confronted, they 
grapple, attempting to dislodge one an
other from a favored leaf overhanging 
a stream. Males of the Australian tusked 
frog, Adeloms brevis, also engage in bat
tles. Equipped with long, pointed tusks 
that protrude from the lower jaw, they 
jump and snap at intruders. 

Not all males are so confrontation
al. In some species, males carry the 
eggs with them until they hatch and 
so have no need to defend a nest site. 
Such behavior was first observed more 
than 200 years ago, when males of 
the midwife toad (appropriately named 
Alytes obstetricans) were found with 
strings of eggs entwined around their 
hind legs. Since then, egg transport 
has been documented in at least eight 
families of frogs and has been noted 
in both males and females. It ranges 
from simple piggybacking (when the 
eggs or tadpoles adhere to the par-
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ent's back) to egg brooding (when the 
eggs develop in a special pouch some
what analogous to the marsupial mam
mal pouch). 

Although egg brooding is most com
mon among females, in the minute Aus
tralian hip-pocket frog, Assa darlingtoni, 
it is the males who brood the young. 
Shortly after hatching, the tadpoles wrig
gle up their father's legs and into spe
cial lateral pouches, where they contin
ue their development. In other species, 
males play a facilitating role during mat
ing, guiding the eggs to the female. In 
the South American frog Pipa, for ex
ample, egg laying is accompanied by a 
truly graceful display of underwater ac
robatics: as the swimming pair flips and 
turns, the male spreads the emerging 
eggs across his partner's back, where 
they adhere to her skin. In some spe
cies the skin then swells, enveloping 
the eggs in a protective matrix. After 
spending about two months thus em
bedded in the female's back, the tad
poles-or in some species tiny frog
lets-burst through the skin to become 
free-living frogs. 

One of my favorite examples of egg 
brooding occurs among South Ameri
can tree frogs in the family Hylidae. In
deed, because the frogs brood their 
eggs in a manner analogous to that of 
mammals, they are often referred to as 
the marsupial frogs. The analogy stems 
from the presence of a unique epider
mal pocket on the back of the female. 
As the eggs are extruded and fertilized, 
they are immediately pushed into the 
pouch by the male who propels them 
across the female's back with his feet. 
Once inside the pouch, the eggs devel
op special gill-like structures that ex
change oxygen and carbon dioxide os
motically with the highly vascularized 
tissues lining the pouch, enabling the 
embryos to breathe. 

In most species the eggs hatch as 
froglets, which then drop off the moth
er's back or crawl from her pouch. But 
in some species of Gastrotheca living at 
high elevations in the Andes, develop
ment terminates at the tadpole stage; 
the female sits in shallow ponds and 
releases her tadpoles into the water. 
The stage at hatching is determined by 
the amount of yolk present in each egg, 
which in turn reflects the number of 
eggs produced per clutch. Species in 
which the eggs hatch as small tadpoles 
produce 100 or more ova, each about 
two millimeters in diameter. Direct-de
velopment species may produce only 
six ova, but each is about 10 millime
ters in diameter [see "Marsupial Frogs," 
by Eugenia M. del Pino; SCIENTIFIC 

AMERICAN, May 1989]. 
Whereas the number of eggs tends 

TRANSPORT OF TADPOLES takes place on the back of a female dart-poison frog, 
Dendrobates reticulatus, in the Amazon rain forest of Peru. This female is carrying 
two tadpoles side by side. Once she gets them to water, often in a temporary pool 
formed at the base of the type of arboreal plant called a bromeliad, she will feed 
them with unfertilized eggs for about six weeks. 

to reflect clutch size, development 
time mirrors climate conditions. Frogs 
throughout the tropics, for example, 
develop relatively rapidly, sometimes 
spending only two or three weeks in the 
tadpole stage, whereas those that live in 
cool, temperate climates develop much 
more slowly. One such species is the 
spotted frog, Rana pretiosa, which lives 
in the cold streams that cascade down 
the Rocky Mountains. Because the cold 

water in which the frogs live slows 
their metabolism, more than one year 
is needed to produce fully yolked eggs, 
and females lay eggs only once every 
two or three years. 

Tadpoles, too, metamorphose slowly. 
Populations of bullfrogs, Rana cates
beiana, living in the northern U.S. and 
Canada, typically spend two years in the 
tadpole stage; another species, Asca
ph us truei, needs three years to reach 

MARSUPIAL FROGS get their name from the pouch on the back of the female. As 
eggs are fertilized, the male pushes them into the pouch, where they develop to 
the tadpole or froglet stage. Three newly born young are shown with their mother, 
and another is shown at birth from this female's pouch. She is a marsupial frog of 
the species Gastrotheca ovifera and was photographed in Venezuela. 
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adulthood. Although bullfrogs are enor
mously fecund, producing from 10,000 
to 20,000 eggs per year, mortality dur
ing the long development period is also 
extremely high, reaching as much as 99 

percent. 
In arid habitats, development is limit

ed not by temperature but by moisture. 
Desert-dwelling frogs such as Breviceps 
may breed only on one or two nights 
a year, when it rains heavily. But once 
fertilization occurs, growth proceeds 
rapidly. Spadefoot toads in the south
western U.S., for example, dispense with 
the tadpole stage in less than two 
weeks, a pace deemed necessary in a 
habitat where water may last for only a 
few weeks. Frogs in comparable habi
tats elsewhere in the world show simi

lar patterns. 

F ascinating as such diverse life
history strategies are, few would 
be scientifically documented were 

it not for the willingness of herpe
tologists to spend countless hours ob
serving frogs under natural field con
ditions. Indeed, I am often asked why 
I choose to spend so much time wan
dering through the world's jungles at 
night looking for snakes, frogs and other 
cold-blooded vertebrates. Yet the answer 

3 
ASCEND 
AND TURN 
OVER 

is obvious, I think, to any field biologist: 
the natural world offers an endless cor
nucopia of wonderment and surprise. 
My colleagues and I never know, for 
example, when something unique will 
suddenly appear in the beam of our 
headlamps, even though we might be 
walking along a trail that we have tra
versed a dozen nights in succession. 
Perhaps we will find a species we have 
never seen before; perhaps we will 
come across a species no one has ever 
seen before. 

One of the most thrilling moments of 
my life, in fact, took place during an ex
pedition to southern Chile in 1975. One 
day I came across Darwin's frog, Rhi
noderma darwinii, just as it was giving 
"birth." Although the frog is small and 
rather drab, it has evolved a mode of 
development unlike any ever described. 
Adult males take the newly hatched 
tadpoles into their mouth, and from 
there the young migrate to the vocal 
sacs. They remain for several weeks until 

growth is complete and then emerge 
from the father's mouth. 

I was aware that Rhinoderma en
gaged in such behavior but nonetheless 
was excited beyond words to see it fi
nally for myself. In fact, soon after wit
nessing a succession of froglets pa-

4 

rade from their father's mouth, I dashed 
a letter off to Michael]. Tyler, a col
league and fellow frog enthusiast at 
the University of Adelaide in Australia. 

Imagine my chagrin a few weeks later 
when I received a reply that put my 
small announcement to shame. Tyler 
and his colleagues C. ]. Corben and 
G. ]. Ingram had recently observed a 
previously unknown yet more bizarre 
form of parental care in an Austra
lian frog, Rheobatrachus silus. In that 
species, it is the females who swallow 
the eggs after fertilization and then 
brood them in the stomach. A pho
tocopy of the paper detailing the dis
covery was inscribed simply, "Touche! 
Mike." My small observation had clear
ly been overshadowed. 

Gastric brooding, as the phenomenon 
is called, ranks as one of the strang
est examples of animal reproduction 
known. Having finally observed these 
frogs for myself in 1979 while visiting 
southern Queensland, I can truthfully 
say that Rheobatrachus has evolved a 
reproductive mode unlike any other 
frogs. Who would believe that tadpoles 
could spend six weeks in their moth
er's stomach without being digested? 
How is such a feat possible? 

To begin with, nurturing females 

TURN OVER, 
CAPTURE OF 
EGGS AGAINST 
MALE'S BELLY 

MID-WATER 
SWIMMING 

SINKING TO 

BOT TOM, 

EMBEDDING 

OF EGGS ON 
FEMALE'S BACK 

MATING PROCEDURE of the South American frog Pipa carval
hoi gives rise to graceful underwater acrobatics. With the male 
riding on the female, the pair flips and turns, and the male 

spreads the emerging eggs across the female's back. There 
they adhere and become embedded in a swelling of the skin, 
hatching two months later as tadpoles or tiny froglets. 
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cease to feed during the breeding pe
riod. Tyler and his colleagues have 
shown that production of hydrochlo
ric acid and pepsin are halted in the 
stomach by the hormonelike substance 
prostaglandin E 2, which is secreted first 
by the egg capsules and then by the 
tadpoles. With the shutting down of 
normal functioning in this way, the 
stomach is transformed from a diges
tive organ into a protective, gestation
al sac. 

The eggs, which range in number 
from 2 1  to 26, are relatively large
about five millimeters in diameter
and therefore rich in yolk. Consequent
ly, the tadpoles do not need an external 
source of nutrition but feed exclusively 
on yolk throughout their six-week de
velopmental period. During birth, the 
female's esophagus dilates in a manner 
that recalls the birth of m ammalian 
young through the vaginal canal, and 
the young froglets are propelled from 
her mouth. Within a few days after ex
pulsion of the young, the stomach be
gins to function again as a digestive or
gan, and the frog resumes feeding. 

In 1984 a second species of gastric 
brooder, Rheobatrachus vitellin us, was 
found farther north in Queensland. 
Sadly, intensive searching during the 
past few years has failed to turn up 
individuals of either species, leading 
my colleagues and me to conclude that 
both species are now extinct. The loss 
is especially unfortunate because pre

liminary studies by Tyler and his asso
ciates indicate that prostaglandin ex
tracts from these species might have 

been effective in the treatment of hu
man stomach ulcers. 

After the discovery of gastric brood
ing and tadpole feeding, I would not be 
surprised by anything. But why is it that 
frogs demonstrate such reproductive 
plasticity when other vertebrates do 
not? All birds, for example, lay shelled 
eggs, and nearly all mammals bear liv
ing young that are then suckled by the 
female. Yet frogs conform to few if any 
reproductive stereotypes. Moreover, it 
is evident that their reproductive tac
tics are not the result of simple muta
tion but the outcome of complex physi
ological, morphological and behavioral 
interactions. 

The fact that some members of 
the three amphibian groups (cae
cilians, salamanders and frogs), 

as well as fishes, deposit their eggs in 
water suggests aquatic egg laying is a 
primitive (generalized) trait. Other strat
egies, which have evolved independent
ly in many lineages of frogs, therefore 
can be viewed as evolutionarily derived. 
One conclusion is certain: frogs, which 
seem distinctly unsuited for a terrestri
al existence, have adapted in extraordi
nary ways to life on land and in doing 
so have managed to colonize much of 
the planet. 

Is it not therefore ironic and terribly 
unfortunate that frogs, having radiated 
so successfully, are now experiencing 
extinction at unprecedented rates, vic
tims of human inability to preserve the 
natural world? Within the past five 
years alone, an untold number of spe-

cies have been lost, many to habitat de
struction. Although the decline and ex
tinction of anurans is not well under
stood, a number of biologists (myself 
included) t hink the cumulative effects 
of air and water pollution, acid rain 
and increased radiation brought about 
by the loss of stratospheric ozone are 
taking their toll. Regrettably, the loss 
of so many species not only affects 
the overall stability of ecosystems but 
brings to an end evolutionary lineag
es that have survived for millions of 
years. The magnitude of such loss is 

immeasurable. Our only hope is that 
people and their governments will rec
ognize the consequences of biological 
extinction and take steps to prevent it 
before too much of our global gene 
pool is gone. 
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The Last Stone Ax Makers 
A chance encounter with a people living in New Guinea's 

highlands has given archaeologists a priceless 
opportunity to model prehistoric technology 

by Nicholas Toth, Desmond Clark and Giancarlo Ligabue 

O
nly 10,000 years ago all human 
societies made and used stone 
implements. In modern times 

the relentless advance of more com
plex technologies has left but few rem
nants of that primeval world, and even 
these will surely disappear before this 
century is out. Anthropologists must 
therefore hurry to study contemporary 
Stone Age craftsmen for clues they may 
provide about our early ancestors. 

The study of modem humans from an 
archaeological perspective is called eth
noarchaeology. Unfortunately, it comes 
on the scene very late in the day. The 
scholars of the 19th century often paid 
more heed to such artisans as Britain's 
gunflint makers than to the contempo
rary stone knappers of the Americas, 
southern Africa, Australia, New Guinea 
and the Pacific Islands. 

We sought to help fill this gap in 1990 
by visiting a group of horticulturalists 
of Langda village, in the central moun
tains of Irian Jaya, western New Guinea. 
These people had made and traded 
stone axes in almost complete isolation 
from the outside world until 1984, when 
Gunter Konrad, a Gelman urolOgist, and 
one of us (Ligabue) met them while on 
an expedition to the area. Because the 
later establishment of a Christian mis
sion and the encroachment of a cash 
economy had begun to transform the 
traditional culture, the Ligabue Research 
and Study Center funded the expedi-

NICHOLAS TOTH, DESMOND CLARK 
and GIANCARLO UGABUE ventured into 
the highlands of New Guinea to study 
the last known makers of stone tools. 
Toth is associate professor of anthropol
ogy at the University of Indiana, where he 
also co-directs the Center for Research 
into the Anthropological Foundations of 
Technology (CRAFT). Clark is emeritus 
professor of anthropology at the Uni
versity of California, Berkeley. Ligabue, a 
bUSinessman and anthropologist, is the 
director of the Ligabue Research and 
Study Center in Venice, Italy. 
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tion explicitly for the purpose of study
ing the stone technology. This report is 
based on that study. 

T
he Langda ax makers live some 
2,000 meters (about a mile) up in 
the southern slopes of the central 

cordillera of New Guinea, an altitude 
that makes for a generally cold and 
damp climate. Clouds often shroud the 
village, but when they clear, a superb 
vista of snow-capped peaks appears. We 
saw the peaks at their most awe-inspir
ing while flying by helicopter at a level 
halfway up the V-shaped walls of a river 
valley that runs from Wamena, 200 kilo
meters (120 miles) to the northwest. 

The villagers call themselves the 
Kim-Yal; their language, which belongs 
to one of the many Papuan families, 
they call Uni. The average Kim-Yal man 
stands about four feet, six inches tall, 
far shorter than populations who live 
at lower altitudes, such as the Dani of 
the central highlands and the Asmat of 
the southwest coast. It is not yet clear 
whether the highlanders' short stature 
stems from an adaptation to local con
ditions caused by natural selection or 
merely from nutritional factors. 

The stone ax makers cultivate sweet 
potato and taro root and raise pigs and 
chickens, a diet they supplement with 
wild plants and small game. They grow 
their crops in fields, usually on steeply 
terraced slopes of the river valleys. To 
clear a new field, they must often fell 
trees and chop out the residual roots. 
Historically they have done such work 
with stone axes, although these imple
ments are slowly yielding to imported 
metal axes. 

The Kim-Yal form open village clus
ters in which about 200 people occupy 
from 10 to 15 huts. Each hut typically 
contains a man, his wives and their chil
dren. Adult males may also choose to 
reside part of the time in a communal 
hut that serves as a kind of men's club. 
The residence pattern is patrilocal: men 
generally stay in the village in which 
they were born, whereas women marry 

men from different villages. There are 
10 village clusters in the Langda area, 
most of them situated on a plateau or 
at the top of a mountain ridge. 

The craft of ax making confers high 
status to the male specialists who prac
tice it and to their sons, who traditional
ly learn the work in lengthy apprentice
ships. Today every man at Langda owns 
at least two stone axes and each woman 
at least one. Most children older than 
five years also tote an ax to the fields, 
where they work alongside their elders. 

An archaeologist would normally clas
sify these implements as adzes, be
cause in side view their ground edges 
assume an asymmetric, plano-convex 
shape rather than the symmetric shape 
typical of axes. Moreover, they are haft
ed with the working edge at right an
gles to their handles, whereas ax edges 
generally lie in the same plane as the 
handle. But we call them axes because 
they are used to chop wood and fell 
trees and because the literature has gen
erally classified such implements ac
cording to their use rather than their 
design. In some other groups, adzes are 
commonly used not to chop down trees 
but to shape wood. 

An ax begins as a large piece of un
flawed stone of a kind that will fracture 
predictably and carry an edge. Best of 
all are the large boulders of fine-grained, 
blue-gray andesite lava that are carried 
from their volcanic source by the Hei 
River, which flows some 800 meters be
low the Langda village. The ax makers 
descend into the river valley along steep 
trails that wind through forest and field 
to the stream bed, a walk that normally 
takes about 60 minutes going down 
and about 90 minutes coming back up. 
They seek not only boulders but also 
smaller lava stones to use as hammers. 

The worker typically holds in both 
hands a large stone hammer, some 25 
centimeters (10 inches) in diameter, 
and then swings it against the edge of 
a lava boulder core. If he strikes it cor
rectly, he detaches large flakes from the 
core. We were quite surprised to find 

© 1992 SCIENTIFIC AMERICAN, INC



that workers usually swing the ham
merstone through their legs, much like 
the motion of an American football cen
ter. This technique, to our knowledge, 
has never before been described eth
nographically; we believe it could have 
been used in antiquity for detaching 
such large flakes. 

Suitable flakes may also be produced 
by throwing one boulder h ammer 
against another boulder core or by kin
dling a fire alongside a boulder to initi
ate fractures. On rare occasions a prop
erly proportioned, water-worn cobble 
will also serve as a blank. A typical blank 
measures about 24 centimeters long, 14 
centimeters wide and seven centimeters 
deep (about 10 by six by three inches). 

Half an hour of quarrying will pro
duce, on average, from five to 10 blanks 
for ax manufacture. Hundreds or even 
thousands of smaller fragments, used
up boulder cores and h ammers tones 
also come out of the quarrying opera
tion. The workers discard such detritus 
by the riverside, where the next flood 
will sweep it away. 

Paleolithic archaeologists would 
recognize the three major manu
facturing steps that the Langda 

stone workers themselves regard as in
tegral. Each stage has its characteris
tic ax morphology and waste products, 
which tend to be discarded in different 
places on the landscape. In the first 
stage the craftsman uses a hammer
stone from 10 to 1 2  centimeters (four 
to five inches) long to remove large 
flakes from both faces of the lava blank, 
leaving bold scars on the flake surface. 
Normally he does this work at the river
side quarry. The resultant biface is quite 
crude: a jagged outline and an irregular, 
sinuous edge run around its entire cir

cumference. The "rough-outs" are then 
reduced by fl aking so as to rrllnirnize 
carrying weight -especially if a hidden 
defect should cause the stone to break. 

The second stage of ax manufacture 
may take place back at the village, al
though it is often carried out in a field 
hut situated on a terrace about 1 00 
meters above the riverbank. There the 
ax maker can work in the shade of the 
hut, build a fire if it is cold and per
haps roast sweet potatoes or game as 
he continues fl aking. He normally does 
so while Sitting on his haunches, hold
ing the hammers tone in his right hand 
and the rough-out in the left. (All of 
the stone workers we observed were 
right-handed.) 

The ax maker keeps several stone 
h ammers of different sizes, shapes and 
degrees of hardness, and he switches 
from one to another as fl aking pro
ceeds. As our earlier reconstructions of 

STONE TOOL OF THE KIM-YAL resembles an adze but works as an ax, cutting 
rather than shaping wood. The T bar measures 30 centimeters (12 inches) long. 
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Making a Stone Ax 

Working the riverside quarry 

Quarrying 

stone-mapping techniques had predict
ed, the craftsman tends to use ever 
smaller hammers tones as his ax ap
proaches its final shape. But we did not 
foresee that such hard hammerstones 
would be used for fine work. Most ar
chaeologists would have labeled this 
retouch flaking as "soft hammer"-that 
which is done with a piece of wood, 
bone or other soft material. 

Each flake sets up further flaking by 
preparing what is called the striking 
platform [see inset in illustration above, 
rightJ. The object is to steepen the edge 
angles by lightly flaking, crushing and 
abrading them with the hammerstone. 
If all goes well, flat, thin flakes can then 
be removed from the ax surface. In this 
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Rough (laking 

way, the overall shape of the ax be
comes progressively thinner, narrower 
and more symmetric. 

A man may work alone or sit with oth
er ax makers, creating an occasion for 
talking, singing and showing off one's 
handiwork. Members of such groups 
invariably sit in a line and face in the 
same direction so that sharp waste 
flakes will not fly into anyone's face. 
These flakes, which become smaller and 
proportionately thinner as flaking pro
ceeds, are usually found outside the 
perimeter of the field hut. Sometimes, 
however, they appear around a hut in 
the village, evidence that some rough
outs are carried there before being 
worked to any great extent. 

Flaking the stone blanks 

Fine (laking 

Women from the village, most often 
relatives of the stone workers, typically 
transport rough-outs from the valley to 
the village. The women protect them
selves from cuts and scratches by wrap
ping the axes in vegetation. They put 
the implements in carrying nets that 
they sling over their backs, supporting 
the load on a strap that loops around 
the forehead. 

The final reduction of the ax normal
ly takes place back at Langda, often 
next to the hut of an ax maker. Here the 
worker prepares his striking platform 
with extreme delicacy so as to detach 
tiny trimming flakes; he also abrades 
the surface. The final product of flaking 
is a long, thin ax with nearly parallel 
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Finishing the flaked ax 

Grinding 

sides, a triangular cross section and a 
bit end having a slightly convex outline 
and an edge beveled at about 50 de
grees. A typical stage-three ax measures 
about 20 by four by three centimeters, 
but substantially larger and smaller ones 
are occasionally made as well. The time 
spent flaking-from quarry blank to 
stage three-varies from about 30 to 50 
minutes. Between 10 and 20 percent of 
the blanks tend to be lost to breakage. 

The waste flakes produced in Langda 
village are much smaller than those pro
duced in the earlier stages. The com
plete sequence of ax manufacture, from 
the quarry blank to the finished flaked 
ax, in a typical case produced a total of 
225 flakes and fragments larger than 

Hafting 

two centimeters in length (and many 
more smaller bits, grading to micro
scopic size). Of these, approximately 100 
could be expected to end up at Langda 
village, dropped there during the later 
stages of flaking. They are generally 
strewn in a circular or oval-shaped pat
tern, often near an ax maker's hut, with 
the vast majority of fragments concen
trated in an area of one square meter. 
Such a concentration would probably 
be dispersed over time by humans or 
pigs walking over the ground. Ultimate
ly, the flaking debris would be tram
pled underground, at times when the 
ground is soft and muddy. 

After the final flaking, the craftsman 
grinds the working end of the ax against 

Binding the ax to the haft 

Chopping 

a wetted slab of fine-grained sandstone. 
These grinding stones are highly prized 
and come from a distant river valley 
some six hours' walk away. They are sta
tioned close to a water source in the vil
lage. The worker squats down with the 
grindstone in front of him, adds water 
to the worn surface on the stone and 
then grinds the ax against the stone. 
The fine sandstone and lava particles 
mix with the water to form a paste that 
serves as the grinding medium. The ax
head is inspected at regular intervals 
and more water added, with special at
tention being paid to the working edge. 
An hour or so of grinding turns out an 
axhead with a polished bit and an ex
tremely regular edge. 
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One might wonder why the Kim-Yal 
would grind flaked edges, which are al
ready as sharp as they can be. The rea
son is simple: ground tools hold their 
edges longer and lend themselves more 
readily to resharpening. Grinding thus 
makes sense mainly for woodworking 
tools and other implements that are 
used intensively over long periods. It is 
no accident that the so-called age of 
polished stone began with the develop
ment of agriculture, when people be
gan clearing forests in order to plant 

their crops. 
Aesthetic considerations also moti

vate the Kim-Yal grinders, otherwise 
they might not bother to polish more 
than a few millimeters from the lead
ing edge. In fact, they polish nearly to 
the point where the axhead disappears 
into the binding of the haft. Prehistor
ic craftsmen in New Guinea and oth
er parts of the world often went fur
ther, polishing the entire surface of the 
tool. Additional evidence of aesthetic in
tent appears in the Kim-Yal's use of red 
ochre and other locally occurring pig
ments to fill in the unground depres
sion spots on their axes. Such use of 
pigments for aesthetic or symbolic pur
poses has been widely documented in 
modern nonindustrial societies, as well 
as in prehistoric cultures over the past 
35,000 years. 

Hafting allows a tool to be used at 
length and to greater effect. The work
ers haft the finished axhead onto a 
T-shaped wooden handle, made from 

a flattened tree trunk or branch from 
which a thinner branch projects at 
an angle of approximately 45 degrees 
[see illustration on preceding pagel. The 
stone rests against several strips of 
wood and frayed bark, which help to 
absorb shock. The worker then lashes 
the composite tightly with split vine, 
creating a design that distributes the 
force of a chopping blow throughout a 
flexible binding. Without this flexibility, 
the stone would tend to snap across its 
short axis. 

A Langda villager equipped with such 
an ax can fell a tree as thick as a tele
phone pole in five to 10 minutes. The 
villagers also use these axes to cut out 
roots from a field, to build fences to 
protect crops from pigs and to make 
wooden digging sticks, containers and 
other wooden tools. A well-ground edge 
can often last for several hours of use 
without requiring resharpening. When it 
begins to dull, it can easily be resharp
ened by rubbing it against a grindstone 
using water as a lubricant; the axhead 
generally remains mounted in its haft. 

The villagers will use an ax until it 
breaks or until regrinding has reduced 
the tool to the point where it can no 
longer function. Broken-off tips may be 
lost in the field, but interestingly, most 
worn-out or broken specimens end up 
in the village. The ax makers say they 
"feel sorry" for their handiwork and 
take pains to bring it home for final dis
card. Although such personal attach
ment to tools figures in the Iliad and 

lWO AXMEN cut through this tree, some 20 centimeters (eight inches) thick, in about 
three minutes. They do such work to clear fields and get materials for building huts. 
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the Odyssey, few anthropologists prob
ably have suspected that it might ex
plain distribution patterns in prehis
toric sites. Henceforth, we and our col
leagues must take such factors into 
account. 

The stone axes carry cultural signifi
cance that goes beyond their practical 
function. Feasting villagers often ex
change axes to cement their social 
bonds, and men give them in payment 
of the bride price-compensation to a 
father for the privilege of marrying his 
daughter. Our informants tell us that 
in the days before the cash economy 
intruded, a stone ax could be traded 
for a pig, the most prized food. Today 
three stone axes can be traded for one 
metal ax. 

T
he Langda people trade their 
axes to other villages that lack 
suitable stone for such imple

ments. Some six days' journey north
ward, the people of Bima barter their 
goods for Langda axes. Southward, the 
main trading post, at Lukan village on 
the edge of the highlands, attracts Kop
kaka tribespeople from the lowlands, 
who pay for the axes with bows taves, 
vine, fibers for mats, bird-of-paradise 
feathers or animal pelts. In the past the 
Langda axes were traded as far away as 
the southern coast, mainly in exchange 
for shells. Such specialization of labor 
as the ax industry requires must, in any 
case, have depended on long-distance 
trade. Traces of such far-reaching trade 
networks become obvious in the pre
historic record only after about 35,000 
years ago. 

Interestingly, the Langda villagers do 
not commonly use other stone tools 
in their daily activities. The exception 
is a small, flat knife ground from slate 
or some softer stone. Villagers use these 
knives-which come in oval, kidney 
or sub triangular form-to cut off the 
leaves and stem from a taro root, 
scrape the outer surface clean and then 
split the root for cooking. They also 
use the knives to split the long leaves 
from which women's skirts are made. 
For other purposes, however, organic 
materials work better. We saw men 
butchering pigs, for example, with ra
zor-sharp pieces of split bamboo. One 
resharpens such a tool by simply tear
ing off a strip of bamboo with the 
thumbnail or teeth. The serviceability 
of bamboo has been invoked to explain 
the simpliCity of stone tools in East 
Asian sites that were inhabited by pro
tohumans for many hundreds of thou
sands of years. 

The Langda ax makers provide many 
other interesting insights to the archae
ologist. They show how horticultural-
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ists use stone tools in a natural and 
economically sensible context. The by
products of their labor, at each of the 
three stages of manufacture, may mir
ror patterns preserved in the archaeo
logical record. Finally, the ax makers 
are of intense archaeological interest 
because various stages of their ax man
ufacture appear to recapitulate the evo
lution of stone technology. 

The first stage-quarrying flake blanks 
from boulder cores-strikingly recalls 
the manufacture of the Acheulean hand 
axes and cleavers of the Early Stone Age. 
Acheulean technology was invented by 
Homo erectus some 1. 7 million years 
ago, and it continued unchanged into the 
age of archaic H. sapiens some 200,000 
years ago [see "The First Technology," 
by Nicholas Toth; SCIENTITIC AMERICAN, 
April 1987). The second stage is recap
itulated in the Langda villagers' rough
outs, which resemble the so-called San
goan and Lupemban core axes of the 
Middle Stone Age of Equatorial Africa. 
Unhafted Sangoan tools are believed to 
have been used to work wood in tropi
cal Africa between 200,000 and 100,000 
years ago. The third stage of ground 
and hafted axes corresponds almost 
perfectly to the axes associated with 
early farming communities in both the 
Old and New World. 

The earliest evidence of ground stone 
axes comes, however, from sites in New 
Guinea and Australia that date to more 
than 20,000 years ago. Still, such tools 
do not appear frequently in the archae
ological record until after the rise of 
farming communities some 10,000 
years ago. The Langda axes are clearly 
one of the last remnants of this Stone 
Age tradition. 

W
e do not wish to create the im
pression, however, that any 
ethnoarchaeological study that 

might have been undertaken in mod
em times could have revealed all the 
secrets of Early Stone Age technological 
culture. The Kim-Yal, unlike some of 
those earlier inventors, are anatomical
ly modem humans possessed of lan
guage systems and cultures as complex 
as anyone else's today. Their modes of 
operation are almost certainly much 
more complex than those of protohu
man toolmakers. 

We suspect, for example, that the 
Kim-Yal's tendency to "pity" the ax that 
has outlived its usefulness would not 
have been seen in many archaic homi
nids that could probably have mastered 
the ax-making craft. Anthropologists 
caution that one should not confuse 
similarity of performance with identity 
of mind. One could easily teach modem 
hunter-gatherers how to fly and land 

EXPERlMENTAL AKCHAEOLOGISTS: the author (Toth) and Kanzi, a bonobo, flake 
stone in a project to assess the toolmaking skills of long-extinct hominids. 

a Boeing 747 airliner. But such might 
not be the case for an H. erectus a mil
lion years ago, even one that had been 
adopted at birth into modem society. 

One can try to reconstruct the ear
liest stone technology in other ways. 
Experimental archaeologists make and 
use stone tools with materials and 
methods that were available to prehis
toric people. Primatologists study tool 
use among chimpanzees in the wild. 
Recently the two lines of inquiry con
verged in a fascinating experiment at 
the Language Research Center in Atlan
ta, operated by Georgia State University 
and the Yerkes Regional Primate Re
search Center. 

There Susan Savage-Rumbaugh, Du
ane Rumbaugh and Rose A. Sevcik col
laborated with one of us (Toth) and 
Toth's co-worker, Kathy Schick, in teach
ing stonecraft to a bonobo, or pyg
my chimpanzee. The bonobo, named 
Kanzi, has demonstrated the ability to 
grasp the most basic skills required to 
detach flakes from stones and to use 
the flakes as cutting tools [see illustra
tion above) and has even taught him
self new skills-such as breaking up 
big stones by throwing them on a tiled 
floor. Ongoing research also seeks to 
discover whether Kanzi can impart tool
making knowledge to other bonobos. 
Such studies may help workers estimate 
the limits bounding toolmaking among 
modem humans, nonhuman primates 
and protohuman populations. 

How much longer will stone ax man
ufacture and its complex exchange net
work continue? It is likely that the net-

work will disappear in a few short years 
as stores providing metal tools are in
troduced in the highlands and moun
tains and a cash economy replaces the 
traditional system of barter. Given that 
none of the younger members of the 
tribe is currently apprenticed in this 
craft, it is likely that most of this skilled 
ax-making technology will be lost with
in one or two generations. 

We have felt privileged to visit and 
learn from these friendly peoples, to ex
amine their stone ax exchange system, 
to observe the relationships between 
technological processes and their prod
ucts, and to describe this technology 
from an archaeological perspective. We 
hope these observations will provide 
information that archaeologists will be 
able to draw on when attempting to de
cipher the Stone Age past. 
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with these issues. Albert Einstein, who 
in 1905 showed how Planck's electro
magnetic quanta, now called photons, 
could explain the photoelectric effect 
(in which light striking metal induces 
an electric current), insisted later that a 
more detailed, wholly deterministic the
ory must underlie the vagaries of quan
tum mechanics. Arguing that "God does 
not play dice," he designed imaginary 
"thought" experiments to demonstrate 
the theory's "unreasonableness." De
fenders of the theory such as Niels 
Bohr, armed with thought experiments 
of their own, asserted that Einstein's 
objections reflected an obsolete view of 
reality. It is not the job of scientists, 
Bohr chided his friend, "to prescribe to 
God how He should run the world." 

Until recently, the prevailing attitude 
of most physicists has been utilitarian: if 
the theory can foretell the performance 
of a doped gallium arsenide semicon
ductor, why worry about its epistemo
logical implications? In the past decade 
or so, however, a growing cadre of re
searchers has been probing the ghostly 
underpinnings of their craft. New tech
nologies, some based on the very quan
tum phenomena that they test, have 
enabled investigators to carry out ex
periments Einstein and Bohr could only 
imagine. These achievements, in turn, 
have inspired theorists to dream up 
even more challenging-and sometimes 
bizarre-tests. 

The goal of the quantum truth-seek
ers is not to build faster computers or 
communications devices-although that 
could be an outcome of the research. 
And few expect to "disprove" a theory 
that has been confirmed in countless 
experiments. Instead their goal is to lay 
bare the curious reality of the quantum 
realm. "For me, the main purpose of 
doing experiments is to show people 
how strange quantum physics is," says 
Anton Zeilinger of the University of 
Innsbruck, who is both a theorist and 
experimentalist. "Most physicists are 
very naive; most still believe in real 
waves or particles." 

So far the experiments are con
firming Einstein's worst fears. Photons, 
neutrons and even whole atoms act 
sometimes like waves, sometimes like 
particles, but they actually have no def
inite form until they are measured. 
Measurements, once made, can also be 
erased, altering the outcome of an ex
periment that has already occurred. A 
measurement of one quantum entity 
can instantaneously influence another 
far away. This odd behavior can occur 
not only in the microscopic realm but 
even in objects large enough to be seen 
with the naked eye. 

These findings have spurred a revival 
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Revealing the Split Personality of Light 

Two-slit experiments reveal that photons, the quantum entities giving rise to 
light and other forms of electromagnetic radiation, act both like particles and 
like waves. A single photon will strike the screen in a particular place, like a par-

of interest in "interpretations" of quan
tum mechanics, which attempt to place 
it in a sensible framework. But the cur
rent interpretations seem anything but 
sensible. Some conjure up multitudes 
of universes. Others require belief in a 
logic that allows two contradictory 
statements to be true. "Einstein said 
that if quantum mechanics is right, 
then the world is crazy," says Daniel 
Greenberger, a theorist at the City Col
lege of New York. "Well, Einstein was 
right. The world is crazy." 

The root cause of this pathology is 
the schizophrenic personality of quan
tum phenomena, which act like waves 
one moment and particles the next. 
The mystery of wave-particle duality is 
an old one, at least in the case of light. 
No less an authority than Newton pro
posed that light consisted of "corpus
cles," but a classic experiment by Thom
as Young in the early 1800s convinced 
most scientists that light was essential
ly wavelike. 

Young aimed a beam of light through 
a plate containing two narrow slits, il
luminating a screen on the other side. 
If the light consisted of particles, just 
two bright lines should have appeared 
on the screen. Instead a series of lines 
formed. The lines could be explained 
only by assuming that the light was 
propagating as waves, which were split 
into pairs of wavelets by the two-slit 
apparatus. The pattern on the screen 

was formed by the overlapping, or in
terference, of the wavelet pairs. The 
screen was bright where crests coincid
ed and dark where crests met troughs, 
canceling each other out. 

But more recent two-slit experiments 
suggest that Newton was also right. 
Modern photodetectors (which exploit 
the photoelectric effect explained by 
Einstein) can show individual photons 
plinking against the screen behind the 
slits in a particular spot at a particular 
time-just like particles. But as the pho
tons continue striking the screen, the 
interference pattern gradually emerges, 
a sure sign that each individual photon 
went through both slits, like a wave. 

Moreover, if the researcher either 
leaves just one slit at a time open or 
moves the detectors close enough to 
the two slits to determine which path 
a photon took, the photons go through 
one slit or the other, and the inter
ference pattern disappears. Photons, it 
seems, act like waves as long as they 
are permitted to act like waves, spread 
out through space with no definite po
sition. But the moment someone asks 
where the photons are-by determin
ing which slit they went through or 
making them hit a screen-they abrupt
ly become particles. 

Actually, wave-particle duality is even 
more baffling than this explanation sug
gests, as John A. Wheeler of Princeton 
University demonstrated with a thought 
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ticle (left). But as more photons strike 
the screen, they begin to create an 
interference pattern (center). Such a 
pattern could occur only if each pho
ton had actually gone through both 
slits, like a wave (right). 

experiment he devised in 1980. "Bohr 
used to say that if you aren't confused 
by quantum phYSiCS, then you haven't 
really understood it," remarks Wheeler, 
who studied under Bohr in the 1930s 
and went on to become one of the most 
adventurous explorers of the quantum 
world. 

In the two-slit experiments, the physi
cist's choice of apparatus forces the pho
ton to choose between going through 
both slits, like a wave, or just one slit, 
like a particle. But what would happen, 
Wheeler asked, if the researcher could 
somehow wait until after the light had 
passed the two slits before deciding 
how to observe it? 

Five years after Wheeler outlined what 
he called the delayed-choice experiment, 
it was carried out independently by 
groups at the University of Maryland 
and the University of Munich. They 
aimed a laser beam not at a plate with 
two slits but at a beam splitter, a mir
ror coated with just enough silver to 
reflect half of the photons impinging on 
it and let the other half pass through. 
After diverging at the beam splitter, the 
two beams were guided back together 
by mirrors and fed into a detector. 

This initial setup provided no way 
for the investigators to tell whether any 
individual photon had gone right or 
left at the beam splitter. Consequent
ly, each photon went both ways, split
ting into two wavelets that ended up in-

terfering with each other at the detector. 
Then the workers installed a cus

tomized crystal called a Pockels cell in 
the middle of one route. When an elec
tric current was applied to the Pockels 
cell, it diffracted photons to an auxilia
ry detector. Otherwise, photons passed 
through the cell unhindered. A random
signal generator made it possible to 
turn the cell on or off after the photon 
had already passed the beam splitter 
but before it reached the detector, as 
Wheeler had specified. 

When the Pockels-cell detector was 
switched on, the photon would behave 
like a particle and travel one route or 
the other, triggering either the auxiliary 
detector or the primary detector, but 
not both at once. If the Pockels-cell de
tector was off, an interference pattern 
would appear in the detector at the end 
of both paths, indicating that the pho
ton had traveled both routes. 

To underscore the weirdness of this 
effect, Wheeler points out that astron
omers could perform a delayed-choice 
experiment on light from quasars, ex
tremely bright, mysterious objects found 
near the edges of the universe. In place 
of a beam splitter and mirrors, the ex
periment requires a gravitational lens, 
a galaxy or other massive object that 
splits the light from a quasar and refo
cuses it in the direction of a distant ob
server, creating two or more images of 
the quasar. 

Psychic Photons 

The astronomer's choice of how to 
observe photons from the quasar here 
in the present apparently determines 
whether each photon took both paths 
or just one path around the gravitation
al lens-billions of years ago. As they 
approached the galactic beam splitter, 
the photons must have had something 
like a premonition telling them how 
to behave in order to satisfy a choice to 
be made by unborn beings on a still 
nonexistent planet. 

The fallacy giving rise to such specu
lations, Wheeler explains, is the assump
tion that a photon had some physical 
form before the astronomer observed it. 
Either it was a wave or a particle; either 
it went both ways around the quasar 
or only one way. Actually, Wheeler says, 
quantum phenomena are neither waves 
nor particles but are intrinsically unde
fined until the moment they are mea
sured. In a sense, the British philoso
pher Bishop Berkeley was right when 
he asserted two centuries ago that "to 
be is to be perceived." 

Reflecting on quantum mechanics 
some 60 years ago, the British phYSi
cist Sir Arthur Eddington complained 

that the theory made as much sense as 
Lewis Carroll's poem "Jabberwocky," in 
which "slithy toves did gyre and gimble 
in the wabe." Unfortunately, the jargon 
of quantum mechanics is rather less 
lively. An unobserved quantum entity 
is said to exist in a "coherent superpo
sition" of all the possible "states" per
mitted by its "wave function." But as 
soon as an observer makes a measure
ment capable of distinguishing between 
these states, the wave function "col
lapses," and the entity is forced into a 
single state. 

Yet even this deliberately abstract 
language contains some misleading im
plications. One is that measurement 
requires direct physical intervention. 
Physicists often explain the uncertainty 
prinCiple in this way: in measuring the 
position of a quantum entity, one in
evitably knocks it off its course, losing 
information about its direction and 
about its phase, the relative position of 
its crests and troughs. 

Most experiments do in fact involve 
intrusive measurements. For example, 
blocking one path or the other or mov
ing detectors close to the slits obvious
ly disturbs the photons' passage in the 
two-slit experiments, as does placing a 
detector along one route of the de
layed-choice experiment. But an experi
ment done last year by Mandel's team 
at the University of Rochester shows 
that a photon can be forced to switch 
from wavelike to particlelike behavior 
by something much more subtle than 
direct intervention. 

The experiment relies on a paramet
ric down-converter, an unusual lens that 
splits a photon of a given energy into 
two photons whose energy is half as 
great. Although the device was devel
oped in the 1960s, the Rochester group 
pioneered its use in tests of quantum 
mechanics. In the experiment, a laser 
fires light at a beam splitter. Reflect
ed photons are directed to one down
converter, and transmitted photons go 
to another down-converter. Each down
converter splits any photon impinging 
on it into two lower-frequency photons, 
one called the signal and the other 
called the idler. The two down-convert
ers are arranged so that the two idler 
beams merge into a single beam. Mir
rors steer the overlapping idlers to one 
detector and the two signal beams to a 
separate detector. 

This design does not permit an ob
server to tell which way any single pho
ton went after encountering the beam 
splitter. Each photon therefore goes 
both right and left at the beam splitter, 
like a wave, and passes through both 
down-converters, producing two signal 
wavelets and two idler wavelets. The sig-
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LEONARD MANDEL (at left) and co-workers at the University of Rochester gather 
around a parametric down-converter, an unusual crystal that converts any photon 
striking it into two photons with half as much energy. Mandel's group pioneered 
the use of the device in tests of quantum mechanics. 

nal wavelets generate an interference 
pattern at their detector. The pattern is 
revealed by gradually lengthening the 
distance that signals from one down
converter must go to reach the detector. 
The rate of detection then rises and falls 
as the crests and troughs of the interfer
ing wavelets shift in relation to each oth
er, going in and out of phase. 

Now comes the odd part. The signal 
photons and the idler photons, once 
emitted by the down-converters, nev
er again cross paths; they proceed to 
their respective detectors independent
ly of each other. Nevertheless, simply 
by blocking the path of one set of idler 
photons, the researchers destroy the in
terference pattern of the signal photons. 
What has changed? 

The answer is that the observer's po
tential knowledge has changed. He can 
now determine which route the signal 
photons took to their detector by com
paring their arrival times with those 
of the remaining, unblocked idlers. The 
original photon can no longer go both 
ways at the beam splitter, like a wave, 
but must either bounce off or pass 
through, like a particle. 

The comparison of arrival times need 
not actually be performed to destroy the 
interference pattern. The mere "threat" 
of obtaining information about which 
way the photon traveled, Mandel ex-
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plains, forces it to travel only one route. 
"The quantum state reflects not only 
what we know about the system but 
what is in principle knowable," Man
del says. 

Can the threat of obtaining incrimi
nating information, once made, be re
tracted? In other words, are measure
ments reversible? Many theorists, indud
ing Bohr, thought not, and the phrase 
"collapse of the wave function" reflects 
that belief. But since 1983 MarIan O. 
Scully, a theorist at the University of 
New Mexico, has argued that it should 
be possible to gain information about 
the state of a quantum phenomenon, 
thereby destroying its wavelike proper
ties, and then restore those properties 
by "erasing" the information. 

Several groups working with opti
cal interferometry, including Mandel's, 
claim to have demonstrated what Scul
ly has dubbed a "quantum eraser." The 
group that has come dosest, according 
to Scully, is one led by Raymond Y. 
Chiao of the University of California at 
Berkeley. 

Earlier this year Chiao's group passed 
a beam of light through a down-conver
sion crystal, generating two identical 
photons. After being directed by mir
rors along separate paths, the two pho
tons crossed paths again at a half-sil
vered mirror and then entered two de-

tectors. Because it was impossible to 
know which photon ended up in which 
detector, each photon seemed to go 
both ways. As in Mandel's experiment, 
the interference pattern was revealed by 
lengthening one arm of the interferome
ter; a device called a coincidence coun
ter showed the simultaneous firings 
of the two photon detectors rising and 
falling as the two wavelets entering 
each detector went in and out of phase. 

Then the workers added a device to 
the interferometer that shifted the po
larization of one set of photons by 90 
degrees. If one thinks of a ray of light 
as an arrow, polarization is the orien
tation of the plane of the arrowhead. 
One of the peculiarities of polariza
tion is that it is a strictly binary prop
erty; photons are always polarized ei
ther vertically or horizontally. The al
tered polarization served as a tag; by 
putting polarization detectors in front 
of the simple light detectors at the end 
of the routes, one could determine 
which route each photon had taken. 
The two paths were no longer indistin
guishable, and so the interference pat
tern disappeared. 

Finally, Chiao's group inserted two 
devices that admitted only light po
larized in one direction just in front 
of the detectors. The paths were indis
tinguishable again, and the interfer
ence pattern reappeared. Unlike Hump
ty-Dumpty, a collapsed wave function 
can be put back together again. 

Spooky Action 

Following up another proposal by 
Scully, Chiao has even suggested a way 
to delay the choice of whether or not to 
restore the interference pattern until 
after the photons have struck the de
tectors. The simple polarizing filters in 
front of the detectors are replaced with 
polarizing beam splitters, which direct 
photons with opposite polarization to 
different detectors. A computer then 
stores the data on the arrival times of 
all the photons in one file and the po
larization of all the photons in another 
file. Viewed all at once without regard 
to polarization, the arrival times show 
no interference pattern. But if one sepa
rates differently polarized photons and 
plots them independently, two distinct 
interference patterns emerge. 

Such possibilities provoke consterna
tion in some quarters. Edwin T. Jaynes 
of Washington University, a prominent 
theorist whose work helped to inspire 
Scully to conceive the quantum eraser, 
has nonetheless dubbed it "medieval 
necromancy." Scully was so pleased by 
Jaynes's remark that he included it in a 
recent artide on the quantum eraser. 
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Necromancy cannot hold a candle to 
nonlocality. Einstein, Boris Podolsky and 
Nathan Rosen first drew attention to 
this bizarre quantum property (which 
is now often called the EPR effect in 
their honor) in 1935 with a thought ex
periment designed to prove that quan
tum mechanics was hopelessly flawed. 
What would happen, Einstein and his 
colleagues asked, if a particle consist
ing of two protons decayed, sending 
the protons in opposite directions? Ac
cording to quantum mechanics, as long 
as both protons remain unobserved 
their properties remain indefinite, in 
a superposition of all possible states; 
that means each one travels in all pos
sible directions. 

But because of their common origin, 
the properties of the protons are tight
ly correlated, or "entangled." For exam
ple, through simple conservation of mo
mentum, one knows that if one proton 
heads north, the other must have head
ed south. Consequently, measuring the 
momentum of one proton instantane
ously determines the momentum of the 
other proton-even if it has traveled to 
the opposite end of the universe. Ein
stein said that this "spooky action at a 
distance" was incompatible with any 
"realistic" model of reality; all the prop
erties of each proton must be fixed 
from the moment they first fly apart. 

Until the early 1960s, most physicists 
considered the issue entirely academic, 
since no one could imagine how to re
solve it experimentally. Then, in 1964, 
John S. Bell of CERN, the European labo
ratory for particle physics, showed that 
quantum mechanics predicted strong
er statistical correlations between en
tangled particles than the so-called lo
cal realistic theory that Einstein pre
ferred. Bell's papers triggered a flurry 
of laboratory work, culminating in a 
classic (but not classical) experiment 
performed a decade ago by Alain As
pect of the University of Paris. 

Instead of the momentum of pro
tons, Aspect analyzed the polarization 
of pairs of photons emitted by a single 
source toward separate detectors. Mea
sured independently, the polarization 
of each set of photons fluctuated in a 
seemingly random way. But when the 
two sets of measurements were com
pared, they displayed an agreement 
stronger than could be accounted for by 
any local realistic theory-just as Bell 
had predicted. Einstein's spooky action 
at a distance was real. 

Until recently, no experiment had 
successfully shown that the EPR effect 
held true for momentum, as Einstein, 
Podolsky and Rosen had originally pro
posed. Two years ago John G. Rarity 
and Paul R. Tapster of the Royal Sig-

nals and Radar Establishment in Eng
land finally achieved that feat. 

The experiment began with a laser 
firing into a down-converter, which pro
duced pairs of correlated photons. Each 
of these photons then passed through 
a separate two-slit apparatus and thence 
to a photon detector. Through conser
vation of momentum, one could deter
mine the route of each photon if one 
knew the route of its partner. But the 

arrangement of mirrors and beam split
ters made it impossible to determine 
the actual route of either photon. 

Next, the workers slightly lengthened 
one of the four routes, as Chiao did 
in his quantum eraser experiment. Al
though the rate at which photons struck 
each detector did not change, the rate of 
simultaneous firings recorded by a co
incidence counter oscillated, forming a 
telltale interference pattern like the one 
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I
nformation rather than direct intervention destroys wavelike behavior in 
an experiment done at the University of Rochester. A laser fires photons 
past a half-silvered mirror, or beam splitter, to two down-converters, la

beled 1 and 2. These convert each incident photon into two lower-energy 
photons, called signals and idlers. Because the signal detector cannot tell 
how the signals arrived, each signal takes both routes, like a wave, generat
ing an interference pattern at the signal detector. But the pattern can be de
stroyed merely by blocking idlers from down-converter 1 (dotted line). The 
reason is that each signal's path can now be retraced; simultaneous detec
tion of a signal and idler indicates that both came from a photon reflected 
by the beam splitter into down-converter 2. 

E
rasing information about the path of a photon restores wavelike be
havior in an experiment done at the University of California at Berke

ley. Pairs of identically polarized photons produced by a down-con
verter bounce off mirrors, converge again at a beam splitter and pass into 
two detectors. A coincidence counter observes an interference pattern in 
the rate of simultaneous detections by the two detectors, indicating that 
each photon has gone both ways at the beam splitter, like a wave. Adding a 
polarization shifter to one path destroys the pattern by making it possible to 
distinguish the photons. But placing two polarizing filters in front of the de
tectors makes the photons identical again, erasing the polarization distinc
tion and restoring the interference pattern. 
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observed by Chiao. Such a pattern could 
occur only if each photon, the one on 
the left and the one on the right, was 
passing through both slits to its re
spective detector, its momentum fun
damentally undefined and yet still cor
related with the momentum of its dis
tant partner. 

Still more ambitious EPR experi
ments have been proposed but not yet 
carried out. Greenberger, Zeilinger and 
Michael Horne of Stonehill College have 
shown that three or more particles 
sprung from a single source will ex
hibit much stronger nonlocal correla
tions than those between just two par
ticles. Bernard Yurke and David Stol
er of AT&T Bell Laboratories have even 
suggested a way in which three particles 
emitted from separate locations can ex
hibit the EPR effect. 

Unfortunately, the EPR effect does not 
provide a loophole in the theory of rela
tivity, which prohibits communications 
faster than light, since each isolated ob
server of a correlated particle sees only 
an apparently random fluctuation of 
properties. But the effect does allow 
one safely to transmit a random num
ber that can then serve as the numeri
cal "key" for an encryption system. In 
fact, such a device has been built by 
Charles H. Bennett of the mM Thomas 
J. Watson Research Center. 

A die-hard realist might dismiss the 
experiments described above, since they 
all involve that quintessence of ineffa-

bility, light. But electrons, neutrons, pro
tons and even whole atoms-the stuff 
our own bodies are made of-also dis
play pathological behavior. Researchers 
observed wavelike behavior in electrons 
through indirect means as early as the 
1920s, and they began carrying out two
slit experiments with electrons several 
decades ago. 

Superposed Philosophers 

A new round of electron experiments 
may be carried out soon if Yakir Aha
ronov of Tel-Aviv University has his 
way. Noting that superposition is gen
erally inferred from observations of 
large numbers of particles, Aharonov 
contends that a single electron bound 
to a hydrogen atom could be detected 
smeared out in a relatively large cavity
say, 10 centimeters across-by very del
icately scattering photons off it. 

Aharonov has not yet published his 
idea-"I am a very fast thinker but a 
very slow writer," he says-and some 
physicists he has discussed it with are 
skeptical. On the other hand, many were 
skeptical in 1958, when Aharonov and 
David Bohm of the University of Lon
don suggested a way in which a mag
netic field could influence an electron 
that, strictly speaking, lay completely 
beyond the field's range. The so-called 
Aharonov-Bohm effect has now been 
confirmed in laboratories. 

Since the mid-1970s various work-

How Distant Particles Keep in Touch 

S
Pooky correlations between separate photons were demonstrated in an 
experiment at the Royal Signals and Radar Establishment in England. In 
this simplified depiction, a down-converter sends pairs of photons in 

opposite directions. Each photon passes through a separate two-slit appara
tus and is directed by mirrors to a detector. Because the detectors cannot dis
tinguish which slit a photon passes through, each photon goes both ways, 
generating an interference pattern in the coincidence counter. Yet each pho
ton's direction, or momentum, is also correlated with its partner's. A measure
ment showing a photon going through the upper left slit would instanta
neously force its distant partll�r to go through the lower slit on the right. 
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ers have done interference experiments 
with neutrons, which are almost 2,000 
times heavier than electrons. Some 15 
years ago, for example, Samuel A. Wern
er of the University of Missouri at Co
lumbia and others found that the in
terference pattern formed by neutrons 
diffracted along two paths by a sculpted 
silicon crystal could be altered simply 
by changing the interferometer's orien
tation relative to the earth's gravitation
al field. It was the first demonstration 
that the Schrbdinger equation holds true 
under the sway of gravity. 

Investigators have begun doing inter
ferometry with whole atoms only in the 
past few years. Such experiments are 
extraordinarily difficult. Atoms cannot 
pass through lenses or crystals, as pho
tons, electrons and even neutrons can. 
Moreover, since the wavelength of an 
object is inversely proportional to its 
mass and velocity, the. particle must 
move slowly for its wavelength to be 
detectable. Yet workers such as David 
E. Pritchard of the Massachusetts In
stitute of Technology have created the 
equivalent of beam splitters, mirrors 
and lenses for atoms out of metal plates 
with precisely machined grooves and 
even standing waves of light, formed 
when a wave of light reflects .back on it
self in such a way that its crests and 
troughs match precisely. 

Pritchard says physicists may one day 
be able to pass biologically significant 
molecules such as proteins or nucleic 
acids through an interferometer. In prin
ciple, one could even observe wavelike 
behavior in a whole organism, such as 
an amoeba. There are some obstacles, 
though: the amoeba would have to trav
el very slowly, so slowly, in fact, that it 
would take some three years to get 
through the interferometer, according 
to Pritchard. The experiment would also 
have to be conducted ·in an environ
ment completely free of gravitational 
or other influences-that is, in outer 
space. 

Getting a slightly larger and more in
telligent organism, for instance, a phi
losopher, to take two paths through a 
two-slit apparatus would be even tricki
er. "It would take longer than the age 
of the universe," Pritchard says. 

While physicists may never nudge 
a philosopher into a superposition of 
states, they are hard at work trying 
to induce wavelike behavior in objects 
literally large enough to see. The re
search has rekindled interest in a fa
mous thought experiment posed by 
Schrbdinger in 1935. In a version altered 
by John Bell, the EPR theorist, to be 
more palatable to animal lovers, a cat 
is placed in a box containing a lump of 
radioactive matter, which has a 50 per-
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cent chance of emitting a particle in a 
one-hour period. When the particle de
cays, it triggers a Geiger counter, which 
in turn causes a flask of milk to pour 
into a bowl, feeding the cat. (In Schro
dinger's version, a hammer smashes a 
flask of poison gas, killing the cat.) 

Common sense dictates that a cat 
cannot have a stomach both empty and 
full. But quantum mechanics dictates 
that after one hour, if no one has 
looked in the box, the radioactive lump 
and so the cat exist in a superposition 
of indistinguishable states; the former 
is both decayed and undecayed, and 
the latter is both hungry and full. 

Various resolutions to the paradox 
have been suggested. Wojciech H. Zu
rek, a theorist at Los Alamos National 
Laboratory, contends that as a quan
tum phenomenon propagates, its inter
action with the environment inevitably 
causes its superposed states to become 
distinguishable and thus to collapse 
into a single state. Mandel of the Uni
versity of Rochester thinks this view is 
supported by his experiment, in which 
the mere potential for knowledge of a 
photon's path destroyed its interference 
pattern. After all, one can easily learn 
whether the cat has been fed-say, by 
making the box transparent-without 
actually disturbing it. 

But since the early 1980s Anthony J. 
Leggett, a theorist at the University of 
Illinois, has argued that one should be 
able to observe a superconducting quan
tum interference device, more common
ly called a SQUID, in a superposition of 
states. A SQUID, which is typically the 
size of a pinhead and therefore huge in 
comparison with atoms or other quan
tum objects, consists of a loop of super
conducting material, through which elec
trons flow without resistance, broken 
by a thin slice of insulating material 
called a Josephson junction. In a classi
cal world the electrons would be com
pletely blocked by the insulator, but 
the quantum indefiniteness of the elec
trons' positions allows hordes of them 
to "tunnel" blithely through the gap. 

Inspired by Leggett's calculations, 
Claudia D. Tesche of the IBM Watson 
center proposed an experiment that 
could show the superposition quite di
rectly. Given certain conditions, Tesche 
notes, the current in a SQUID has an 
equal chance of flowing in either direc
tion. According to quantum mechanics, 
then, it should flow both ways, creating 
an interference pattern analogous to the 
one formed in a two-slit experiment. 

Tesche's design calls for placing two 
extremely sensitive switches around 
the SQUID, each of which is tripped 
when the current is going in a different 
direction. Of course, once a switch is 

JOHN A. WHEELER, seen here with the likenesses of two earlier explorers of the 
quantum realm, Einstein and Bohr, thinks the deepest lesson of quantum mechan
ics may be that reality is defined by the questions we put to it. 

tripped, the wave function collapses, 
and the interference pattern is de
stroyed. Tesche hopes to infer the pat
tern from those microseconds during 
which the switches are not activated
making measurements, in effect, by not 
making them. 

Orthodoxy under Attack 

Other theorists note that Tesche's ex
periment is extremely difficult, since 
even minute disturbances from the en
vironment can cause the SQUID's wave 
function to collapse. In fact, Tesche re
cently turned to other, more conven
tional pursuits, at least temporarily set
ting aside the experiment. "It wasn't 
working very well," she concedes. 

Yet less ambitious experiments by 
John Clarke of the University of Cali
fornia at Berkeley, Richard A. Webb of 
IBM and others have produced strong 
circumstantial evidence that a SQUID 
can in fact exist in a superposition of 
two states. The experiments involve a 
property known as flux, which is the 
area of the superconducting ring multi
plied by the strength of the magnetic 
field perpendicular to the ring. In an 
ordinary superconducting ring the flux 
would be constant, but measurements 
with magnetometers show the flux of 

the SQUID spontaneously jumping from 
one value to another. Such jumps can 
occur only if the flux is in a superposi
tion of states-hungry and full at the 
same time, as it were. 

All the recent experiments, complet
ed and proposed, have hardly led to a 
consensus on what exactly quantum 
mechanics means. If only by default, the 
"orthodox" view of quantum mechan
ics is still the one set forth in the 1920s 
by Bohr. Called the Copenhagen inter
pretation, its basic assertion is that what 
we observe is all we can know; any spec
ulation about what a photon, an atom 
or even a SQUID "really is" or what it is 
doing when we're not looking is just 
tha t -speculation. 

To be sure, the Copenhagen interpre
tation has come under attack from the
orists in recent years, most notably 
from John Bell, author of the brilliant 
proof of the divergence between "real
istic" and quantum predictions for EPR 
experiments. In a television interview 
just before his sudden death from a 
stroke two years ago, the Irish physi
cist expressed his dissatisfaction with 
the Copenhagen interpretation, noting 
that it "says we must accept meaning
lessness." Does that make you afraid? 
the interviewer asked. "No, just disgust
ed," Bell replied, smiling. 
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Bell's exhortations helped to revive in
terest in a realistic theory originally pro
posed in the 1950s by Bohm. In Bohm's 
view, a quantum entity such as an elec
tron does in fact exist in a particular 
place at a particular time, but its behav
ior is governed by an unusual field, or 
pilot wave, whose properties are defined 
by the Schrodinger wave function. The 
hypothesis does allow one quantum 
quirk, nonlocality, but it eliminates an
other, the indefiniteness of position of a 
particle. Its predictions are identical to 
those of standard quantum mechanics. 

Bell also boosted the standing of a 
theory developed six years ago by Gian
Carlo Ghirardi and Tullio Weber of the 
University of Trieste and Alberto Rimi
ni of the University of Pavia and re
fined more recently by Philip Pearle of 
Hamilton College. By adding a nonlin
ear term to the Schrodinger equation, 
the theory causes superposed states of 
a system to converge into a single state 
as the system approaches macroscop
ic dimenSions, thereby eliminating the 
Schrodinger's cat paradox, among oth
er embarrassments. 

Unlike Bohm's pilot-wave concept, 
the theory of Ghirardi's group offers 
predictions that diverge from those of 
orthodox quantum physicS, albeit sub
tly. "If you shine a neutron through 
two slits, you get an interference pat
tern," Pearle says. "But if our theory is 
correct, the interference should disap
pear if you make the measurement far 
enough away." The theory also requires 
slight violations of the law of conserva
tion of energy. Zeilinger of the Univer
sity of Innsbruck was sufficiently inter
ested in the theory to test the neutron 
prediction, which was not borne out. 
"This approach is one of those dead
end roads that has to be walked by 
someone," he sighs. 

Yet another view currently enjoying 
some attention, although not as a result 
of Bell's efforts, is the many-worlds in
terpretation, which was invented in the 
1950s by Hugh Everett III of Princeton. 
The theory sought to answer the ques
tion of why, when we observe a quan
tum phenomenon, we see only one out
come of the many allowed by its wave 
function. Everett proposed that when
ever a measurement forces a particle to 
make a choice, for instance, between 
going left or right in a two-slit appara
tus, the entire universe splits into two 
separate universes; the particle goes left 
in one universe and right in the other. 

Although the theory was long dis
missed as more science fiction than 
science, it has been revived in a mod
ified form by Murray Gell-Mann of the 
California Institute of Technology and 
James B. Hartle of the University of Cal-
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ifornia at Santa Barbara. They call their 
version the many-histories interpreta
tion and emphasize that the histories 
are "potentialities" rather than physical 
actualities. Gell-Mann has reportedly 
predicted that this view will dominate 
the field by the end of the century. 

An intriguing alternative, called the 
many-minds view, has been advanced 
by David Z. Albert, a physicist-turned
philosopher at Columbia University, and 
Barry Loewer, a philosopher from Rut
gers University. Each observer, they ex
plain, or "sentient physical system," is 
associated with an infinite set of minds, 
which experience different possible out
comes of any quantum measurement. 
The array of choices embedded in the 
Schrodinger equation corresponds to 
the myriad experiences undergone by 
these minds rather than to an infini
tude of universes. The concept may 
sound far-fetched, but it is no more 
radical, Albert argues, than the many
histories theory or even the Copenhagen 
interpretation itself. 

The It from Bit 

Other philosophers call for a sea 
change in our very modes of thought. 
After Einstein introduced his theory 
of relativity, notes Jeffrey Bub, a phi
losopher at the University of Maryland, 
"we threw out the old Euclidean notion 
of space and time, and now we have 
a more generalized notion." Quantum 
theory may demand a similar revamp
ing of our concepts of rationality and 
logic, Bub says. Boolean logic, which is 
based on either-or propOSitions, suf
fices for a world in which an atom 
goes either through one slit or the oth
er, but not both slits. "Quantum me
chanical logic is non-Boolean," he com
ments. "Once you understand that, it 
may make sense." Bub concedes, how
ever, that none of the so-called quan
tum logic systems devised so far has 
proved very convincing. 

A different kind of paradigm shift is 
envisioned by Wheeler. The most pro
found lesson of quantum mechaniCS, 
he remarks, is that physical phenome
na are somehow defined by the ques
tions we ask of them. "This is in some 
sense a participatory universe," he says. 
The basis of reality may not be the 
quantum, which despite its elusiveness 
is still a physical phenomenon, but the 
bit, the answer to a yes-or-no question, 
which is the fundamental currency of 
computing and communications. Wheel
er calls his idea "the it from bit." 

Following Wheeler's lead, various the
orists are trying to recast quantum 
physics in terms of information theory, 
which was developed 44 years ago to 

maximize the amount of information 
transmitted over communications chan
nels. Already these investigators have 
found that Heisenberg's uncertainty 
principle, wave-particle duality and non
locality can be formulated more pow
erfully in the context of information 
theory, according to William K. Wootters 
of Williams College, a former Wheeler 
student who is pursuing the it-from-bit 
concept. 

Meanwhile theorists at the surreal 
frontier of quantum theory are conjur
ing up thought experiments that could 
unveil the riddle in the enigma once and 
for all. David Deutsch of the University 
of Oxford thinks it should be pOSSible, 
at least in principle, to build a "quantum 
computer," one that achieves superpo
sition of states. Deutsch has shown that 
if different superposed states of the 
computer can work on separate parts 
of a problem at the same time, the com
puter may achieve a kind of quantum 
parallelism, solving certain problems 
more quickly than classical computers. 

Taking this idea further, Albert-with 
just one of his minds-has conceived of 
a quantum computer capable of mak
ing certain measurements of itself and 
its environment. Such a "quantum auto
maton" would be capable of knowing 
more about itself than any outside ob
server could ever know-and even 
more than is ordinarily permitted by 
the uncertainty prinCiple. The automa
ton could also serve as a kind of eyewit
ness of the quantum world, resolving 
questions about whether wave func
tions truly collapse, for example. Albert 
says he has no idea how actually to en
gineer such a machine, but his calcula
tions show the Schrodinger equation al
lows such a possibility. 

If that doesn't work, there is always 
Aharonov's time machine. The machine, 
which is based not only on quantum 
theory but also on general relativity, is a 
massive sphere that can rapidly expand 
or contract. Einstein's theory predicts 
that time will speed up for an occupant 
of the sphere as it expands and gravity 
becomes proportionately weaker, and 
time will slow down as the sphere con
tracts. If the machine and its occupant 
can be induced into a superposition of 
states corresponding to different sizes 
and so different rates of time, Aharo
nov says, they may "tunnel" into the fu
ture. The occupant can then disembark, 
ask physicists of the future to explain 
the mysteries of quantum mechanics 
and then bring the answers-assuming 
there are any-back to the present. Un
til then, like Plato's benighted cave 
dwellers, we can only stare at the shad
ows of quanta flickering on the walls of 
our cave and wonder what they mean. 
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SCIENCE AND BUSINESS 

Piecemeal Patents 
The U.S. reconsiders 
patents on DNA fragments 

When]. Craig Venter, chief of re
ceptor biochemistry and mo
lecular biology at the Nation

al Institute of Neurological Disorders 
and Stroke, developed a rapid, inexpen
sive technique for labeling genes, he 
expected to advance genetics, not gen
erate a major controversy. But for the 
past nine months, scientists, lawyers 
and representatives of the biotechnolo
gy industry have been furiously debat
ing whether the early fruits of Venter's 
technique-more than 2,700 gene frag
ments-can or should be patented by 
the National Institutes of Health. 

The dispute is not likely to be re
solved soon. Although the U.S. Patent 
and Trademark Office may issue a pre
lirrllnary decision as early as this sum
mer on whether the sequences are pat
entable, appeals could grind on for 
years. Meanwhile Louis W. Sullivan, sec
retary of Health and Human Services, is 
formally faced with determining wheth
er the Nlli will continue to press its pat
ent claims. That question is also being 
aired in interagency discussions coor
dinated by the president's science ad
viser, D. Allan Bromley. 

The controversy began in October 
1991, after the Nlli applied for patents 
on 347 pieces of DNA isolated and se
quenced by Venter. A follow-up appli
cation in February of this year covered 
another 2, 375 fragments. Each frag
ment, which Venter calls an expressed 
sequence tag (EST), contains about 400 
base pairs of DNA corresponding to 
part of a gene that is expressed in hu
man brain cells. Venter identified the 
sequences in commercially available 
collections of human genes. 

By searching through computer data 
bases to see whether an EST corre
sponds to a known gene, Venter can 
guess what kind of gene some of his 
ESTs might correspond to. But Venter 
knows nothing about most of his ESTs 
except their sequence. Even so, he esti
mates that his technique could be used 
to map and partially sequence most 
human genes for less than $10 million, 
far less than the several billion dollars 
the international human genome pro
gram is planning to spend to map and 
sequence the entire genome. Few doubt 
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]. CRAIG VENTER with DNA sequencing machine, one of seven in his laboratory that 
are tagging human genes. Photo: Randy Santos/Randolph Photography. 

him: Venter's laboratory, equipped with 
seven automatic sequencing machines 
and three robots, is now tagging 150 
genes a day. According to one estimate, 
Venter's laboratory alone could triple 
the work load of the Patent and Trade
mark Office's biotechnology section. 

The initial decision to apply for pat
ents on Venter's sequences was made 
by Reid G. Adler, the Nlli'S director of 
technology transfer. Adler realized that 
the sequences would not be patentable 
if Venter published them without first 
laying claim in the form of a patent ap
plication. If nobody could patent the 
ESTs, Adler reasoned, drug companies 
would have little incentive to develop 
products based on them. The Nlli opt
ed to rescue the situation by filing for 
patents so it could license the corre
sponding genes and possibly their pro
teins to U.S. companies. Both Adler and 
Nlli director Bernadine Healy have re
peatedly asserted that the filing was a 
defensive move. "We're not in this to 
make money," Adler insists. 

The principal U.S. trade organizations, 
the Industrial Biotechnology Assodation 

(IBA) and the Assodation of Biotechnol
ogy Companies, initially supported the 
Nlli . But a committee of sdentific ad
visers to the Human Genome Project 
opposed the Nlli action, as did the 
American Society for Human Genetics. 
"There is no question that the patent
ing of ESTs . . .  will precipitate a race to 
isolate ESTs in many countries," the 
sodety said in a position paper. "It is 
virtually certain that under such con
ditions the information would not be 
shared between competing groups." 
Says David Botstein, professor of ge
netics at Stanford University: "A cata
logue of sequences that says 'Kilroy 
was here' is of modest value." 

James D. Watson, the co-discoverer 
of the double helical structure of DNA 
and until recently head of the National 
Center for Human Genome Research at 
the Nlli, criticized Venter's approach 
and publicly disagreed with Healy over 
the dedsion to file for patents. Watson 
angrily resigned the post in April. 

Recently biotechnology companies 
have also begun tilting toward oppos
ing the Nlli claims, according to Lisa ]. 
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Raines, vice president of government 
affairs at the rnA. "A typical biotechnol
ogy patent on a gene is the result of 
300 person-years of work," Raines says. 
"These claims are based on an average 
of 20 person-minutes of work. Many 
companies question whether the NIH 
should have the right to license what is 
really no more than a research tool." 

Some companies fear that if the NIH 
receives its patents and licenses the 
genes to companies, it could invoke a 
clause that any products developed with 
them are "reasonably priced." (The AIDS 
drug dideoxyinosine, or ddI, which the 
NIH licenses to Bristol-Myers Squibb, 
is subject to such a restriction, Raines 
notes.) Small companies are worried 
about having to search through thou
sands of patented EST sequences to 
see whether a gene has been tagged by 
the NIH. And licensing could be a night
mare if different ESTs from the same 
gene have been claimed by different re
searchers or countries. 

Raines emphasizes that rnA members 
think the crucial question is whether a 
gene of unknown function can be pat
ented. A patentable invention has to be 
useful and novel, as well as not obvi
ous. The requirements are roughly simi
lar in other countries. Venter's technique 
is based on procedures well known to 
molecular biologists, raiSing questions 
about its nonobviousness. And it is far 

from clear whether ESTs have any uses 
other than as tools for more research. 
Adler argues that the ESTs can be used 
as markers to find genes. But some pat
ent lawyers are not sure. 

On the other side of the coin, rnA 
members worry that if the U.S. does 
not patent but other countries do, U.S. 
companies could be locked out. Norton 
D. Zinder, a biologist at the Rockefeller 
University and former head of the board 
of science advisers to the genome proj
ect, derisively calls the NIH filing "pre
emptive patenting" and points out that 
a "gene race" is already under way. 
Workers in Britain, France and japan, 
he says, are churning out ESTs as fast 
as or faster than Venter is. Indeed, the 
British Medical Research Council was 
to file for patents on some 4,000 ESTs 
in May and was keeping the sequences 
secret until it did so. 

Zinder also points out that jonathan 
Marc Rothberg of Yale University has 
discovered that some of Venter's ESTs 
contain parts of the commercial molec
ular systems used to copy them. That 
provides further evidence that "every
thing is not being done SCientifically," 
Zinder says. Venter counters that such 
errors are an insignificant result of pub
lishing the data as quickly as possible. 
And he contends there would be a race 
to tag genes whether ESTs are patent
able or not. 

British officials say they, too, are only 
filing defensively: they are seeking an 
international understanding on when 
DNA sequences can be patented. "It's 
the prevailing view that it is inappro
priate to receive patents on sequences 
of unknown utility," says David Owen 
of the British Medical Research Coun
cil. Owen says Britain, like most Eu
ropean countries, supports a "patent 
bonfire" for ESTs. The rnA also sees a 
possible solution in an international 
agreement that would make sequences 
of unknown function unpatentable. Ac
cording to Raines, the NIH might be able 
to fulfill its legal obligation to commer
cialize its discoveries without taking 
out patents. 

The NIH was scheduled to partici
pate in late May in a public meeting 
on its patent claims. Other countries, 
including Britain, were considering us
ing the occasion to urge the NIH to 
withdraw. And in May,> Healy gave a 
hint that the NIH may ee ready to lis
ten, provided other countries agree to 
play along. 

All eyes are now on japan, which has 
been keeping its options open. But the 
public meeting might, Healy said, lead 
to a decision to put a hold on a third 
large patent filing planned for june. For 
his part, Venter would be "delighted" 
if an agreement made gene fragments 
unpatentable. - Tim Beardsley 

u.s. Semiconductor Toolmakers Regain Ground 

�er an excruciating slide in market share, the U.S. 
companies that make equipment for manufactur

ing semiconductor memory and integrated circuit 
chips are inching back. According to the San jose-based 
consulting firm VLSI Research, the U.S. toolmakers in
creased their worldwide market share by about 3 percent 
last year-the first increase in a decade. 

The U.S. gains came in spite of a tough year for chip 
machine makers worldwide. Total purchases of semicon
ductor manufacturing equipment dipped from $10.2 bil
lion in 1990 to $9.9 billion. Only U.s. toolmakers posted a 
gain; japanese manufacturers as well as other producers 
suffered losses. 

Until last year, the story of U.S. makers of such equip
ment as chemical-vapor deposition and optical lithogra
phy tools was one of decline. In 1981 U.S. producers con
trolled more than 73 percent of the international market 
for semiconductor manufacturing equipment. That share 
had slipped below 43 percent by 1990. After the 1991 
gains, however, U.S. and japanese chip toolmakers may 
be standing head to head. Half the top 10 firms in the in
dustry are based in japan; the other half are in the U.S. 

Those who read the tea leaves of the semiconductor 
trade found last year's results particularly heartening be
cause sales of U.S. producers rose both at home and 
abroad. U.S. firms won more than two thirds of their gains 
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last year in japan. Sales were up in their home market as 
well, reversing the steady erosion that has been taking 
place. "Americans now seem more willing to buy Ameri
can eqUipment," declares jerry Hutcheson, chief executive 
officer of VLSI Research. 

Hutcheson attributes much of the equipment makers' 
comeback to the support extended to the industry by Se
matech, the semiconductor manufacturing research con
sortium sponsored jointly by industry and government. "I 
don't see anything else out there that would have caused 
the increase," he says. 

That assessment can only help Sematech, whose con
tinued funding is up for debate in Washington. When Se
matech was established in 1987, the U.S. government 
promised to carry half of its annual $200-million budget; 
industry provided the remaining half of the tab. With the 
five-year honeymoon over, Sematech, like any other pro
gram, must now cajole the government for support. 

In its fiscal 1993 budget proposals, the administration 
leaned toward shaving its contributions to Sematech, of
fering only $80 million. Not surprisingly, Sematech is ask
ing for an increase above its previous allowance. Con
gress aims to resolve this and all other funding squabbles 
before the fiscal year begins on October 1. According 
to congressional aides, the legislators seem inclined to try 
to keep Sematech's budget intact. -Elizabeth Corcoran 
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One Fish, Two Fish 
How to raise a school 
of tempting software toys 

T hese days Vladimir 1. Pokhilko 
spends his time thinking about 
fish. Not delicious morsels of 

shad and salmon-not even endangered 
creatures such as short-nosed stur
geon. Instead Pokhilko is interested in 
virtual ichthyology. "We have very, very 
beautiful fish," boasts the Russian, as a 
few waft gracefully across his comput
er screen. And all are figments of algo
rithmic manipulations. 

Pokhilko is the U.S. representative for 
the Moscow-based start-up AnimaTek. 
For the past three years, he and a team 
of 15 scraggly-haired scientists and 
computer programmers have painstak
ingly toiled to fulfill a dream: write soft
ware that electronically conceives im
ages of glamorous fish. "They're driven 
by a sense of aesthetics," observes Will 
Wright, chief designer at the software 
toy company Maxis in Orinda, Calif. 
"They keep thinking about how people 
will compete to breed beautiful fish." 

That said, Maxis now hopes to help 
the Russians use their EI-Fish to reel in 
profits. As they see it, £I-Fish will be a 
computer toy that people can use to cre
ate novel-looking fish by electronically 
"breeding" images. Users will endow 
the fish with characteristics that would 
enable them to survive under specific 
environmental conditions. Unlike com
puter games aimed at squashing aliens 
or conquering obstacles, £I-Fish is a 
plaything for pacificists built from sur
prisingly sophisticated algorithms. 

Seven years ago neither Pokhilko nor 
any of his compatriots imagined them
selves as entrepreneurs. "£I-Fish is a 
child of perestroika," Pokhilko declares. 
Computers had permeated the premiere 
research institutions, and scientists from 
many diSCiplines were tinkering with 
ways in which these tools might ad
vance their studies. As a psychologist, 
Pokhilko became intrigued with using 
computers to model-and tease-hu
man intelligence and so began devising 
computer games. 

In 1989, shortly after he had joined 
Moscow State University, Pokhilko met 
hacker Alexey Pajitnov, the author of 
Tetris, the first Russian computer game 
to slip across the border and become a 
commercial hit in the West. They began 
tinkering with a number of computer 
projects, including one that would au
tomatically generate artificial life-forms. 
Although they were not familiar with 
U.S. work on genetic algorithms, devel
oping software that could selectively 

COMPUTER·GENERATED FISH, spawned from algorithms built by the Russian com
pany AnimaTek, are at the heart of a novel computer toy. Image courtesy of Maxis. 

"breed," or recombine, images to gen
erate new versions seemed a promising 
approach [see "Genetic Algorithms," by 
John H. Holland, page 66]. Although 
the Russians first thought about soft
ware that would generate flowers, they 
settled on fish instead because the crea
tures were mobile, pretty and popular 
pets. "So it was serious art and indus
try," Pokhilko says. 

In the spring of 1989 the Russians 
found an enthusiastic backer in a small 
U.S. firm, Bullet-Proof Software in Red
mond, Wash. With funding from Bul
let-Proof, Pokhilko and Pajitnov bought 
computer hardware and software, hired 
a team of scientists in Moscow (most of 
whom were theoretical and experimen
tal physicists) and plunged into the mes
sy business of algorithmic modeling. "It 
was a good time for private projects," 
Pokhilko recalls. "Some people took the 
job just to survive." 

Their first geometric models proved 
so flexible that the software churned 
out many unusual images but no fish, 
Pokhilko sighs. By adding 800 parame
ters-essentially a genetic code to de
scribe generic fish bodies-the workers 
finally ensured that their system would 
spew out only pis cine figures. 

Coaxing the fish to act like fish re
quired more characteristics. The pro
grammers imbued the fish with sensi
tivity to water temperature and depth. 
(They also designed lake environments 
and families of seaweed to provide a 
familiar setting.) To enable the fish to 
swim, the scientists tuned the software 
to sketch out 220 frames portraying 
fish in various angles and positions. 
Just as cartoons spring to life when an 

artist quickly flips through many ver
sions, £I-Fish meander across the screen 
when the computer runs through these 
frames in different orders. 

Lately £I-Fish are surfacing at confer
ences ranging from scientific sympo
siums on artificial life to trade shows 
on computer games. In demonstrations, 
Pokhilko pulls up a menu of several 
dozen fish and picks two parents. In 
less than 30 seconds the first progeny 
pop onto the screen, soon followed by 
a school of siblings. Pokhilko can then 
put the fish into a virtual lake stocked 
with seaweed and other fish and moni
tor how the newest permutation sur
vives. Alternatively, he can save the fish 
image in a "museum" (which is envi
ronmentally benign). 

The software has gone through its 
own evolution since Pokhilko and Paji
tov brought it to the U.S. about a year 
ago. Even now the images consume 
much computer memory: 10 fish swim
ming across a screen need about eight 
megabytes of room, says Steve G. Beck
ert, a project manager at Maxis who is 
working with the Russians. And then 
there are those extras, such as easy-to
use interfaces, documentation and pack
aging-elements that are at the fore
front of any commercial vendor's agen
da but are new to the entrepreneurs. 

At this point, Maxis and AnimaTek 
hope to unveil a commercial £I-Fish 
package in time for Christmas. Precise
ly how the final product will fare is as 
uncertain as the outcome of breeding 
fish. Nevertheless, as Pokhilko points 
out, "sometimes a little bit of mutation 
is absolutely necessary to generate a 
beautiful fish." -Elizabeth Corcoran 
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Sensible Biology 

S cientists have been attempting since the 1950s to meld biology and 
electronics into detection devices known as biosensors. But it is only 
now that technologies for mass-producing biologically active com

pounds, sophisticated membranes and integrated circuits are converging to 
make commercial products a reality. 

Leading the way are a handful of companies, including Molecular Devices, 
i-Stat, Idetek and Biocircuits. The devices they are bringing to market will en
able physicians to perform pretreatment tests of chemotherapy on a pa
tient's own cancer cells or monitor drug levels in the blood. Manufacturers 
expect biosensors to speed pharmaceutical research and perhaps help re
place animal testing. They will also be useful in industrial production to look 
at yield and by-products and to screen for contaminants. 

Combining technologies as disparate as semiconductors and molecular bi
ology has not been an easy undertaking, observes Harden M. McConnell, 
founder of Molecular Devices in Menlo Park, Calif., and chairman of Stanford 
University's department of chemistry. " If we' d known anything about silicon, 
we'd never have started all this," he chuckles. The firm recently introduced its 
Cytosensor Microphysiometer, which monitors the metabolic rate of living 
cells. By detecting changes in the acidity of cellular waste products, re
searchers can determine the effects of drugs or toxins in real time. 

The principle of measuring pH in living cells is simple, McConnell says; 
building the biosensor was anything but. The current device can monitor 
eight samples at a time. Silicon chips sit like burners on a stove; on each is 
placed a small vessel containing a dollop of cells. A nutrient solution is 
pumped through the vessels, but periodically flow is halted to allow acid 
from the cells' waste to accumulate in the solution. As ions build up, they 
pass through a permeable membrane that forms the bottom of the vessel, 
carrying their charge to the chip below. 

The Cytosensor is proving particularly useful in the areas of neuropharma
cology and immunology, the company claims, because it can pick up chang
es in a cell's metabolism in about 30 seconds-fast enough to ascertain the 
influence of neurotransmitters and other quick-acting substances. 

Processing speed is the key to the blood-screening biosensor sold by i-Stat 
in Cambridge, Mass., explains William Moffit, the firm's president. Doctors 
currently rely on clinical laboratories to process blood samples "stat," or as 
fast as possible, he notes. The company's device, meant to be used at bed
side, relies on patented algorithms and a microprocessor to predict accurate
ly what the electrodes will ultimately register. In 90 seconds the device dis
plays levels of six critical blood components, such as glucose, sodium and 
potassium. "Without algorithms, you' d have a device just like ours, but it 
would take 1 0 minutes," Moffitt asserts. 

The clinical diagnostic market is also the target of Biocircuits in Burlingame, 
Calif. It plans to introduce by mid-l 993 a biosensor to detect thyroid dys
function and, later, biosensors for other metabolic disorders. Disposable car
tridges that slip into a tabletop reader will contain sections of a fluorescent 
membrane. When target substances bind to the membrane, the fluorescence 
is quenched, and the change can be measured by a simple photodiode. 

The "definitely low-tech user" is the customer sought by Idetek for its bio
sensors, says Mark Platshon, president of the Sunnyvale, Calif., company. 
Truck drivers who go from farm to farm collecting milk will use the compa
ny's dipsticks to test for antibiotic residues in milk. Idetek's biosensor adds 
biology to a physical phenomenon first described in post-Renaissance Italy. 
It was noted then that a grooved mirror gives off a distinctive diffraction pat
tern because white light is broken into its component colors. ''The ultimate 
mirror is a silicon wafer," Platshon says. 

The manufacturer coats silicon wafers with antibodies that bind to antibi
otics, then cuts stripes of alternating grooves with photolithographic tech
niques. The chips are dipped in milk and then exposed to laser light. If no 
antibiotics have bound to the chip, the laser simply reflects off the grooves; 
in the presence of contamination, a bright diffraction pattern emerges. 

Regardless of the markets that early biosensor companies seek, all face 
the same basic obstacle: transforming research into high-quality products 
that can be made and sold in large quantities. Companies are betting that 
their biosensors will soon be detecting dollars. -Deborah Erickson 
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Metastatic Machinations 

Blood-clotting factors may help 
cancer cells spread in the body 

S omething intriglling happened as 
scientists at Abbott Laboratories 
were trying to improve one of the 

firm's drugs for treating heart attacks. 
Researchers at the north Chicago facil
ity were adding fragments of the clot
dissolving enzyme urokinase to cul
tured cell lines that they suspected 
might have receptors for the molecule. 
To their surprise, urokinase dramati
cally enhanced the ability of prostate, 
breast and colon cancer cells to invade 
normal tissue. 

The company's research is now sug
gesting ways to prevent metastasis, the 
spread of cancer to distant sites in the 
body. "Cancers in general have been 
known to promote clot formation, pre
sumably to protect themselves from the 
body's immune system, so we were in
trigued to see this connection with a 
clot-dissolving compound," says Arthur 
A. Sasahara, director of Abbott's Throm
bolytics Venture. To gain insight into 
these initial observations, the company 
is providing researchers around the 
country with the enzyme. 

Gradually, the scientists are piecing 
together a picture of how urokinase 
assists cancer. Ordinarily, urokinase 
initiates a cascade of activity against 
blood clots that form at sites of injury. 
The process includes the conversion of 
an inactive precursor molecule called 
plasminogen to active plasmin-a com
pound that lyses fibrin and can also 
degrade other proteins. Studies suggest 
that in certain cancers, plasmin is turned 
against collagen and laminin, both essen
tial components of the basement mem
brane that surrounds the walls of blood 
vessels. "We think urokinase wiggles be
tween the cells in the wall, and then 
cancer cells move to the breach and into 
the bloodstream," Sasahara explains. 

Douglas D. Boyd, a tumor biologist at 
the M.D. Anderson Cancer Center in 
Houston, contends that cell-surface re
ceptors are critical to urokinase's ef
fects. When he inserted the gene for 
the enzyme into colon cancer cell lines 
that had few receptors for the mole
cule, the cells produced more of the 
compound but did not become any 
more invasive. "There is strong circum
stantial evidence that receptor-bound 
urokinase is important," Boyd declares. 

Abbott researchers are inclined to 
agree, because certain highly malignant 
cell lines have large numbers of recep
tors for urokinase. Sasahara cites sever
al recent studies that suggest a receptor 
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BREAST CANCER CELLS glow fluorescent yellow, indicating the presence of the clot
dissolving enzyme urokinase. Photo: Leo R. Zacharski. 

count taken at the time of biopsy might 
help assess a cancer's ability to metas
tasize and so guide clinicians to better 
courses of therapy. By the same token, 
drugs that blocked those membrane re
ceptors might retard metastasis. 

But Richard M. Schultz, a biochemist 
at Loyola University Medical Center, dis
counts the importance of receptors. "My 
evidence is that urokinase secreted by 
the cells-and not taken up by them
can promote metastaSiS," he contends. 
Putting the human urokinase gene into 
mouse cancer cells dramatically promot
ed their metastatic ability, even though 
the human form does not bind to mouse 
receptors. Schultz believes cancer cells 
secrete urokinase to degrade extracellu
lar matrices, not for their own internal 
use. "One can think of urokinase inhibi
tors, but I'm not sure if membrane re
ceptor inhibitors would work," he says. 

Some research suggests that uroki
nase's clot-dissolving capacity is only 
incidental to its true mode of action as 
a growth factor. The part of the mole
cule that attaches to the receptor close
ly resembles domains in proteins known 
to spur cell growth, observes David A. 
Hart of the University of Calgary. He 
suspects that urokinase production may 
be switched on by cancer-causing genes, 
called oncogenes, that use the enzyme 
as a tool for multiplication. Other onco
genes have been shown to stimulate 
different protein-cleaving enzymes. 

One study that may clear up the con
fusion is being conducted by Leo R. Za
charski, a hematologist at the Veterans 
Administration Medical Center in White 
River Junction, Vt. He and his colleagues 
at Dartmouth College are categorizing 
various types of cancer by their ability 
to express urokinase and other blood
clotting factors. "Lo and behold, there 

is heterogeneity," he says. Certain can
cers, such as prostate, breast and co
lon cancer, do produce urokinase and 
show no evidence of clot-promoting fac
tors on the tumor cell. In contrast, other 
kinds, such as kidney cancer and ma
lignant melanoma, lack urokinase and 
often show the presence of factors that 
encourage blood clots to form immedi
ately adjacent to the tumor. 

Early results indicate that giving uro
kinase to patients with clot-promot
ing cancers, such as small cell lung can
cer, makes the tumors more susceptible 
to chemotherapy and the patient's own 
immune system, leading to more fre
quent regression, Zacharski declares. 
"In urokinase-expressing tumors, which 
seem to be the mirror image of small 
cell lung cancer, the idea would be to 
try to block urokinase," he explains. 

Abbott's drugs to block urokinase are 
not yet ready for human trials, Zachar
ski sighs, but experimental models show 
that doing so reduces tumor growth and 
retards invasion. Studies of any, uroki
nase inhibitors will have to consider the 
effects of temporarily depriving healthy 
cells of a vital enzyme, however. Boyd 
points out that immune system cells 
rely on the enzyme to get to sites of 
infection. "It remains to be seen wheth
er patients can tolerate a little macro
phage shutdown," he says. 

Yet the prospect of a treatment win
dow, perhaps at the time of surgery 
when cancer cells are sometimes inad
vertently dispersed, brightens the out
look of many clinicians. "If you can 
somehow deprive cancer cells of some
thing they need, they will be just as 
dead as if you had poisoned them with 
chemotherapy," Zacharski says. "This 
may be a more natural way of killing 
cancer." -Deborah Erickson 

Fickle Fluids 
Applications still elude flUids 
that solidify in an electric field 

When development of electrorhe
ological fluids began in earnest 
in the 1970s, analysts predict

ed they would soon become a billion
dollar technology. Because they can be 
transformed rapidly from a lubricant 
to a solid and back again by varying 
an electric field, developers envisioned 
a variety of applications in which elec
trical signals could be converted to 
mechanical work, such as automotive 
shock absorbers, engine mounts and 
suspension systems-even girders for 
buildings and bridges that would ad
just to changing loads. 

But dozens of companies in the U.S., 
the U.K., Germany and Japan have yet 
to find a way to convert electrorheolog
ical (ER) fluids into a single product 
that can compete widely and aggres
sively in the market. "At present, appli
cations of ER fluids must be confined 
to small, specialized niche markets, ar
eas in which the essence of the prob
lem is high-speed response to electron
ic signals," says James E. Stangroom, 
one of the founders of ER Fluid Devel
opments in England. 

The problem, according to Stangroom 
and other industry experts, is that engi
neers have been forced to resort to com
plex and unconventional design princi
ples in dealing with these fickle materi
als. Although ER fluids can have simple 
recipes-such as cornstarch in corn 
oil-they can display very complicated 
behavior. 

All ER fluids are suspensions of di
electric particles in a dielectric fluid; to,
day they typically consist of ceramic, 
polymer or graphite particles in silicone 
or mineral oil. When the fluid is placed 
between two plates of metal, it acts very 
much like a simple oil, and the plates 
can slide against each other. When an 
electric field is applied across the plates, 
the dielectric particles in the fluid line 
up, forming chains. As the field is in
creased, the chains grow in strength and 
number, increasing the resistance to 
the flow of the fluid. At some voltage, 
the' fluid solidifies into a jellylike sub
stance. The effect can be turned on and 
off more than 1,000 times a second. 

Unfortunately, existing ER fluids do 
not function well outside a narrow 
range of conditions. The best fluids can 
resist sliding at a shear stress of 3,000 
pascals in a field of 4,000 volts per mil
limeter. Most analysts believe the in
dustry needs an ER fluid with 10 times 
that strength. Furthermore, most ER 
fluids operate over a temperature range 
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of only 30 degrees Celsius. Yet the au
tomotive industry requires the fluids to 
work from -40 to 150 degrees C. "In re
cent years, we have made fluids that are 
more reliable, more stable and stronger 
and that have better temperature prop
erties," comments Theodore G. Duclos 
of Lord Corporation, which investigates 
ER fluids for use in automobiles. "There 
is still a little ways to go." 

Stangroom believes engineers should 
concentrate on what can now be done 
with ER fluids. "Engineering would in
deed be easy if we had ER fluids that 
were three times stronger," he says. "Of 
course, the same would be true if we had 
steel that was three times stronger." His 

Machine Vision 

New ways for the image 
makers to invent reality 

YOU will likely be seeing much 
more of things your eyes won't 
believe. Police officers becoming 

the people they touch, arms that turn 
into swords and back again, cars chang
ing into cheetahs and dancing men 
made of water-these are just some of 
the astonishing visual tricks already 
made possible by a computer graphics 
technique called "morphing." The term, 
which is derived from the word "meta
morphosis," describes a method of 
smoothly dissolving between two im
ages on film or videotape, so that one 
appears to become the other. 

Entertainment insiders say that mor
phing has permanently altered the pub
lic's expectations of visual media. "When 
we first started doing this, it was just 
one effect for a movie," says Doug 
Smythe, who is senior technical direc
tor of computer graphics at Industri
al Light and Magic (ILM) in San Rafa
el, Calif. "Now it's huge." 

Morphing made its com
mercial debut in the 1987 
film Willow. When director 
Ron Howard wanted a sor
ceress to change into differ
ent animal forms, he turned 
to ILM, the special effects 
studio owned by filmmaker 
George Lucas. "It was a call 
for guerrilla programming
just go in there and do it, 
damn what the neighbors or 
government thinks," Smythe 
recounts. He has since done 
morphing for several com
mercials and the film Termi
nator 2. 

firm has patented a clutch system based 
on ER fluids; it may be used for draw
ing thin wires because it can maintain 
a constant tension. The company has 
also produced a pump whose displace
ment can be varied continuously and 
quickly; the pump may be suited for 
hydrostatic drives for various vehicles. 

Yet some researchers think ER fluid 
technology demands more than good 
engineering and better materials. Ed
ward A. Collins, a consultant in the field 
of ER fluids who is co-heading a De
partment of Energy study of the tech
nology, argues that universities should 
be encouraged to do more fundamen
tal research. "Right now, we don't have 

fashion a few years before by Tom 
Brigham of the New York Institute of 
Technology. Smythe added grids to the 
screen to simplify decomposition of the 
images. The mosaic pieces could then 
be pulled and pushed, to match a left 
eye with a left eye, a nose with a nose
a procedure known as mesh warping. 
"It's a resampling process. The idea is, 
we have spline curves in horizontalish 
and verticalish directions," Smythe ex
plains. The "ish" is because curves are 
allowed to bend and snake around im
ages in either of the two images, as 
long as they do not overlap or touch. 
Samples of pixels are taken from along 
those curves in the so-called source im
age (the film as shot) and transferred 
to a destination image. Changing the 
rate of sampling produces more or less 
stretching. A transformation that lasts 
two seconds can take two weeks to 
accomplish. 

Less exacting techniques have been 
developed, asserts Thaddeus Beier, a 
software engineer at Silicon Graphics 
Computer Systems in Mountain View, 
Calif. Details of the method he devel
oped with Shawn Neely of Pacific Data 
Images (PDI) in Sunnyvale, Calif., will be 

the basic theories to explain many of 
the properties of the fluids," he says. 

Frank E. Filisko of the University of 
Michigan, who contributed to the devel
opment of many new ER fluids, agrees. 
He tells the story of an engineer from 
the 1950s who wanted to try out the 
newly invented transistor. In a rush of 
excitement, he took apart his radio and 
replaced one of the vacuum tubes with a 
transistor. To his disappOintment, the 
radio short-circuited. "Likewise, people 
are trying to apply ER fluids in conven
tional ways," Filisko remarks. "Instead 
they should be searching for new radical 
designs to take advantage of the fluid's 
dramatic properties." -Russell Ruthen 

revealed in a paper at SIGGRAPH, the 
annual computer graphics conference 
to be held in Chicago this July. "Rather 
than trying to specify expliCitly how an 
image should change, we let the artist 
specify just by drawing features and 
then let the computer figure out what 
moves around," Beier explains. In his 
technique, lines added by the animator 
are surrounded by a field of influence 
that automatically warps the image a 
predetermined amount. For instance, 
drawing lines around the silhouette of 
a person's head pulls the hairline along 
without any extra work between the 
hair and the forehead. 

"I think it's 1,000 times more effi
cient-you're concentrating on the artis
tic rather than the exasperating tech
nical aspects," raves Jamie Dixon, digital 
effects supervisor for PDI in Hollywood. 
"It's a very different approach that 
lends itself to more dynamic morphing 
sequences," he says. Dixon employed 
the technique in Michael Jackson's ac
claimed music video Black or White, 
seamlessly transforming singers into 
individuals of different races and Jack
son himself into a panther. 

The largest market for morphs 

The basic technique had 
been demonstrated in crude 

MORPHING TECHNIQUES such as those used in Tenninator 2 
meld images for dazzling effects. Photo: ILM. 

achieved by any technique is 
likely to be the invisible ma
nipulation of otherwise real 
images. Morphs could serve 
as Band-Aids, to join the best 
sections of an actor's cuts, 
or simply to remove an un
wanted section of a picture. 
"We have the technology now 
to realize in film or video 
just about any vision," ob
serves Smythe, who says he 
will stick with mesh warping. 
"We're not limited by what 
human beings can really do 
with their bodies-or gravity 
or any other physical laws." 
But then, was Hollywood 
ever? -Deborah Erickson 
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THE ANALYTICAL ECONOMIST 

Doubling Up on Payoffs for Schooling 

O nce a year Twinsburg, Ohio, 
hosts a convention that has the 
rest of the town seeing double. 

The Annual Twins Day Festival is a 
magnet for almost 3 ,000 sets of twins 
(not to mention triplets, quadruplets 
and "mirror twins"). Almost everything 
shows up in pairs: there are double cof
fee mugs,  twin birthday cards and two 
sit-down dinners for the look-alike cel
ebrants.  Last year there were even two 
economists. 

For the economists, however, the trip 
to Twinsburg was strictly business.  In 
addition to being a Mecca for twins, 
the yearly j amboree offers scientists 
of many stripes a seemingly ideal op
portunity to separate the effects of na
ture from those of nurturing. "You can 
hold a lot of things constant," points out 
Alan B. Krueger, an economist from 
Princeton University. In particular, Krue
ger and his colleague (but not twin) Or
ley Ashenfelter aimed to cast light on a 
long-standing question: What is the val
ue of education? 

liberal arts graduates may speak of 
broadened horizons and the life of the 
mind, but economists reduce the is
sues to a less subj ective denominator: 
expected income. All other things be
ing equal, how much does spending an
other year in school boost a person's 
future paycheck ? 

Economists-and common sense
have long maintained that more educa
tion is the path to greater fortune. Most 
es timates suggest that each additional 
year of school boosts income by about 
8 to 10 percent. Beyond that gener
alization, however, lies much debate. 
For example, some studies suggest that 
women's income increases regularly for 
each year of schooling beyond high 
school, whereas the incremental gains 
for men are lower but jump dispropor
tionately when they earn a diploma, re
ports Joseph G. Altonji, an economist at 
Northwestern University. And spending 
1 0  years on a doctorate in early Saxon 
literature does not typically promise 
more income than devoting two years 
to a mas ter's of business program. 

What is more, o ther mfluences on suc
ldS ar . no t negliglbl . A child's home 

enVlfollmenl. lilherent tdiClllS, mltrests,  
role lnodels ond ollai gruup all affect 
bv h LUIT1!Jle lt:o y ears of schuolmg and 

future income. Trying to eliminate these 
factors statistically requires uncomfort
able data contortions. Except, of course, 
in the case of twins-and particularly 
in the case of identical twins. 

The first study of twins began as an 
instance of "pure scholarship," says Paul 
Taubman, an economist at the Univer
sity of Pennsylvania. In the course of 
teaching a senior economics class in the 
late 1 9 70s, Taubman recounted his re
search on the educational and econom
ic achievements of World War II veter
ans. The students proposed repeating 
the study based on a sample of twins; 
Taubman said he doubted that the data 
existed. To his surprise, the students 
waded through military records and 
found a 2 ,000-person sample of twins, 
comprised of white men born between 
1 9 1 7  and 1 9 2 7. 

Along with his colleagues Jere R .  
Behrman, Zdenek Hrubec and Terence 

All other things being 
equal, how much will 
another year in school 
boost a person 's paycheck? 

Wales,  Taubman combed through the 
data and found some unexpected re
sults .  When evaluated individually, the 
men seemed to benefit from education 
at roughly the predicted rate-reaping 
about an 8 percent return for every year 
of completed schooling. But when the 
economists factored out "environmen
tal" effects by looking at how frater
nal twins fared, they found the return 
for an additional year of schooling had 
slipped to about 5 percent. Even more 
unsettling: when they looked at identical 
twins, who have presumably the same 
genetic makeup (and thus, perhaps,  the 
same inherent abilities), the real returns 
for education were only about 3 per
cent. Such findings seem to indicate that 
environmental and inherent abilities 
play a larger role than education. 

Their data, nonetheless,  were still 
plagued by inconsistencies. For instance, 
many people tend to forget-or misrep
resent-how much time they spent in 
schuoL Because of the nature of the sta
tis tical analysis, even small inaccura-

cies in such data can dramatically warp 
the results. 

Last year Ashenfelter and Krueger de
cided to reinvestigate the education of 
twins-this time by undertaking a sur
vey themselves. The Twinsburg festival 
was the obvious place for such a task. 
"Where else can you find twin nuns 
and twin accountants? " Krueger asks. 
Over the course of the three-day gath
ering, the economists (and several as
sistants) interviewed some 2 5 0  pairs of 
twins. To reduce errors in establishing 
the records, they separately asked each 
member of a pair how many years of 
schooling he (or she) and his (or her) 
sibling had achieved. 

The results indicate that economists 
may have badly underestimated the 
affect schooling may have on income. 
According to Ashenfelter and Krueger, 
each additional year of schooling com
pleted by one twin but not the other 
boosted the wages of the more edu
cated one by about 1 7  percent. A twin 
who completed college would earn near
ly twice as much as an identical sibling 
with a high school diploma. 

That said, the economists concede the 
data may have their own bugs. Those 
who attend twins festivals tend to be 
better educated and more affluent than 
the average population. Furthermore, 
more than half the twins surveyed had 
spent the same number of years in 
school. 

Taubman proposes another reason 
for the different results:  higher educa
tion may be more valuable today than 
ever before. Even though the supply of 
college graduates has gone up, demand 
for more sophisticated skills may have 
gone up even faster, he suggests. Al
ternatively, there may be even fewer
and worse-paying-j obs available for 
those without college degrees. Some 
studies have shown that education pays 
off more in industries that have high 
rates of technological progress,  Altonji 
points out. 

like any other group of scientists, 
economists need to do far more re
search to build reliable collections of 
data. Only then will their work offer in
sights into complex social issues such 
as the value of education. Ashenfelt
er and Krueger have learned that les
son well : this August will find them 
back in Twinsburg, looking to double 
their data. 

-Elizabeth Corcoran and Paul Wallich 
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THE AMATEUR S C lENTl ST conducted by Rick L. Riolo 

Survival of the Fittest Bits 

I
n Darwinian terms, life is a strug
gle in which only the fittest survive 
to reproduce. What has proved suc

cessful to life is also useful to prob
lem solving on a computer. In particu
lar, programs using so-called genetic 
algorithms find solutions by applying 
the strategies of natural selection. The 
algorithm first advances possible an
swers. Then, like biological organisms, 
the solutions "cross over," or exchange 
"genes," with every generation. Some
times there are mutations, or chang
es, in the genes. Only the "fittest" solu
tions survive so that they can repro
duce to create even better answers [see 
"Genetic Algorithms," by John Holland; 
page 66]. 

One way to understand how genet
ic algorithms work is to implement a 
simple one and use it in some experi
ments. I chose the C language for my 
algorithm, but any other computer lan
guage would do as well. It took me two 
days to complete the version described 
here. I spent the most time by far writ
ing the utilities to make the program 
easy to run, to change parameter set-

4 

3 

f(x) = x + Isin(32x)1 
OSx< 1t 

tings and to display the population and 
statistics about its performance. 

I recommend developing a genetic al
gorithm in two steps. First, write utili
ties (some are described below) to track 
the population's average fitness and the 
most fit members of each generation. 
Your version should generate random 
populations of individuals and have 
subroutines to assign fitness. The pro
gram should also display the individu
als and their fitnesses, sort by fitness 
and calculate the average fitness of the 
population. Second, add subroutines to 
implement the genetic algorithm itself. 
That is, your program should select par
ents from the current population and 
modify the offspring of those parents 
through crossover and mutation. 

In writing a genetic algorithm for the 
first time, I found it best to use a simple 
problem for which I know the answer. 
This approach made it easier to debug 
and to understand the algorithm. Ad
justing it for more complex problems 
is not too difficult. 

I chose the problem of finding the 
optimum value of the function ((x) = 

o 0.5 1 .5 
x 

2 2.5 3 

FITTEST SOLUTION orf(x) = x + /sin (32x)! is the value orx that yields the highest 
f(x). The answer isx = 3.09346401 (in radians), represented by 1111110000010100. 
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x + 1 sin (32x) I. 1 limited the values of x 
(the domain) to between 0 and IT (I am 
working in radians, where IT = 180 de
grees.) Thus, this function has 32 regu
lar oscillations added to the straight 
line {(x) = x [see illustration below]. Be
cause {(x) is always positive, it can be 
used directly as a measure of fitness. 
The goal is to find an individual string 
(a value of x) that yields the largest {(x). 

The first step is deciding how to rep
resent structures from the domain in a 
form your genetic algorithm can pro
cess. 1 represented the values of x as bi
nary strings, as described in Holland's 
article. For my initial experiments, 1 
chose the length, L, of my strings to be 
16 bits (L= 16).1 thus have 2L= 216= 

65,536 possible values of x. (Increasing 
the length of the string improves the 
precision of the solution.) 1 assigned 
these 2L string values to values of x: 1 
let the string 0000000000000000 rep
resent x = 0, 0000000000000001 to be 
x = l( IT /2 L), 0000000000000010 to be 
x= 2( IT/2L), and so on, all the way to 
1111111111111111, which represents 
the maximum value of the domain, 
x= (2L 1) (IT/2L) = IT- IT/2L. (The val
ue of IT itself is excluded because there 
is no string left to represent it.) To test 
your intuition, what value of x does the 
string 1000000000000000 represent? 

In short, the binary strings represent 
2L values of x that are equally spaced 
between 0 and IT. Hence, as the al
gorithm searches the space of binary 
strings, it is in effect searching through 
the possible values of x. The C fragment 
on page 116 (the mapping algorithm) 
shows one way to implement this map
ping from a binary string, which is 
stored as a char array in C. For example, 
it will map 1000000000000000 onto 
(approximately) IT / 2. The fitness of an 
individual binary string S is just ((x), 
where x = MapStringToX(S). 

Given this mapping from binary 
strings to the domain of {(x), it is in
structive to map schemata, or target 
regions, as specified by Holland. For 
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land, Melanie Mitchell and Jim Sterken 
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example, the schema 0,,,,*,,*,,,,**,,,,,,*** 

consists of all the strings that start 
with O. The " is the "don't care" place
holder: it does not matter whether it 
is 0 or 1. The schema 0,,,,,,***,,,,**,>;,,,,,* 

maps into the first half of the do
main-that is, between 0 and IT/2. The 
schema 1 ,h�'d,***,"d'*'h"d, corresponds 
to the other half, between IT /2 and IT. 

For the function {(x), the average value 
of ((x) over 1"'d'*'dd""""""'*'� is greater 
than that over 0,,,,**,,,,,,***,,,,,,**. Thus, 
in a random population of strings, you 
should find that the average fitness of 
individuals in the former region is great
er than that of members in the latter. 

My implementation includes some 
subroutines that track individuals in 
any schemata specified by the user (for 
example, all strings that start with 1 or 
all that end in 001 and so forth). At each 
generation, the program will count the 
number of individuals in the popula
tion that are members of each region. 
It will also calculate the average fitness 
of those individuals, thus explicitly es
timating the fitness of the regions. 

To further hone your intuition, try 
mapping some other schemata into the 
domain x and examine the random indi
viduals that fall into those regions. Can 
you specify schemata that partition each 
oscillation in ((x) into eight contiguous 
regions? What is the average fitness of 
individuals in each region? 

O
nce you are confident the first 
version of your program is 
working, you should add the 

subroutines that implement the heart 
of the genetic algorithm. The algorithm 
I used appears on the next page. 

The EvaluatePopulation subroutine 
simply loops over all the individuals in 
the population, assigning each an {(x) 
value as a measure of fitness. The Do
TournamentSelection subroutine con
ducts a series of tournaments between 
randomly selected individuals and usu
ally, but not always, copies the fittest 
individual of the pair (i,j) to NewPop. 
A sample tournament selection algo
rithm appears on the next page. In the 
algorithm, URandOl returns a (uniform
ly distributed) random value between 0 
and 1. The net effect is that more fit in
dividuals tend to have more offspring 
in the new population than do less fit 
ones. You may find it useful, nonethe
less, to copy the fittest individual into 
the new populations every generation. 

Note that if URandOl is greater than 
0.75, the selective pressure will be great
er (it will be harder for less fit strings to 
be copied into NewPop), whereas a 
smaller value will yield less selective 
pressure. If 0.5 is used, there will be no 
selective pressure at all. 

The ModifyPopulation subroutine 
should randomly perform the crossover 
operation on some of the pairs in New
Pop; a typical crossover rate is 0.75 (that 
is, cross 75 percent of the pairs). I used 
the "single point" crossover operation 
described in Holland's article. My ver
sion also mutates a small, randomly se
lected number of bits in the individual 
strings, changing the value from 1 to 0, 
or vice versa. A typical mutation rate is 
0.005 per bit-in other words, each bit 
has a 0.005 chance of being mutated. 

Once the implementation is complete, 
you can begin to run experiments. Try 
starting the system with a random pop
ulation of 200 individuals and run it 
for 50 generations, collecting statistics 
on how the average fitness changes and 
noting the highest individual fitness 
found at each generation. You might 
compare the results you get with differ
ent population sizes and with cross
over and mutation rates. I found it best 
to compare average results from sever
al runs started with different seeds of 
the random number generator. 

One especially useful experiment for 
understanding the dynamics of how 
populations evolve is to track the in
dividuals in the eight regions that par
tition the 32 oscillations of ((x), to 
which I referred earlier. The regions 
are defined by the schemata ,,****000-

)'(�'��'�**)'�'k-:�
, 

)'(-k,,/(*,'(OOl*"(-k-/(**"(-k and so on, to 
,""dd, III *,"dd,*,"�. Notice that ,,,,,,**011-

*,""dd,** and 'd,*** 1 00"**"*,,,,,, occupy 
the center part of each peak, which 

4.0 
SCHEMATA 

3.8 

3.6 

3.4 

2.85 2.9 2.95 

includes the points of highest fitness. 
In an initially random population, 

there should be approximately equal 
numbers of individuals in each of the 
eight schemata. As the genetic algo
rithm runs, you should see, on average, 
more individuals in the two center sche
mata than in the other six. This result 
happens even though many members 
of the center schemata map into low 
values of x and so have low fitnesses. 
The reason is that the average fitness 
in the center schemata is higher than 
that in the others. 

Using these eight schemata, I tried 
to track how well the algorithm can 
bias its search for individuals of high
er fitness. I set up my program to re
cord at each generation the number of 
individuals in each schema, the average 
fitness of the individuals in those re
gions and the average fitness for the 
population as a whole. The theorems 
mentioned in Holland's article predict 
that the number of individuals in re
gions with an estimated average fitness 
above the population average should 
increase and the number of those in 
regions having below-average fitness 
should decrease. 

For a population of 400, a crossover 
rate of 0.75 and a mutation rate of 
0.001, the program confirmed the pre
dictions about 67 percent of the time. 
I found that the greater the mutation 
and crossover rates and the smaller the 
population size, the less frequently the 
predictions were confirmed. These re-

3.0 
x 

3.05 

• • 
• • 
• • 
• * 

� � g 
• • 
· . 
* * 
* * 
* * 
* • 
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3.1 

TWO SCHEMATA occupy the central regions of each peak in f(x). They include the 
points of highest fitness. Only the last three peaks are illustrated. 
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Programming Fragments 

MAPPING ALGORITHM-allows binary strings to represent values of x 

(Note: the compiler defines M_PI as TT) 
double scalefactor = (double) M_PI I pow ((double) 2.0,(double) L); 
double MapStringToX ( char *S ) 
{ l' put bits from S in rightmost end of r and move them left *1 

int i, r; 
for ( i  = r = 0; i < L; ++i, ++S ) { 

r «= I; I" shift bits left, place 0 in right bit *1 
if (*S=='I')/* if S has a l,then ... *1 

++r ; I" change rightmost bit to 1 *1 
} 
return ( (double) r * scalefactor ); 

} 

BASIC GENETIC ALGORITHM-performs crossover, mutation and selec
tion operations repeatedly 

1* create structure to store the populations *1 
struct PopStr { 

char Genome[L + I]; double Fitness; 
} Pop[PopSizel. NewPop[PopSize]; 
Ii' implement algorithm *1 
GenerateRandomPopulation ( Pop ); 
EvaluatePopulation ( Pop ); 
while ( NOLDone ) { 

DoTournamentSelection ( Pop, NewPop ); 
ModifyPopulation ( NewPop ); 
Switch ( Pop, NewPop ); 
EvaluatePopulation ( Pop ); 

TOURNAMENT SELECTION ALGORITHM-selects for and copies the 
more fit individuals into the next generation 

while ( NewPopNotFull ) { 
I,' pick two individuals from Pop at random *1 
i = random () % PopSize; j = random ( )  % PopSize; 
1* return a random value between 0 and 1 *1 
if (URandOI () < 0.75) 

copy the most fit of Pop[i l. Pop[j] to NewPop 
else 

copy the least fit of Pop[il. PopUl to NewPop 

sults make sense, I think, because high
er mutation and crossover rates dis
rupt good "building blocks" (schemata) 
more often, and, for smaller popula
tions, sampling errors tend to wash out 
the predictions. 

After your genetic algorithm has run 
for many generations, you will proba
bly notice that most of the population 
consists of very similar, if not identi
cal, strings. This result is called conver
gence and occurs because the genetic 
algorithm pushes the population into 
ever narrower target regions. Often the 
population will converge to an individ
ual that is not the optimal one. Essen
tially, the algorithm has gotten stuck 
on a local optimum. Convergence can 
be particularly debilitating, because it 
means that crossover will not contrib
ute much to the search for better in
dividuals. Crossing two identical strings 
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will yield the same two strings, so noth
ing new happens. 

Finding ways to avoid inappropriate 
convergence is a very active area of re
search. One possible mechanism in
volves biasing the selection process to 
keep the population diverse. In essence, 
these mechanisms encourage individu
als to occupy many different regions in 
the domain in numbers proportional to 
the average value associated with those 
regions, much as different species in
habit niches in natural evolution. 

Of course, you can apply the genetic 
algorithm to problems other than op
timizing functions. It took me about 
four hours to modify the program de
scribed here to create a version in which 
the individuals represent strategies for 
playing a forll of the Prisoner's Dilem
ma. In tills game, two prisoners face a 

choice: coop rale with the other (by re-

maining silent about the crime) and re
ceive a three-year sentence, or try to 
get off free by "defecting," or squeal
ing. Unfortunately, you do not know 
what the other player is going to do: if 
you cooperate and he defects, then you 
get a l O-year sentence and he goes free. 
If you both defect, then you both get 
seven years. 

My modified genetic algorithm ex
plored the strategies involved in play
ing the game many times with the 
same opponent. Each individual's bina
ry string represents two numbers (p,q), 
where p is the probability the individu
al will cooperate if the opponent coop
erated on the previous play and q is the 
probability of cooperation if the op
ponent had defected. For instance, the 
strategy (1,0) is tit for tat, and (0.1,0.1) 
is approximately the "always defect" 
approach. 

The genetic algorithm generates some 
very interesting dynamics in the evohi
tion of populations of such strategies, 
especially if each individual's binary 
string also contains some bits that spec
ify an arbitrary "tag." Another set of 
bits could then indicate the propensity 
of the individual to play only with those 
that have a similarly tagged string. In 
effect, the population can evolve indi
viduals that recognize external "mark
ings" (the tags) associated with tit-for
tat players. Thus, they can prosper by 
looking for cooperative individuals and 
by avoiding defectors. 

From relatively simple gene struc
tures, complicated evolutionary dynan1-
ics may emerge. For instance, mimic
ry and other forms of deception may 
evolve: a defector could have a tag as
sociated with cooperators. With some 
imagination, you can construct other 
simple gene structures and use the ge
netic algorithm to coax C0mplex evolu
tion out of your computer. 

For a copy of the optimization pro
gram (written in C language), please 
write to: The Amateur Scientist, Scien
tific American, 415 Madison Avenue, 
New York, NY 10017-1111. 

FURTHER READING 

A COMPARATIVE ANALYSIS OF SELECTION 

SCHEMES USED IN GENETIC ALGORITHMS. 

David E. Goldberg and Kalyanmoy Deb 
in Foundations of Genetic Algorithms. 
Edited by Gregory ]. E. Rawlins. Morgan 
Kaufmann, 1991. 

HANDBOOK OF GENETIC A LGORITHMS. 

Edited by Lawrence Davis. Van Nos
trand Reinhold, 1991. 

TIT FOR TAT IN HErEROGENEOUS POPULA-

110l'S. Martin A. Nowak and Karl Sig
lllUnd in Nature, Vol. 355, No. 6357, 

pages 250-253; January 16, 1992. 
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No other system of keeping up 
can compare 1Nith ours. 

YOUR SYSTEM: a time-consuming, 
futile struggle to keep up with the 

information explosion. 

The classic texts are convenient 
references-but the information they 

contain is obsolete before publication. 

Like many physicians, you probably rely on 
the texts you first used in medical school. But 
even using the most recent editions, you find 
material that no longer reflects cummt clini
cal thinking-and they lack the latest informa
tion on such topics as herpes, oncogenes, 
AIDS, and photon imaging. 

Reading stacks of journals alerts you to 
recent developments-but can't give you 
quick answers on patient management. 

Struggling through the hundreds of journal 
pages published each month-even on only 
the really significant advances in the field-is 
arduous and memory-taxing. And it's a task 
that costs physicians valuable time-their 
most precious resource. 

Review courses cover clinical advances
but, months later, do you recall the details 

of a new procedure or unfamiliar drug? 
Seminars can also be costly and make you lose 
valuable time away from your practice
expenses that may amount to several thou
sand dollars. And, the speaker's skill often de
termines how much you learn. 

OUR SYSTEM: a rewarding, efficient way to 
keep yourself up-to-date-and save hundreds 
of hours of your time for patient care. 

A. comprehensive, 2,300-page text in three loose-leaf volumes, 
incorporating the latest advances in medical practice as of the 
month you subscribe. 

This superbly designed, heavily illustrated resource, called "the best 
written of all [the internal medicine) books" byJAMA (251:807, 1984), 
provides a practical, comprehensive description of patient care in 15 
subspecialties. And, because the text is updated each month, the 
clinical recommendations reflect all the current findings. A 
practice-oriented index and bibliography of recent articles further 
enhance the efficiency of the text. 

Each month, six to nine replacement chapters to update 
your text plus new references, a four- to five-page news 
bulletin, and a completely new index. 
You'd have to read hundreds of journal pages each month-and 
memorize the contents-to get the same information SCIENTIFIC 
AMERICAN Medicine contains. With our updated text, you read only 
the information you really need. Our authors, largely from Hruvard 
and Stanford, sort through the literature and monitor develop
ments, incorporating the significant advances into our chapters. 

At a nomi nal cost, a 32-credit CME program, to save you 
valuable patient-care time and the expense of attending 
review courses. 
Earn 32 Category 1 or prescribed credits per year with our conve
nient self-study patient management problems; each simulates a 
real-life clinical situation. Choose either the complimentary printed 
version or, at a modest extra charge, the disk version for your IBM® 
PC or PS/2, MacintoshT" , or Apple® (or compatible). 

Your subscription includes: the three-volume, 2,300-page 
loose-leaf text and, each month, six to nine replacement chapters, 
a newsletter, new references, and a completely revised index. 

o Yes, I'd like to try the SCIENTIFIC AMERICAN Medicine system. Please 
enter my subscription at a first-year price of US$285 * plus $7 shipping 
for a total of US$292. 
o Also enroll me in the CME program. I'd prefer: 

o the printed version at US$19.95 (U.S. and Canada only; foreign 
US$97.95 + US$8 shipping) 
o the disk version at US$102* additional. Computer type or compatible: 

o IBM'" 05'/'" 0 3'/2" 
o Macintosh" (512K) 0 Apple'" IIclIIelIIGSIII+ 

o Enroll me in the disk CME only at US$159. * (Note model above.) 

o Check enclosed. * 0 Bill me 0 VISA 0 MasterCard 

Exp. Date Acct. No. ______________ _ 

Signature _____________ Specialty ______ _ 

Name _____________________ __ __ 

Address ___________________ _ 

City ___________ State ____ Zip Code ___ _ 

• Add sales tax for CA. DC. lA, IL, MA, MI, NY, UT or Canada (Canadian GST #R127387652). 
Canada: add US$10 shipping, payment in U.S. funds or equivalent. Foreign: add US$22 
shipping, U.S. funds only. Apple®, IBM®, and Macintosh"" are registered trademarks of their 
respective companies. 

Or, call toll free 1 800 545-0554 

415 Madison Avenue, New York, NY 10017 212 754-0550 

V9125 
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BOO K REVIEW by Stephen Jay Gould 

Impeaching a Self-Appointed 
Judge 

DARWIN ON TRIAL, by Phillip E. John
son. Washington, D.C., Regnery Gate

way, 1991 ($19.95). 

I 
teach a course at Harvard with phi
losopher Robert Nozick and lawyer 
Alan Dershowitz. We take major is

sues engaged by each of our profes
sions-from abortion to racism to right
to-die-and we try to explore and inte
grate our various approaches. We raise 
many questions and reach no solutions. 

Clearly, I believe in this interdisciplin
ary exercise, and I accept the enlighten
ment that intelligent outsiders can bring 
to the puzzles of a diSCipline. The differ
ences in approach are so fascinating
and each valid in its own realm. Philoso
phers will dissect the logic of an argu
ment, an exercise devoid of empirical 
content, well past the point of glaze 
over scientific eyes (and here I blame sci
entists for their parochiality, for all the 
world's empirics cannot save an argu
ment falsely formulated). Lawyers face a 
still different problem that makes their 
enterprise even more divergent from 
science-and for two major reasons. 

First, the law must reach a decision 
even when insufficient evidence exists 
for confident judgment. (Scientists often 
err in the opposite direction of overcau
tion, even when the evidence is com
pelling, if not watertight.) Thus, in capi
tal cases, the law must free a probably 
guilty man whose malfeasance cannot 
be proved beyond a doubt (a moral prin
ciple that seems admirable to me but 
would not work well in science). We op
erate with probabilities; the law must 
often traffic in absolutes. 

Second, there is no "natural law" wait
ing to be discovered "out there" (pace 
Clarence Thomas in his recent testi
mony). Legal systems are human in
ventions, based on a history of human 
thought and practice. Consequently, the 
law gives deciSive weight to the history 
of its own development-hence the rule 
of precedent in deciding cases. Scien
tists work in an opposite way: we search 
continually for new signals from nature 
to invalidate a history of past argument. 
(As a sometime historian of science, I 
wish that scientists, like lawyers, would 
pay more attention to, and have more 
reverence for, their pasts-but I under
stand why this is not likely to happen.) 

Phillip E. Johnson is a law professor 
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DARWIN'S LAST BOOK, on worms, received this commentary in the October 1881 
Punch. (The illustration does not appear in the book under review.) 

at Berkeley and "a philosophical theist 
and a Christian" who strongly believes 
in "a Creator who plays an active role 
in worldly affairs." His book has re
ceived great "play " in print and televi
sion, largely (I suppose) because such 
unconventional products rarely ema
nate from the symbolic home of Cali
fornia "flowerpower." The press loves 
an oddity. This publicity is certainly no 
measure of the book's merit, as I shall 
argue. Now, I most emphatically do not 
claim that a lawyer shouldn't poke his 

nose into our domain; nor do I hold 
that an attorney couldn't write a good 
book about evolution. A law professor 
might well compose a classic about the 
rhetoric and style of evolutionary dis
course; subtlety of argument, after all, 
is a lawyer's business. But, to be useful 
in this way, a lawyer would have to un
derstand and use our norms and rules, 
or at least tell us where we err in our 
procedures; he cannot simply trot out 
some applicable criteria from his own 
world and falsely condemn us from a 
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mixture of ignorance and inappropriate
ness. Johnson, unfortunately, has taken 
the low road in writing a very bad book 
entitled Darwin on Trial . 

In a "classic" of antievolutionary lit
erature from the generation just past, 
lawyer Norman Macbeth (1971) wrote a 
much better book from the same stand
point, entitled Darwin Retried (titles are 
not subject to copyright). Macbeth ul
timately failed (though he raised some 
disturbing points along the way) because 
he used an inappropriate legal criteri
on: the defendant (an opponent of evo
lution) is accused by the scientific es
tablishment and must be acquitted if 
the faintest shadow of doubt can be 
raised against Darwinism. (As science 
is not a discipline that claims to estab
lish certainty, all its conclusions would 
fall by this inappropriate procedure.) 

Johnson's current incarnation of this 
false strategy, Darwin on Trial, hardly 
deserves to be called a book at all. It is, 
at best, a long magazine article promot
ed to hard covers-a clumsy, repetitious 
abstract argument with no weighing of 
evidence, no careful reading of literature 
on all sides, no full citation of sources 
(the book does not even contain a bib
liography) and occasional use of scien
tific literature only to score rhetorical 
points. I see no evidence that Johnson 
has ever visited a scientist's laboratory, 
has any concept of quotidian work in 
the field or has read widely beyond 
writing for nonspecialists and the most 
"newsworthy" of professional claims. 

The book, in short, is full of errors, 
badly argued, based on false criteria, 
and abysmally written. Didn't anyone 
ever teach Johnson not to end chapters 
with "announcement sentences" or to 
begin subsequent sections with sum
maries? Chapter 6, for example, ends 
with a real zinger: "We will look at that 
claim in the next chapter." The very 
next chapter then begins with the max
imally lively: "Before we try to get any 
answers out of the molecular evidence, 
we had better review where we stand." 
Mrs. McInerney, my tough but beloved 
third-grade teacher, would have rapped 
his knuckles sore for such a construc
tion, used by Johnson at almost every 
chapter transition. 

Johnson is not a "scientific creationist" 
of Duane Gish's ilk-the "young earth" 
Biblical literalists who have caused so 
much political trouble of late, but whom 
we beat in the Supreme Court in 1987. 
He accepts the earth's great age and al
lows that God may have chosen to work 
via natural selection and other evolu
tionary principles (though He may also 
operate by miraculous intervention if 
and when He chooses). Johnson encap
sulates his major insistence by writing: 
"In the broadest sense, a 'creationist' is 

simply a person who believes that the 
world (and especially mankind) was de
signed, and exists for a purpose." Dar
winism, Johnson claims, inherently and 
explicitly denies such a belief and there
fore constitutes a naturalistic philoso
phy intrinsically opposed to religion. 

But this is the oldest canard and non 
sequitur in the debater's book. To say it 
for all my colleagues and for the ump
teenth millionth time (from college bull 
sessions to learned treatises): science 
simply cannot (by its legitimate meth
ods) adjudicate the issue of God's pos
sible superintendence of nature. We nei
ther affirm nor deny it; we simply can't 
comment on it as scientists. If some of 
our crowd have made untoward state
ments claiming that Darwinism dis
proves God, then I will find Mrs. McIn
erney and have their knuckles rapped 
for it (as long as she can equally treat 
those members of our crowd who have 
argued that Darwinism must be God's 
method of action). Science can work 
only with naturalistic explanations; it 
can neither affirm nor deny other types 
of actors (like God ) in other spheres 
(the moral realm, for example). 

Forget philosophy for a moment; the 
simple empirics of the past hundred 
years should suffice. Darwin himself 
was agnostic (having lost his religious 
beliefs upon the tragic death of his fa
vorite daughter), but the great Ameri
can botanist Asa Gray, who favored nat
ural selection and wrote a book entitled 
Darwiniana, was a devout Christian. 
Move forward 50 years: Charles D. Wal
cott, discoverer of the Burgess Shale fos
sils, was a convinced Darwinian and 
an equally firm Christian, who believed 
that God had ordained natural selec
tion to construct a history of life ac
cording to His plans and purposes. 
Move on another 50 years to the two 
greatest evolutionists of our generation: 
G. G. Simpson was a humanistic ag
nostic, Theodosius Dobzhansky a be
lieving Russian Orthodox. Either half 
my colleagues are enormously stupid, 
or else the science of Darwinism is 
fully compatible with conventional reli
gious beliefs-and equally compatible 
with atheism, thus proving that the two 
great realms of nature's factuality and 
the source of human morality do not 
strongly overlap. 

But Johnson's major premise-the 
inherent Godlessness of Darwinism
could be wrong, and he might still have 
a good argument for the major thrust 
of his text: the attempt to show that 
Darwinism is a dogma, unsupported by 
substantial and meaningful evidence, 
and propped up by false logic. But here 
he fails utterly, almost comically (Mac
beth's 1971 book is much better). 

Johnson's line of argument collapses 

in two major ways, the second more se
rious than the first. I feel a bit more 
forgiveness in this first category-fa
miliarity with the facts of biology-be
cause the field is immense and alien to 
Johnson's training. Still, the density of 
simple error is so high that I must ques
tion wider competence when attempts 
at extension yield such poor results. 
To cite just a few examples from the 
compendium of Johnson's factual and 
terminological errors: On page 16, he 
claims that all immediate variation for 
natural selection comes from mutation: 
"Darwinian evolution postulates two el
ements. The first is what Darwin called 
'variation,' and what scientists today 
call mutation." He then realizes that he 
has neglected sexual recombination, 
the vastly predominant source of im
mediate variation in sexual species, but 
he makes his error worse by including 
recombination as a category of muta
tion. On page 30, he reports that "sex
ual selection is a relatively minor com
ponent in Darwinist theory today." But 
sexual selection is perhaps the hottest 
Darwinian topic of the past decade, sub
ject of at least a dozen books (which 
Johnson has neither noted nor read-a 
sure sign of his unfamiliarity with cur
rent thinking in evolutionary theory). 
On page 4 1, he states that polyploidy 
(as a result of doubling of chromo
somes) can occur only in "hermaph
rodite species capable of self-fertili
zation"-and therefore can play little 
role in major change (for self-doubling 
does not yield markedly new qualities). 
But the evolutionarily potent form of 
polyploidy is not the autoploidy that 
he equates with the entire phenom
enon, but alloploidy, or doubling of 
both male and female components af
ter fertilization with pollen of a differ
ent species. 

On page 60, he calls the German pa
leontologist Otto Schindewolf a salta
tionist, whereas Schindewolf 's subtle 
theory contained a central element of 
insensible change in a process that he 
called proterogenesis (gradual seepage 
of juvenile traits into adult stages). 
Schindewolf spent most of his career 
studying small and continuous changes 
in ammonite suture patterns. On page 
103, Johnson raises the old chestnut 
against a natural origin of earthly life 
by arguing: "the possibility that such a 
complex entity could assemble itself by 
chance is fantastically unlikely." Sure, 
and no scientist has used that argument 
for 20 years, now that we understand 
so much more about the self-organiz
ing properties of molecules and other 
physical systems. The list goes on. 

Second, and more important for doc
umenting Johnson's inadequacy in his 
own realm of expertise, he performs 
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abysmally in the lawyer's domain of 
the art of argument. To begin, he sim
ply does not grasp (or chooses not to 
understand) the purpose and logic of 
evolutionary argument. I have already 
illustrated his central conflation of Dar
winism with hostility to religion. I was 
particularly offended by his false and 
unkind accusation that scientists are 
being dishonest when they claim equal 
respect for science and religion: "Sci
entific naturalists do not see a contra
diction, because they never meant that 
the realms of science and religion are 
of equal dignity and importance. Sci
ence for them is the realm of objective 
knowledge; religion is a matter of sub
jective belief. The two should not con
flict because a rational person always 
prefers objective knowledge to subjec
tive belief." Speak for yourself, Attor
ney Johnson. I regard the two as of 
equal dignity and limited contact. "The 
two should not conflict, " because sci
ence treats factual reality, while religion 
struggles with human morality. I do not 
view moral argument as a whit less im
portant than factual investigation. 

Johnson then upholds the narrow and 
blinkered caricature of science as ex
periment and immediate observation 
only. Doesn't he realize that all histori
cal science, not just evolution, would 
disappear by his silly restriction? Dar
win, he writes, "described The Origin 
of Species as 'one long argument,' and 
the point of the argument was that the 
common ancestry thesis was so lOgi
cally appealing that rigorous empirical 
testing was not required. He proposed 
no daring experimental tests, and there
by started his science on the wrong 
road." But Darwin spent 20 years col
lecting facts for evolution. The Origin is 
one long compendium of observations 
and empirical confirmations. To be sure, 
Darwin's method is not generally exper
imental, for singular and complex past 
events are not so explained by any his
torical science. Darwin thought long and 
hard about proper methodology of con
finnation for historical science and used 
Whewell's "consilience of induction," or 
bringing of widely disparate informa
tion under a uniquely consistent expla
nation. Darwin wrote of his method in 
1868: "This hypothesis may be test
ed ... by trying whether it explains sev
eral large and independent classes of 
facts; such as the geological succession 
of organic beings, their distribution in 
past and present times, and their mu
tual affinities and homologies." 

Not only does Johnson misconstrue 
the basic principles of our science (as I 
have shown), but he also fails to pre
sent cogent arguments in his own brief 
as well. His development of a case is fa
tally marred by three pervasive tech-

niques of careless or unfair discourse. 
First, omissions that unjustly casti

gate a person or a claim. On page 5, 
Johnson recounts the tale of H. F. Os
born and his error in identifying a pig 
tooth as a human ancestor: "Osborn 
prominently featured 'Nebraska Man' ... 
in his antifundamentalist newspaper 
articles and radio broadcasts, until the 
tooth was discovered to be from a pec
cary." True, but who made the correc
tion? Although Johnson does not tell 
us, the answer is H. F. Osborn, who 
properly tested his claim by mounting 
further collecting expeditions, discover
ing his error and correcting it-in other 
words, science working at its best. 

On page 74, in his lick-and-promise 
tour through the history of vertebrates, 
we learn that no intermediary has ever 
been discovered between rhipidistian 
fishes and early amphibians. Yet John
son never mentions the first amphib
ians, Ichthyastega and Acanthastega 
(featured in all paleontological texts) 
with their conserved features of a fishy 
past: small tail fins, lateral line systems, 
and six to eight digits on each limb. On 
page 76, he admits my own claim for 
intermediacy in the defining anatomical 
transition between reptiles and mam
mals: passage of the reptilian jaw-joint 
bones into the mammalian middle ear. 
Trying to turn clear defeat to advantage, 
he writes: "We may concede Gould's 
narrow point." Narrow indeed; what 
more does he want? Then we find out: 
"On the other hand, there are many im
portant features by which mammals dif
fer from reptiles besides the jaw and 
ear bones, inclucting the all-important 
reproductive systems." Now how am I 
supposed to uncover fossil evidence of 
hair, lactation and live birth? A pro
feSSion finds the very best evidence it 
could, in exactly the predicted form 
and time, and a lawyer still tries to im
peach us by rhetorical trickery. No 
wonder lawyer jokes are so popular in 
our culture. 

Second, consider Johnson's false use 
of synecdoche. The art of having an 
item or part stand for the whole is a 
noble trope in poetry and the classical, 
unfair trick of debate. Professions are 
big, and everyone makes a stupid state
ment now and again. As an honor
able opponent, you cannot use a single 
dumb argument to characterize an en
tire field. Yet Johnson does so again and 
again-and this, I suppose, represents 
the legal tactic of "poke any hole and 
win acquittal." Thus, Johnson quotes a 
few ill-informed statements, represent
ing opposite extremes around a gold
en mean held by nearly every evolu
tionist-that natural selection is either 
meaningless as a tautology or necessar
ily and encompassingly true as an a pri-
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ori universal principle. Now both claims 
have been advanced, but they are held 
by tiny minorities and unsustained by 
any strong or enduring argument. The 
principle of natural selection does not 
collapse because a few individuals fall 
into fallacies from opposite sides of 
claiming too little or too much. Simi
larly, the consensus that science and 
religion are separate and equally valu· 
able is not brought down by the fact 
that Julian Huxley unites them on one 
side, while Will Provine holds that sci· 
ence implies atheism on the other. Mi· 
norities are not necessarily wrong (or 
science would never advance), but only 
the cogency of their data and argu
ments, not the mere fact of their exis
tence, brings down old theories. 

As his third trick, Johnson continues 
to castigate evolutionists for old and ac
knowledged errors. T. H. Huxley, para
phrasing Dryden's famous line about 
Alexander the Great's drunken boast
ing, stated that life is too short to occu
py oneself with the slaying of the slain 
more than once. In law, the illogicality 
of an important precedent might bring 
down a current structure like a house 
of cards. But in science, a bad old argu
ment is just a superfluous fossil. Noth
ing is gained by exposing a 30-year-old 
error-save the obvious point that sci
ence improves by correcting its past 
mistakes. Yet Johnson continually tilts 
at such rotted windmills. He attacks 
Simpson's data from the 1950s on 
mammalian polyphyly (while we have 
all accepted the data of mammalian 
monophyly for at least 15 years). He 
quotes Ernst Mayr from 1963, deny
ing neutrality of genes in principle. But 
much has changed in 30 years, and 
Mayr is as active as ever at age 87. Why 
not ask him what he thinks now? 

Johnson's grandiose claims, backed 
by such poor support in fact and argu
ment, recall a variety of phrases from a 
mutually favorite source: "He that trou
bleth his own house shall inherit the 
wind" (Proverbs 11: 29, and source for 
the famous play that dramatized the 
Scopes trial); "They have sown the wind, 
and they shall reap the whirlwind" (Ho
sea 8: 7 ). But Darwin on Trial just isn't 
good enough to merit such worrisome 
retorts. The book is scarcely more than 
an acrid little puff-and I therefore close 
with a famous line from Darwin's soul
mate, born on the same day of Febru
ary 12, 1809. Abraham Lincoln wrote: 
"'And this, too, shall pass away.' How 
much it expresses! How chastening in 
the hour of pride! How consoling in the 
depths of affliction!" 

STEPHEN JAY GOULD teaches biology, 
geology and history of science at Har
vard University. 
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E S SAY by Anne Eisenberg 

Women and the Discourse of Science 

T
o make the point of male bias 
in language, a computer maga
zine recently substituted she for 

he throughout one issue as its standard 
third-person pronoun. Impassioned re
sponses poured in, ranging from those 
appreciative of the reverse sexism to 
those canceling their subscriptions. 
("Dear Editor," one irate reader respond
ed, "I ... suggest [you] adopt the subti
tle, A Magazine for High Tech Women 
and Eunuchs.") 

Indeed, passion runs high among the 
normally dispassionate when it comes 
to women and the language of science. 
True, generic he (he used for all hu
mans, rather than specifically for males) 
has disappeared from most scientific 
publications, after a fierce fight. But in 
a domain as traditionally masculine as 
science, that's only a beginning. Further 
work awaits the linguistic reformer, for 
in this hard-fought battle, pronouns are 
but prelude. The discourse of science is 
soaked in testosterone. 

Consider, for instance, the historical 
naming of science as male and nature 
as female. Together the couple forms 
a deeply embedded, central metaphor 
of scientific discovery, one that is a fa
vorite of Francis Bacon. In it, the sci
entist, always a bold, rational he, pur
sues nature, inevitably a passive, mys
terious she. 

"If any man there be who, not con
tent to rest in and use the knowledge 
which has already been discovered, as
pires to penetrate further ... to seek ... 
certain and demonstrable knowledge," 
Bacon says in Novum Organum, "I in
vite all such to join themselves, as true 
sons of knowledge, with me, that pass
ing by the outer courts of nature ... we 
may find a way at length into her inner 
chambers." 

Bacon regularly summons his sons of 
knowledge to an aggressive male woo
ing of female nature's secrets. When na
ture proves approachable, stem science 
treats her well, deciphering her myster
ies and imposing order and reason; 
when she resists, he puts her on the 
rack. "I am come in very truth leading 
to you nature with all her children to 
bind her to your service and make her 
your slave," Bacon says in The Mascu
line Birth of Time. In Advancement of 
Learning, he comments, "You have but 
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to follow and as it were hound nature 
in her wanderings, and you will be able, 
when you like, to lead and drive her af
terwards to the same place again." 

The historical identification of science 
with male domination is an enduring 
one. In the metaphor, masculine science 
and feminine nature often produce off
spring. Richard P. Feynman used the 
trope in his 1965 Nobel lecture. "So 
what happened to the old theory that I 
fell in love with as a youth?" he asked. 
"It's become an old lady, who has very 
little that's attractive left in her .... But, 
we can say the best we can for any old 
woman, that she has been a very good 
mother and has given birth to some 
very good children." 

The language of modem science has 
a decidedly masculine bent-and not 
just in its pronouns and metaphors. 
Even its praise is skewed. Edwin Hub
ble congratulated the brilliant astro
physicist Cecilia Payne-Gaposchkin by 
calling her "the best man at Harvard." 

I
ndeed, the discourse of modem sci
ence is replete with arguments and 
asides meant to demonstrate that 

only males have the intellectual, physi
cal and psychological qualities neces
sary to do good science. Women just 
don't have the right stuff. Nineteenth
century neuroanatomists and craniol
ogists, for example, diligently measured 
and weighed female brains to prove 
women lacked a talent for the hard task 
of scientific reasoning. Sir David Brew
ster, Newton's biographer, announced 
that "the mould in which Providence has 
cast the female mind, does not present 
to us those rough phases of masculine 
strength which can sound depths, and 
grasp syllogisms, and cross-examine na
ture." The womb, too, came in for its 
share of blame. "[Woman] is less under 
the influence of the brain than the uter
ine system," wrote Dr. J G. Millingen 
in 1848. 

Women were sternly warned that any 
effort to hone their inferior brains, par
ticularly in science, would lead to dam
age both to themselves and to their un
born children. "Over-activity of the brain 
during the critical period of the mid
dle and late teens will interfere with the 
full development of mammary pow
er and of the functions essential for 

the full transmission of life generally," 
warned G. Stanley Hall, president of 
Clark University, in 1906. As ever, fe
male nature was called to support male 
science in this argument. "It cannot be 
emphasized enough," Max Planck said, 
"that nature herself prescribed to the 
woman her function as mother and 
housewife, and that laws of nature can
not be ignored under any circumstances 
without grave damage, which ... would 
especially manifest itself in the follow
ing generation." 

Women who managed to do science 
despite these injunctions were histori
cally portrayed in language that mini
mized or trivialized their accomplish
ments. Caroline Herschel, for instance, 
sister of William Herschel and an im
portant astronomer in her own right, is 
described in one account as someone 
who took care of the "tedious minutiae 
that required a trained mind but would 
have consumed too much of Sir Wil
liam's time." Another commentator felt 
called on to explain in Westminster Re
view (1902) that scientific work done by 
women "is either done in conjunction 
with men, or is obviously under their 
guidance and supervision, and much is 
made about it out of gallantry." 

Nowadays women's treatment in the 
public discourse of science is looking 
up. Rampant sexism appears to have ex
pired, although occasionally there is an 
eerie echo of Planck's warning to those 
unborn generations. In September 1990, 

for instance, a respected chemist at the 
University of Alberta published a peer
reviewed article in the Canadian Jour
nal of Physics (CJP) that blamed moth
ers who work for many of the ills of 
modem society, including drug use, 
cheating and corrupt politics. But while 
Planck's comments caused no stir what
soever, the C]ppaper led to a very pub
lic uproar. Nine issues later the editor 
in chief apologized, saying that the "ar
ticle does not comprise science and has 
no place in a scientific journal." 

That's progress for you, however slow 
it may sometimes seem in coming. 
We'll just have to accelerate the pace a 
bit, for, as we all know, time waits for 
no woman. 

ANNE EISENBERG, a professor at Poly
technic University in Brooklyn, is the au
thor of four books on Scientific and tech
nical writing. 
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