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AT ROLM, 

THE WAY TO GET AHEAD 

AT THE OFFICE 

IS TO STAY AWAY 

FROM THE OFFICE. 
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It's not that were cramped for space 

at ROLM. Very simply, we be­

lieve that every moment our field 

force spends in 

our office is a 

moment that they 

could be spend­

ing with you. 

Learning your 

business. Asking 

questions. Find­

ing out what they 

need to know to 

make your tele­

communications 

system, and your 
, 

companys opera-

tions, as effective 

as possible. From 

new applications like CallPath:M 

You see, at ROLM we make it 

our business to know yours. And 

that's something 

we can't do sit­

ting behind a 

desk. Or stand­

ing around the 

coffee machine. 

Which means as 

a ROLM cus­

tomer, you'll be 

seeing a lot more 

of our people 

than we do. And 

that's fine with 

us. Because we'll 

always know just 

where to find 

them. And so combining voice 
8:56 a.m.: the ROLM representative reporting to work 

and data facilities at READER'S DIGEST World Headquarters. will you. For 

into one integrated system and 

explaining to each employee exactly 

how to use it.To improving your 

call center productivity through 

more information, please call us at 

1-800-624-8999 extension 235. 

RDI ...... WE ASK BETTER QUESTIONS. 
11111 YOU GET BETTER ANSWERS. 

An IBM and Siemens Company 
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The IBM RISe System/ 
Designing on any other workstation 

Whatever you're creating, you'll sail into a whole 
new age with any of the four POWERstations in the 
RISC System/6000 
family. Because 
POWER (Perform­
ance Optimization 
With Enhanced RISC) 
processmg can give 
you performance 
you' ve probably only 
dreamed about: 

up to four instructions per machine cycle, 42 MI PS 
and 13 M F LOPS. Suddenly, complex designs don' t 
take eons anymore. 

The four RISC System/6000 POWERstations 
feature a range of graphics processors from grayscale 
to Supergraphics to satisfy any graphics demand. 
Great news for Power Seekers working on animation, 
scientific visualization, medical imaging and engi­
neering solutions like CADAM� CAEDS'" and CATIA:" 
And for electrical design automation, there's IBM's 
all new CBDS'" and an arsenal of over 60 EDA appli-

IBM is a registered trademark and RiSe �stem/6000 and CAEDS are trademarks of Intemational Business Machines Corporation. CAOAM is a trademark of CADAM INC. GATtA is a 

���FffH� �����C����D� 1199�k��;��������n����� I��.s�a�� ��'fJ�Q '
atl rights reserved, 
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6000 family. 
will seem downright primitive. 

cations from more than a dozen vendors. 
With every POWERstation, you can get an almost 

unimaginable palette of 16 million colors, which gives 
you 3 D images so realistic, they fairly leap off the 
screen, with super sharp resolution of 1,280xl,024 pixels. 
And when it's time to call in the heavy artillery, the 
POWERstation 730 draws nearly one million 3D vec­
tors per second. Like all POWERstations, it can come 
complete with its own graphics processor, freeing the 
POWER processor to rapidly create and analyze your 
designs. All at prices that won't sink anybody's budget. 

So if you're tired of paddling upstream with 
yesterday's performance, call your IBM marketing 
representative or 
Business Partner to 
find out more about 
the RISe System/6000 
family. For literature, 
callI 800 IBM-6676, 
ext. 991 . 

Civilization never 
looked so good. 

For the Power Seeker. 
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The Great Climate Debate 
Robert M. White 

There is no doubt that human activity is increasing the amount of carbon 

dioxide and other greenhouse gases in the atmosphere. Whether that spells 

sweeping global climate change is still much debated. Should we act to blunt 

the impact in the face of this uncertainty? The author thinks so. 

Homeobox Genes and the Vertebrate Body Plan 
Eddy M. De Robertis, Guillermo Oliver and Christopher V. E. Wright 

What tells some embryonic cells to become limbs and other seemingly identical 

cells to form complex organs? It is a fascinating group of genes with a common 

feature called the homeobox. Key to development in many animals, these genes 

are remarkably similar in fruit flies, frogs-and humans. 

The LEP Collider 
Stephen Myers and Emilio Picasso 

Until the U. S. builds its Superconducting Supercollider, Europe's Large 

Electron-Positron Collider is the big gun in particle physics. Almost from 

the very start in July, 1989, the LEP has produced important results. The 

design and construction of this giant research tool is a story in its own right. 

What Causes Diabetes? 
Mark A. Atkinson and Noel K. Maclaren 

With insulin injections, the diagnosis of type I diabetes is no longer a death 

sentence. But this treatment is not a cure. A new understanding of how the 

immune system is turned against the body's own insulin-producing cells is 

pointing to ways this devastating disease may one day be prevented-or halted. 

TRENDs IN AEROSPACE 

The New Space Race 
Elizabeth Corcoran and Tim Beardsley 

This time around the prize is not military supremacy-it's market share. The 

U. S. , Europe, the Soviet Union, China and Japan are competing intensely for 

the satellite-launch business. The front-runners will be those nations that apply 

fuel chemiStry, materials science and electronics to engineer less expensive 

ways to reach orbit. There aren't enough payloads to go around, and the 

prospect of manufacturing in space is still elusive. So the contest won't be over 

until researchers discover what-if anything-is commercially viable in space. 
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Pyrotechnics 
John A. Conkling 

Fireworks have awed and delighted for centuries. They also have illuminated 

battlefields and concealed weapons and troops. Early pyrotechnicians worked 

by guess and by gosh, often passing the secrets of those brilliant displays down 

through the generations. Modem chemistry reveals the processes underlying the 

sounds, shapes and colors-and finds surprising new uses for pyrotechnic devices. 

Chestnut Blight 
Joseph R. Newhouse 

Settlers in eastern North America were greeted by nearly unbroken forests of 

majestic chestnut trees. This versatile hardwood provided food, fuel, furniture 

and fence posts. Then, beginning around 1900, the chestnut was all but wiped 

out by a blight from Asia. Now biotechnology has uncovered the genetic basis 

for the disease's virulence, pointing to ways the fungus might be controlled. 

Ramsey Theory 
Ronald L. Graham and Joel H. Spencer 

Stargazers have always found patterns in the sky. But what governs the shape 

of constellations? In 1928 mathematician Frank Plumpton Ramsey proved that 

a large enough number of stars will produce any pattern-from a rectangle to the 

Big Dipper. By figuring out just how many numbers guarantee a certain pattern, 

Ramsey theorists help engineers to design better communications networks. 

DEPARTMENTS 

Science and the Citizen 

Why do Americans want the death 
penalty? .. AIDS therapies: strength 
in numbers . . . .  The fire salamander 
proves to be a nasty little squirt. . . .  
PROFILE: Nobel laureate chemist 
Roald Hoffmann has time to write 
poetry and host a TV show. 

Science and Business 

Who's in the driver's seat? .. Robot 
microscope . . . .  Holographic motion 
pictures . . . .  A brief conversation 
with Bellcore's new speech syn­
thesizer. . . .  THE ANALYTICAL 
ECONOMIST: East meets West 
in Germany. 

Letters 
The shape of sweetness . . . .  Paring 
down the high cost of health care. 

50 and 100 Years Ago 
1890: Patents for plants . . . .  The pay 
telephone debuts in Connecticut. 

Mathematical Recreations 
A walk on the odd side of some 
curious geometry-golygons. 

Books 
A chemical compendium . . . .  
Creativity . . . .  Master designers. 

Essay: Norton D. Zinder 
A geneticist argues for 
the human genome project. 
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"TAKE A LOOK INSIDE OUR 
THAT'S WHERE THE BIG CHA 

You told us you'd consider buying a GM 
car or truck if we changed more than 
just the looks. And that's exactly what 
we've done. 

We've listened to what you said about 
quality. We've heard your demands for 
reliable, durable cars and trucks. And 
we've responded with new vehicles, with 
new technology, with new production 
methods in new and refurbished plants. 

THE HEART OF GM QUALIT Y  

We've introduced 77 new models 
since 1985. Almost all the cars and half 
the trucks we make. All re-designed and 
engineered to dramatically improve quality. 

The looks are new. But that's not all. 
The big improvements are in the engines, 
transmissions, and electrical systems -the 
heart of any car or truck. And we're 
continuing to improve. 

MEASURABLY BEITER 

GM builds cars you can count on for 
the long term. No U.S. carmaker has done 
that job better in the last five years. In fact 
one measure of dependability, the J. D. 

Power dependability study of 1985 models, 
ranks GM highest in vehicle dependability 
among all American manufacturers. 1 

400 EUROPEAN 

DISCREPANCIES PER 100 CARS 
(Weighted Averagesl 

200 F==;;�====�� JAPANESE 
O L-__________________ _ 

1980 1989 

Since we built those cars, independent 
measures have confirmed that our quality 
has improved substantially. T he differences 
today between GM and the best imports 
are very small indeed. 

According to one quality study by 
Harbour & Associates, we're better than 
the average European make, and the dif­
ference between GM and the average 
Japanese import is less than one-half of 
one discrepancy per car. Our own tracking 
confirms GM's significant improvement. 

GREATER DURABILITY 

According to R. L. Polk Registrations, a 
higher percentage of 10-year-old GM cars 
are still on the road than 79s from Ford, 
Chrysler, Mazda, Nissan, Toyota, or Honda. 

RELIABLE ENGINES 

GM's engines are more dependable 
than those of all other domestic carmakers. 
The 2.3-liter Quad 4 is as problem-free as 
2-liter engines from Toyota or Honda. 

Our 3800 V-6 is at the top in engine 
quality among engines from all makers, 
foreign or domestic. That's the finding of 
the most comprehensive customer-based 

survey in the auto industry. And Cadillac 
owners report fewer engine problems the 
first year than Toyota or Mercedes-Benz 
owners -a tribute to the 4.5-liter V-8 in 
Cadillacs. 

BEITER-BUILT AIR CONDITIONING 

T he reliability of malor mechanical 
systems is important to our customers. 
GM's new cars have better-built air 

All of GM going all out for you. 

conditioning systems than cars from 
Honda, Nissan, or Mazda. 

PROBLEM-FREE TRANSMISSIONS 

Any car or truck is only as reliable as its 
transmission. And our automatic transmis­
sions are more problem-free than those of 
any domestic com­
petitor-and 
most imports2 

T his year 
GM is introducing an 
electronically controlled 
transmission that is 
linked with the engine's 
control system. An 
electronically integrated 
powertrain raises fuel 
efficiency, 
lowers emis­
sions, and im-

TECHNOLOG Y THAT LASTS 

GM is the only domestic manufacturer 
to design and build multivalve engines. 
And we build them to last. Our 16-valve 
Quad 4 has already run the equivalent 
of 100,000 miles at 100 mph without stop­
ping under test conditions. 

On the endurance track, a full-size 
Chevrolet sport truck equipped with GM's 
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�EW CARS AND TRUCKS. 

�GES IN GM QUALITY ARE!' 
350 cu, in, V-8 captured the Hulman 
Trophy for sustaining 100 mph for 24 
hours at Indianapolis, 

MOST TROUBLE-FREE U.S. CAR LINE 

A study of 1990 models done by an 
independent market research company 
ranks Buick as the top domestic nameplate, 
based on problems per car in the first 
90 days of ownership, LeSabre was the top 
U,S, model, with Electra and Skylark in 
the top ten, 

Cadillac Eldorado and the Oldsmobile 
88 and Cutlass Ciera also made the list, 
giving GM six of the study's ten best-built 
American cars, 

CORROSION PROTECTION 

We offer the highest level of exterior­
galvanized corrosion protection in the world, 
In fact, we're the only high-volume carmaker 

extensively using two-sided 
galvanized materials to protect 
against rust. 

That's how we can stretch our limited 
warranty's corrosion coverage to six years 
or 100,000 miles minimum.3 

99.9% CERTAIN STARTS 

Virtually every engine in every GM cor 
or light truck features electronic fuel 
iniection, Electronic sensors measure 
temperature and 

engine conditions, 
Re-designed iniectors and engine control 
computers meter the right amount of fuel 
for sure starts, 

These GM cors start the first time, hot 
or cold, in any weather, regardless of 
where you live in the United States, 

HIGHLY SATISFIED CUSTOMERS 

GM's Cadillac division has been the 
highest-ranked domestic nameplate in cus­
tomer satisfaction for the past three years4 

The customers of every other GM 
division are highly satisfied as well. After 
six months of ownership, at least 95% of 
all Chevrolet, Pontiac, Oldsmobile, Buick, 
Cadillac, or GMC Truck owners would 
recommend a vehicle from that GM division 
to a friend. 

ENDURING VALUE 

Over the last 10 years, cors built by 
General Motors have kept more of their 
original value, on the average, than cars 
made by any other U,S, manufacturer, 
Chevy and GMC trucks retain more of 
their original value than trucks sold in the 
U,S, by any other manufacturer 
in the world-foreign 
or domestic. 5 

WE COVER EVER Y PART 

We back our vehicles the way we build 
them, Our Bumper-to-Bumper Plus limited 
warranty covers every part of every GM 
car or light truck, For three years or 
50,000 miles,6 

WE CARE ABOUT YOU 

We care what you think about GM 
quality, People throughout General Motors­
the GM Quality Network -have taken a 
long, hard look at the cars and trucks we 
build, And the way we build them, 

Today there is a new pride at GM. A 
new commitment to quality. A clear focus 
on our customers and on their needs, A 
dedication to continually improving our 
vehicles, Year after year, Until every model 
is as good as the best in the world, 

We've accomplished much already, We 
invite you to take a good, close look at the 
results: our new GM cars and trucks, and 
the new level of General Motors quality. 

1: J. D, Power and Associates Vehicle Dependability 
Index StudySM, In a ranking of the three domestic 
manufacturers, based on things gone wrong to 
4-to-5-yeor-old 1985 model vehicles in the past 12 
months, 

2: GM owner-sotisfodion survey for first quarter of 1990. 

3: See your GM dealer for details of this limited 
warranty covering corrosion. A deductible applies. 

4: J. D. Power and Associates 1987-1989 Car 
Customer Satisfaction with Produd Quality and Dealer 
ServiceSM studies. After one year of ownership. 

5: GM corporate study of 3-to-5-yeor-old used 
vehicles resold between 1979 and 1990. 

6: Tires on GM cars are warranted by their manufac­
turers, Cadillac's Gold Key Bumper-to-Bumper limited 
warranty offers coverage for 4 years/50,OOO miles, 
and Cadillac's Allante is backed for 7 years/ 100,000 
miles, See your GM dealer for details of the limited 
worranty, A deductible applies, 

PUTTING QUALITY 
ON THE ROAD 

II 
MARK OF EXCELLENCE 

Chevrolet Pontiac Oldsmobile 
Buick Cadillac GMC Truck 
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THE ILLUSTRATIONS 

THE COVER photograph shows a dis­
tinctive red, white and blue fireworks 
display. The science of pyrotechnics 
has lifted the veil of secrecy surround­
ing this ancient craft, revealing the 
rapid reactions that produce the colors, 
shapes and sounds. In this case, fragile 
compounds of strontium and copper, 
created briefly in the explosion, emit 
red and blue light. Aluminum powder 
explodes in a brilliant flash; larger par­
ticles form white sparks (see "Pyrotech­
nics," by John A. Conkling, page 96). 

Cover photograph by © Joe Viesti, Viesti Associates, Inc. 

Page Source Page Source 

37 AP/Wide World Photos 84 Glavkosmos 

38 Bernard G. Mendosa, 96-97 Albert E. Zwiazek, 
Geophysical Monitoring Superstock 
for Climate Change 

98 Andrew Christie DiviSion, National 
Oceanic and Atmospheric 

99 Tri-State Manufacturing 
Administration (top left), Zambelli 

39-43 Johnny Johnson Internationale (top right), 
John Gillmoure, The Stock 

47-49 Patricia J. Wynne Market (bottom) 

50 Edward Bell 100 Andrew Christie 

51 Patricia J .  Wynne 101 © Estate of Harold E. 

52 Guillermo Oliver (left), Edgerton, courtesy 

Anders Molven , University 
of Palm Press, Inc. 

of Oregon (right) 102 The Metropolitan Museum 

55 George Retseck 
of Art, the Edward 
W. C. Arnold Collection 

56 George Retseck (top), of New York Prints, Maps 

Johnny Johnson (bottom) and Pictures, bequest of 
Edward W. C. Arnold, 

57-59 George Retseck 1954 (top), Fireworks 

60-61 European Laboratory for 
by Grucci (bottom) 

Particle Physics (CERN) 107 Larry Brewer 

62 Gabor Kiss 108 Tom Prentiss 

63 William Riley, 109 Gabor Kiss (top right), 
University of Florida Tom Prentiss (bottom 

left and right) 
66 Gabor Kiss 

1 10 Joseph R. Newhouse (top 
67 Mark A. Atkinson and bottom left), Gabor 

68 Gabor Kiss 
Kiss (bottom right) 

III Joseph R. Newhouse 
69 Gabor Kiss (left and right), 

Don C. Wiley, Harvard 1 12 Johnny Johnson 
University (middle) 

1 13 Gabor Kiss 

70 Dana Burns-Pizer 
1 14- 1 17 Johnny Johnson 
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1 18 Andrew Christie 

74-77 Joe Lertola 1 19 Edward Bell 
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Development Agency 
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Madeleine Marchese 
General Manager, Marketing 
Texaco Syngas Inc. 

"For five years, Texaco's gasification technology lighted 
100,000 homes with clean energy from coal. We keep it clean with 
a gasification process that we invented and perfected. It's a very 
workable solution to a difficult environmental problem." 

Madeleine Marchese is General Manager, Marketing for 
Texaco Syngas Inc. 

"Our coal gasification process has produced over 2.5 billion 
kilowatt hours of electricity for California residents. That's a record 
no other coal gasification process has even come close to. 

"The Texaco process has not only been proven economically, 
it exceeds the clean air standards proposed by the Bush Admini­
stration. That proposal is for the year 2000. Texaco is ready now. 

"As a technology, coal gasification is a powerful tool in the 
fight against acid rain. As an alternate energy source, it makes us 
more energy self-sufficient. We have a 300 year supply of coal at 
current consumption rates. 

"Texaco people have even devised ingenious methods to 
expand the technology for the gasification of �1IiIIIIII.... 
municipal sludge. Our process is designed not � � 
only to get rid of sludge but to transform it into � T " 
usable energy." ".Y 

Clearly, there is enormous potential for 
d de h fu 

Star of the 
America an its environment. An lor t e ture. American Road 

TEXACO -WE'VE GOT THE ENERGY. 
© 1990 SCIENTIFIC AMERICAN, INC



How TO CHOOSE 

A SCOTCH TO IMPRESS 

YOUR DAD. 

Sophistication. Taste. All 

characteristics much admired in fathers, and 

coincidentally, in fine Scotch. Specifically, in 

Ballantine's Finest, a smooth, mellow, yet 

full�flavored blend. Matured in oak. Blended 

with sophistication. True Scotch taste present 

and accounted for in every sip . 

. Very impressive. 

THE TRUE TASTE OF SCOTCH'" 

Ballantine's Blended Scotch Whisky 430/0 Alc.!Vol. (86 proof). © 1990 Maidstone Wine &. Spirits Inc., Los Angeles, CA. 

FINEST 

I 
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How TO CHOOSE 

A SCOTCH TO IMPRESS 

YOUR FATHER-IN-LAW. 

ou actually like your father�in�law. 

When you come over, he's pleased to see 

you, and not just because you've brought his 

daughter. He's interested in your work, your 

garden, even your opinion. He shows you his 

latest project and solicits your advice (although 

he ignores it later). 

And he pours you a nice glass of Scotch 

without waiting for you to ask. His brand? 

Ballantine's Finest. A sophisticated blend of 

42 superb single malt Scotch whiskies and 

the most popular Scotch in Europe. 

A real gentleman, your father�in�law. 

So the next time you visit, make the right 

impression by employing the Golden Rule. 

Along with his daughter, bring him a bottle 

of Ballantine's Finest. 

When you touch glasses, murmunng an 

appreciative toast, savor the moment contem� 

plating the woman whose life you share. Then 

lift the golden spirit and drink in the smooth, 

mellow flavor with a hint of peat and a breath 

of smoke. 

You'll both be glad that you married into 

the clan. 

THE TRUE TASTE OF SCOTCH'" 

How TO CHOOSE 

A §COTCH TO IMPRESS 

YOUR TASTE BUDS. 

the homes, pubs and hotel bars 
Scotland there is a time-honored 
handed down from father to son, 

for the enjoyment of Scotch whisky. It &\ involves clean glasses, 
moderate amounts of the 
amber necta� and a pen­
chant for spirited conver­

, sation. The latter . 

just as essential as 
Ballantine� either of the former 
Finest: Good Once the drinks are 
taste in- p oured and 
stalled and pIe a s­
maintained. antr ies 
exchanged, the typical 
debate begins. 

One rather opinion­
ated participant firmly 
maintains that the best 
single malt Scotch 
whisky comes from the 
Highlands. Another 
is adamant in support 
of the Orkney Island 
whiskies from the 
north. For 
nothing but a 
sweeter Lowland 
maltwill do, while 
a staunch advocate 
of the bold, peaty 
flavor of Islay in- The Royal Scottish 
sists on being heard. Debating Society. 
Being Scots, each Learn from 

remains the experts. 
convinced that his 
ion is correct, in perpetuity. 
Of course, when all is 

said and done, many prefer 
a blended Scotch like 

[f your favor- Ballantine's Finest. 
ite establish- Because Ballantine's 
ment doesn' t blends 42 of the 
yet serve top single malts 
Ballantine's, from all over 
drop us a line. Scotland, the 
taste of the Finest tends to 

Can you detect the subtle 
fragrance of heather? 
from distractions. Now pour 
a healthy shot of Ballantine's 
and let your senses take over. 

Swirl it around, feeling the heft 
of the glass as the golden liquid shifrs 
from side to side. Notice the malty 
aroma, and a fragrance reminiscent of 

vanilla. It's interesting ro note that 
90% of your sense of 
taste is centered not in 
the tongue or mouth. 
bu t in the nose. In fact, 
Ballantine's blenders, 
thelegendary men who 
create and preserve 
the Finest, test hun­
dreds of single malts 
a n d  b l e n d s  on a 
daily basis. And they 
do it with their noses. 

Now add a little 
water and hold it up 

to the light. It's 
beautiful sight 
the clear water 

Scotch 
together in 

i m m e r i n g  
tz o f  higher 

c h e m  i s  t r y. 
Yo u r  a n t i ci­
pation builds. 
Lift the glass 
and take a sip. 

T h e  f i r s t  
thing you may 

notice is a cool, slightly sweet taste. 
Let the smooth liquid float on your 
tongue for a moment before swallow­

ing. Then a mellow whiff of peat 
makes its presence known, and 
finally, a soft brush of smoke in 
the finish. It's as if all the virtues 

of all the wonderful, diverse, 
eccentric Scotch whiskies 

resolve disputes in a most '0fjm�wnf! diplomatic manner 

landed in 
your glass 
at once. 

But how is the well-inten­
tioned American, who is not 
born in a land of peat and 
heather, to form an opinion 
about Scotch? A good place 
to start is right in your own 
home. First, free yourself 

Ev e n 
t h o  u g h  Please write. 
your nose We welcome all 
m i g  h t be correspondence. 
the final authority, we'll 
understand if your taste 
buds are also impressed. 

THE TRUE TASTE OF SCOTCH'" 

Write to: Ballantine's P. O. Box 8925 Universal City, CA 91608. 
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LETTERS 

� 
To the Editors: 

Your report concerning the discovery 
by Murray Goodman and his colleagues 
that "sweetness is related to the shape 
and size of a molecule" ["Sweet and 
Sour," "Science and the Citizen," SCIEN­
TIFIC AMERICAN, November, 1989] put 
me in mind of a strikingly similar con­
jecture made some 2,000 years ago. In 
De rerum natura, Lucretius theorized 
that things tasted bitter or acrid be­
cause they were composed of sharp­
pointed atoms "hurtful to the senses." 
For instance, he maintained that sea­
water's tang came from rough atoms of 
salt intermixed with the smooth atoms 
of fresh water. 

THOMAS A. REISNER 

Department of Literatures 
Laval University 
Quebec, Canada 

To the Editors: 
The relationship between taste and 

the shape of substances was investi­
gated microscopically by Antony van 
Leeuwenhoek, who first published his 
findings in 1673. Indeed, it was during 
van Leeuwenhoek's investigations of 
the saporous properties of pepper wa­
ter that he recorded the first observa­
tions of microscopic organisms. 

STEVEN R. SPIlATRO 

Department of Biology 
Marietta College 
Marietta, Ohio 

To the Editors: 
Anthony Robbins's assertion ["How 

to Control U.S. Health Costs," SCIENTIF­
IC AMERICAN, December, 1989] that 
more resources should be directed to­
ward prevention and primary care of 
diseases omitted comments on a criti­
cal point: What happens when the ben­
eficiaries of his improved care even­
tually get sick? Do they conveniently 
drop dead? 

It is my suspicion that any savings 
realized by the prevention of some cas­
es of nonterminal but costly diseases 
would be more than counterbalanced 
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by other expenses, such as the addi­
tional costs of longer payout periods 
for pension funds and Social Security 
annuities. It is also my impression that 
most of the medical costs he laments 
are associated with terminal illnesses 
and can, at best, only be delayed. 

MIKE RETHMAN 

Columbia, Md. 

To the Editors: 
I believe that Dr. Robbins's effort 

to change long-term health patterns 
among Americans is a laudable one. It 
is unrealistic, however, to believe that 
this change will alter the costs of 
health delivery in the U.S. in the fore­
seeable future, if ever. Health costs are 
spiraling upward in part because of the 
increasing availability of technology to 
treat degenerative conditions, such as 
heart disease, and to prolong the lives 
of the elderly and low-birth-weight 
infants. 

The problem lies in the public's atti­
tude that decisions about how much 
health care to make available should 
never be made on the baSis of cost. As 
long as this attitude persists, there will 
be no cost containment. 

Can one really justify a liver trans­
plant with all its attendant expenses? 
How much care should be given to 
a nursing-home resident with Alzhei­
mer's disease? Who should really have 
heart surgery? Unless these kinds of is­
sues are faced, medical costs will con­
tinue to increase irrespective of how 
much preventive care is provided. 

ROBERT SHAPIRO 

Cardinal Cushing General Hospital 
Brockton, Mass. 

The author responds: 
Drs. Rethman and ShapirO have cor­

rectly detected the weak spot in any 
scheme that proposes to save money 
by preventing disease: everyone dies 
eventually, and most costs for medical 
care are concentrated at the end of life. 
When economists look at this problem, 
they usually conclude that programs 
that let people die quickly are more 
cost-effective. I described the twin strat­
egies of prevention and primary care 
as ways "to improve life and simultane­
ously hold off unneeded expenditures." 
I hope that Americans, when deciding 
how to redistribute the $300-billion 
U.S. defense budget, will invest more 
heavily in prevention and primary care, 
because those are certainly the least 

costly ways to improve the nation's 
health. 

ANTHONY ROBBINS 

Boston University 
School of Public Health 

Boston, Mass. 

To the Editors: 
As the author of the article "Qua­

sicrystals " [SCIENTIFIC AMERICAN, Au­
gust, 1986], I was quite interested in 
John Horgan's piece on the subject in 
"Science and the Citizen" this past Jan­
uary. Although Horgan does a nice job 
summarizing the current debate about 
entropy versus matching rules in deter­
mining the structure of icosahedral 
crystals, he overstates my own views. 
While I do find the entropy arguments 
convincing, I certainly do not regard a 
search for perfect Penrose tilings as a 
"waste of time." 

DAVID R .  NELSON 

Department of Physics 
Harvard University 
Cambridge, Mass. 

To the Editors: 
Concerning the article "New Radio­

activities," by Walter Greiner and Aur­
el Sandulescu [SCIENTIFIC AMERICAN, 
March], I hope I'm not the first to point 
out that Otto Hahn and Fritz Strass­
mann were physical chemists, not 
physicists; that the discovery of nucle­
ar fission, which was reported in Jan­
uary, 1939, was the result of experi­
ments they conducted between 1935 
and 1938 with the physicist Lise Meit­
ner; and that Niels H. Bohr's explana­
tion of the mechanism of fission, which 
he worked out jointly with John A .  
Wheeler, was published i n  1939. As I 
discussed in The Making of the Atom­
ic Bomb, it was the liquid-drop mod­
el, which Bohr developed in the late 
1930's, that allowed Meitner and Otto 
R .  Frisch, her nephew, in 1938 to see 
how fission might be possible. 

RICHARD RHODES 

Cambridge, Mass. 

We and our authors thank you for 
sharing your thoughts with us. The num­
ber of letters that we receive makes it 
impossible for us to answer more than a 
fraction of them. 
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SO AND 100 
YEARSAGO 

m 
JULY, 1940: "Eyes of the scientific 

world widened the first week in May at 
the startling news that work of a 28-
year-old physicist at the University of 
Minnesota in isolating the explosive 
uranium isotope, U-235, had been cor­
roborated. The physicist is Dr. Alfred 
o. C. Nier, who modestly expressed 
dismay at extravagant reports which 
blossomed on front pages everywhere, 
to the effect that the incalculable 
forces of the atom were on the verge 
of being pressed into the service of 
mankind. There were fabulous predic­
tions that this discovery made feasible 
bombs of unheard-of strength, that 
five or ten pounds of U-235 would 
propel a vessel around the world for 
an indefinite time without refueling. 
Rumors said that the discovery had set 
all available researchers in Germany at 
work in the Kaiser Wilhelm lnstitute at 
Berlin to seek a means of economically 
extracting U-235." 

"None of the World War II warplanes 
rank so high on all counts as do our 
new pursuit-interceptors, two of which 
are some 70 miles faster than any Nazi 
ship known to be in service, and four 
of which will climb to 10,000 feet in 
far less time than Britain's 'Spitfire,' 
topmost World War II climber." 

"The ability of any kind of micro­
scope to show clearly minute objects 
is sharply limited by the wavelength 
of the illumination it uses. With high 
speed, short-wave electrons, it has be­
come possible to observe objects and 
details of objects smaller than 100 
angstroms in diameter-that is, about 
1/2,500,000 of an inch. It may well be 
asked why X-rays or gamma rays, with 
wavelengths as small or smaller than 
electrons', could not be used for the 
same purpose. The answer is that no 
one has ever been able to devise a lens 
that would focus them." 

"Artificial autumn can be brought to 
rose bushes, causing them to shed 
their leaves in a few days, by locking 
them up in the same room with ap­
ples, it has been discovered at Oregon 
State College by J. A. Milbrath, Elmer 
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Hansen, and Prof. Henry Hartman. Or­
dinarily such defoliation would be un­
desirable, but when large numbers of 
field-grown rose bushes are being pre­
pared for shipment to market it is nec­
essary to rid them of their leaves, to 
cut down water loss through evapora­
tion. The apples produce this effect 
because they give off small quantities 
of ethylene, which is also a common 
constituent of natural gas." 

JULY, 1890: "The stock of fire crack­
ers in this country at the present time 
is said to be from twenty-five to thirty 
per cent less than is usual at this sea­
son. This shortage is due in part to 
labor strikes in China, where all the 
small crackers and most of the large 
or cannon crackers are made, and also 
to the imposition by the Chinese gov­
ernment of the lekin, or tax. No evi­
dence exists of the use of gunpowder 
as an agent of warfare until the mid­
dle of the twelfth century, nor did a 
knowledge of its propulsive effects 
come to the Chinese until the reign of 
Yunglop in the fifteenth century-a 
thousand years after its first employ­
ment in fire crackers." 

"The subject of securing to the origi­
nators and owners of new varieties of 
fruits and vegetables the sole right by 
law to propagate and sell them en­
gaged the attention of the recent meet­
ing of American nurserymen in New 
York. The proposed law to that effect 
is certainly a praiseworthy attempt to 
secure to originators of varieties com­
pensation for their labor, but it strikes 
us as involved in difficulties. Patents 
for machinery may be accurately de­
scribed, and each kept entirely distinct 
from all others; but the differences be­
tween varieties of plants are so indefi-

The electric trap 

nite that a description in words would 
fail to point them out. The only practi­
cable remedy appears to be in the use 
of names as trade marks." 

"A novel telephone station is being 
introduced in Connecticut. The instru­
ment cannot be used unless a fee is 
paid. If five cents is dropped in the 
slot, it strikes a bell of a high note, 
once. A quarter strikes a bell of a low- . 
er note, once. A half dollar strikes that 
bell twice, while a silver dollar strikes 
a very low tone 'cathedral gong.' " 

"It is estimated that from fifteen to 
twenty persons out of every hundred 
bitten by mad dogs or cats develop hy­
drophobia, but in 2,164 persons treat­
ed at the Pasteur lnstitute to January, 
1887, there was a mortality of only 1.4 
per cent, while in 1887 the mortality 
was reduced to 1.3 per cent, and in 
1888 to 1.16 per cent. As touching this 
pOint, Sir Henry Roscoe says: 'Pasteur's 
treatment is really a race between a 
strong and an attenuated virus. In cas­
es in which the bite occurs near a 
nerve center, the fatal malady may 
outstrip the treatment in the race be­
tween life and death. If the weakened 
virus can act in time, it means life; if 
the strong virus acts first, prevention 
comes too late, and it means death.' " 

"The new cruiser Philadelphia, built 
for the government by Messrs. Cramp 
& Sons, at Philadelphia, has been so far 
completed as to be able to make her 
four hours' trial under steam, as re­
quired by the contract. By the terms of 
the latter the vessel was to be capable 
of making a mean speed of 19 knots 
per hour during a four hours' run at 
sea. If she made less, then the contrac­
tors were to forfeit $50,000 for each 
quarter knot below the standard. If she 
exceeded 19 knots, they were to re­
ceive a premium of $50,000 for each 
quarter knot in excess of the standard. 
The trial took place on the 25th of 
June, off the southeasterly end of Long 
Island. It is believed the ship made an 
average of 19 1/2 knots per hour, and 
earned a premium of $100,000 for her 
builders." 

"This electric trap forms the subject 
of an American patent recently issued 
to Mr. F. Scherer, a resident of Paris, 
France. Any suitable bait is located 
within the cage, behind a grid com­
posed of metal wires, arranged side by 
side to form the positive and negative 
wires of the circuit. When the rat or 
other foredoomed victim, seeking the 
bait, comes in contact with the wires, 
the circuit is thereby closed." 

© 1990 SCIENTIFIC AMERICAN, INC



© 1990 SCIENTIFIC AMERICAN, INC



SCIENCE/SCOPE® 

An infrared seeker, designed to function under severe environmental and operational conditions, is 
being prepared for flight evaluation tests. The brass board model is part of the Strategic Defense 
Initiative's high endoatmospheric defense interceptor (HEDI) program. The system will locate an 
incoming reentry vehicle target, compute an aim point, and generate appropriate missile guidance 
commands. The Hughes Aircraft Company-built mercury-cadmium-telluride seeker, which will be 
cooled by liquid nitrogen, will operate in the mid-infrared band, and generate megabits of data every 
second. Output from the sensor will be processed by three Intel 80386-based signal processors. 

The first optical fiber durable enough to meet military specifications consists of a unique metal-coated 
fiber that can be soldered to provide a hermetic seal. The fiber, called a "pigtail", is used to connect 
an optical fiber cable to a package containing a laser or sensor and associated electronics. Typically, 
optical fibers are coated with plastic for protection. The plastic is later removed and the fiber is 
vacuum metalized to enable soldering, however, this leaves the fiber weak. Because a hermetic 
coating is applied as the fiber is drawn, the Hughes pigtail retains its initial high strength. The 
Hughes metal-coated pigtails can be used in fire detection systems, radiation environments, undersea 
cables, high power laser transmission systems, and other environmentally demanding applications. 

An automated planning system helps eliminate errors in assembly instructions for workers building 
radar modules. The Integrated Manufacturing Process Information System (IMPIS), developed by 
Hughes, features an integrated manufacturing database which stores standardized graphics and texts. 
IMPIS reduces the time to prepare planning documents by 50 percent over manual methods and 
creates a more accurate and consistent planning package. The detailed planning documents, referred 
to as picture books, created with the system are used by factory workers to build specific parts or 
assemblies. IMPIS has been upgraded to generate standard labor hours required to complete each part 
or assembly. 

An automobile manufacturer helps improve the reliability and quality of its cars with thermal imaging 
systems. The Hughes-built PROBEYE® Thermal Video Systems (TVS) is being used by General 
Motors for a variety of applications. Included are tests to verify the placement and heat dissipation of 
electronic components used for dashboard and other electrical subassemblies. Thermal testing is also 
used to improve the reliability of voltage regulators, to monitor glass thickness and uniformity 
assuring higher quality windows and windshields, and to evaluate automotive air conditioning and 
heating systems and engine cooling systems. The TVS consists of a PROBEYE® infrared imager, an 
image processor, and a high resolution color monitor. 

At Hughes, we're applying our mission analysis expertise to a wide range of critical DoD mission 
areas and societal issues. These important studies involve such areas as air combat, air defense, C3, 
land combat, space defense, transportation safety, law enforcement and air quality control. To 
continue these vital efforts, we currently have opportunities for Mission Analysts with a proven 
record of performing defense analysis or systems effectiveness studies and a minimum of 5-10 years 
experience. Send your resume to: D. Robinson, Hughes Aircraft Company, Dept. S2, P.O. Box 
92426, Los Angeles, CA 90009. U.S. Citizenship may be required. Equal Opportunity Employer. 

For more information write to: P.O. Box 45068, Los Angeles, CA 90045-0068 

HUGHES 
© t990 Hughes Aircraft Company Subsidiary of GM Hughes Electronics 
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SCIENCE AND THE CITIZEN 

The Death Penalty 
Most Americans favor it, 
but what purpose does it serve? 

Portugal abolished it in 1976; Den­
mark in 1978; Nicaragua and 
Norway in 1979; France in 1981; 

the Netherlands in 1982; Australia in 
1985; the Philippines and East Ger­
many in 1987; Cambodia, New Zealand 
and Romania in 1989; and Namibia this 
year. Worldwide, the trend is clear: a 
growing number of nations have decid­
ed that capital punishment is wrong. 

The U.S.-alone among Western 
democracies-is defying the trend. In­
deed, since the Supreme Court ended a 
10-year moratorium on executions in 
1976, Americans have embraced the 
death penalty with a vengeance. Recent 
polls show that about 75 percent of the 
public supports capital punishment, up 
from 57 percent in 1972. 

Little wonder, then, that politicians 
are competing with each other to dem­
onstrate their enthusiasm for capital 
punishment. Thirty-six states already 
have death-penalty statutes, and pres­
sure is building in at least two more­
New York and Alaska-to jump on the 
bandwagon. From 1976 through late 
May of this year, states had electrocut­
ed, gassed, injected or shot 128 prison­
ers; more than 2,300 others are on 

Combining AIDS drugs, 
Amphibian warfare, 

Iiubba -Hubble, 
Roald Hoffmann: poet 

death row, awaiting similar fates. Law­
makers at the state and federal level 
have proposed a welter of bills to expe­
dite executions and to extend their 
reach: drug "kingpins" are the most 
popular target. 

What purpose do executions serve? 
None, according to Amnesty Interna­
tional, the American Civil Liberties 
Union, the NAACP Legal Defense and 
Educational Fund and other organiza­
tions opposed to capital punishment. 
"People are understandably frightened 
and angry about violent crime in this 
country," says Henry Schwarz schild, 
who heads the ACLU'S capital punish­
ment project. "But the death penalty is 
not the solution." 

More than a century of research in 
the U.S. and other countries, Schwarz-

schild points out, has produced no evi­
dence that capital punishment reduces 
the rate of murder or other violent 
crimes. In fact, a study by William j. 
Bowers, a criminologist at Northeastern 
University, suggests that executions 
may have the opposite effect. When he 
analyzed the murder rate in New York 
State from 1907 to 1963, Bowers found 
that the number of murders rose by an 
average of slightly more than two in 
the month following an execution. He 
theorizes that executions-far from de­
terring acts of violence-foment them 
by "brutalizing" the public. 

Of course, executing a murderer de­
ters him from killing again-perma­
nently. The publicity invariably gener­
ated by any murderer who repeats his 
crime after being released from prison 
has created the impression that such 
incidents are common, observes Hugo 
Adam Bedau, a philosopher at Tufts 
UniverSity. Actually, Bedau says, mur­
derers have the lowest rate of recidi­
vism of any class of felon: of 2,646 
murderers released in 12 states from 
1900 through 1976, 16 were convicted 
of a subsequent murder. People who 
served time for other offenses commit­
ted murder at a much higher rate. 

If society decides that any recidivism 
is unacceptable, Bedau points out, it 
can always tighten parole requirements 
or even eliminate parole entirely in 

CAPITAL PUNISHMENT IN THE U.S., 1976 THROUGH MAY 1990: 128 EXECUTIONS IN 13 STATES 
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more murder cases. Contrary to popu­
lar belief, sentencing convicts to life in 
prison rather than death would actual­
ly save states money, according to Rob­
ert L. Spangenberg, an attorney who 
directs the Boston Legal Assistance 
Project. Studies done in Kansas, New 
York and Florida, Spangenberg says, 
show that states spend anywhere from 
$1.6 to $3.2 million to obtain and carry 
out a capital sentence; states could 
incarcerate someone for 100 years or 
more for less money. 

The chief factor driving up the costs 

of capital cases is the appeals process, 
which has taken an average of eight 
years for those executed since 1976. 
Lawmakers are determined to compress 
the process. The Supreme Court has 
limited appeals of capital sentences at 
the state level, and in May, Chief Jus­
tice William H. Rehnquist called for 
restrictions on federal appeals as well. 
Congress is considering two bills that 
would impose such restrictions. 

Yet even the most drastic proposals 
for curtailing appeals would reduce the 
period from conviction to execution 

As birth-control options in the U.S. dwindle, 
more married women turn to sterilization 
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S terilization-particularly of women-has become the birth-control method of 
choice for married Americans. According to a study by the National Center 
for Health Statistics, nearly one in four married women between the ages of 

15 and 44 has opted for sterilization. 
That conclusion is based on surveys conducted in 1973, 1982 and 1988 of 

married women of childbearing age; some 30 million women fall in this category. 
By 1988, 23.4 percent of this group had been sterilized, almost three times the 
percentage in 1973. The percentage of husbands who received vasectomies also 
increased in that period but much less dramatically. 

Women, obviously, still bear most of the responsibility for birth control. But 
why are so many turning to sterilization? William D. Mosher, who coauthored the 
study, notes that three quarters of American women have all the children they 
want by the time they reach 30. After that, he says, women's contraceptive op­
tions become increasingly limited. Many physicians do not recommend the pill for 
women older than 35, for smokers or for those with certain medical conditions. 
Safety concerns have also sharply curtailed use of the intrauterine device (IUD). 

Other alternatives-including condoms, diaphragms, foams and sponges and 
the rhythm method-are safer but much less reliable. At the same time, surgical 
sterilization of women has become less risky and easier to perform, Mosher says; 
most women can go home on the day of the operation. 

The trend toward sterilization will probably continue. One reason, Mosher 
points out, is that the aging of the "baby boom" generation-born in a population 
surge beginning after World War II and ending in the mid-1 960's-is still pushing 
up the average age of men and women in their childbearing years. Another factor 
is that-as the National Academy of Sciences reported recently-various political, 
legal and regulatory factors are blocking the development of better birth-control 
alternatives in the U.S. -j.H. 
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only by two years at most, Spangen­
berg predicts. He asserts that the pro­
posals could actually boost the costs 
of execution, since they stipulate that 
states set aside more money for the ini­
tial defense of capital cases to reduce 
the chance that a verdict or sentence 
will be reversed on appeal. 

Limiting appeals may also increase 
the likelihood of the ultimate miscar­
riage of justice: the execution of an in­
nocent person. In the past 18 years, at 
least 27 people condemned to death 
have later been found innocent by a 
higher court. Some of these reversals 
came about through sheer serendipity. 
The innocence of Randall Dale Adams, 
released last year after spending 12 
years on death row in Texas for mur­
dering a police officer, came to light 
only because a filmmaker happened to 
take an interest in the case. Others 
have not been so lucky. From 1900 to 
1985, at least 23 Americans were exe­
cuted for crimes they did not commit, 
according to a 1987 report in the Stan­
ford Law Review. 

Opponents of the death penalty hope 
that such facts can turn the tide of 
public opinion. They try to take heart 
in the fact that when pollsters give re­
spondents a choice between execution 
and life imprisonment without parole, 
the percentage favoring the death pen­
alty drops from 75 percent to less than 
50 percent. The percentage falls fur­
ther-below 30 percent-if the inmate 
is required to provide monetary com­
pensation to the family of his victim. 

But opponents acknowledge that the 
pace of executions is likely to increase 
sharply in the next few years, because 
many inmates have run out of appeals. 
"We have exhausted the major consti­
tutional issues," observes the ACLU'S 

Schwarz schild. "We don't have any 
more even in the oven." 

Evidence of racial bias in sentencing 
helped to convince the Supreme Court 
to rule against capital punishment in 
the late 1960's and early 1970's. New 
studies show the race of the victim to 
be the most significant factor: 84 per­
cent of those executed since 1976 mur­
dered a white person, although half of 
the murder victims in the U.S. are 
black. No white has been executed for 
killing a black in that period. 

Three years ago the racism issue was 
raised anew when the Supreme Court 
considered the death sentence of War­
ren McCleskey, a black man convicted 
of killing a white police officer in Geor­
gia. David Baldus, a professor of law at 
the University of Iowa , presented a 
study showing that in Georgia murder­
ers of whites were 4.3 times more like­
ly to receive a death sentence than 
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those who killed blacks under similar 
circumstances. The court did not dis­
pute Baldus's findings of systematic 
bias, but it ruled that the defense had 
to prove bias in each particular case to 
have a sentence overturned. 

The Supreme Court has also perIllit­
ted executions of retarded people and 
those who were younger than 18 when 
they committed the crime. More than 
75 death-row inmates fall into one or 
both of these categories, and at least 
four have been executed in the past 
decade. The latest was Dalton Prejean, 
a retarded black man electrocuted in 
Louisiana on May 18 for shooting a po­
liceman when he was 17. Only four 
other nations-Bangladesh, Barbados, 
Iran and Iraq-have executed juvenile 
offenders in the past decade, according 
to Amnesty International. 

Besides Prejean, four other prisoners 
were put to death in May. One was 
Jesse Joseph Tafero, electrocuted on 
May 4 for killing two policemen in Flor­
ida 14 years ago. When a prison official 
threw the switch, a sponge delivering 
electricity to Tafero's skull burst into 
flames. The executioner cut the current 
for six seconds-during which Tafero, 
smoke pouring from his hooded head, 
moved and breathed, according to eye­
witnesses-and then shocked him 
again . After a total of six minutes and 
three jolts, Tafero was pronounced 
dead. The electric chair was introduced 
in the U.S. 100 years ago as a humane 
alternative to hanging. -John Horgan 

Strength in Numbers 
Researchers begin combining 
compounds to fight AIDS �ecade after AIDS first seized the 

public's attention, no cure is in 
sight, and all the drugs identi­

fied as potential treatments have sig­
nificant limitations. Increasingly, re­
searchers say their best hope for com­
bating the disease is combining those 
drugs-both simultaneously and in se­
quence-to nUnirnize their drawbacks 
and amplify their strengths. 

"Combination therapy is not as sexy 
as a single magic bullet," says Robert 
Yarchoan, who is conducting trials in­
volving multiple drugs at the National 
Cancer Institute. "But we hope that the 
sum of some treatments may be more 
than the parts." Combination therapy, 
Yarchoan points out, has already 
proved effective against some forms of 
another extraordinarily tenacious dis­
ease: cancer. 

The common denominator in almost 
all combination therapies being consid-
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Candidates for Combination 

AZT The only approved antiviral treat­
ment for AIDS. Causes anemia. Chronic 
use leads to viral resistance. 

ddl Shows antiviral activity but not yet 
proved effective. Causes inflammation 
of peripheral nerves and pancreas. 

ddC Not yet proved effective in clinical 
trials. Inflammation of peripheral 
nerves has limited wider testing. 

ALPHA INTERFERON Shows antiviral 
activity in small clinical trials. Retards 
spread of Kaposi's sarcoma. 

SOLUBLE CD4 Protects cells from AIDS 
virus in test-tube studies. Some promis­
ing data from clinical trials. 

ered for AIDS is AZT (azidothymjdine, 
also called zidovudine). AZT, which is 
still the only AIDS treatment approved 
by the Food and Drug Administration, 
slows the progress of symptoms and 
reduces the mortality rate in people 
with AIDS. The drug's chief drawback is 
that it kills bone-marrow cells; it can 
cause aneIllia so severe that blood 
transfusions are needed. Making doses 
smaller reduces the side effects, but re­
searchers still have not agreed on what 
the minimum dose should be. 

Another IiIllitation of A ZT -and po­
tentially of all treatments that attack 
the AIDS virus directly-has come to 
light only in the past year. Studies by 
Douglas D. Richman of the University 
of California School of Medicine at San 
Diego and others show that the human 
immunodeficiency virus (HIV )  devel­
ops resistance to AZT after about six 
months. Resistance develops more rap­
idly in those in whom the disease is 
more advanced, Richman says. 

These findings have spurred the al­
ready intense effort to find drugs to re­
place or supplement AZT. Two candi­
dates-which have shown anti-HIV ac­
tivity in test-tube studies and small 
clinical trials but have not yet been 
proved effective-are ddl (dideoxyino­
sine) and ddC (dideoxycytidine). Like 
AZT, ddI and ddC block the reproduc­
tion of the AIDS virus by interfering 
with its genetic machinery. They also 
have troublesome side effects. Both 
drugs cause painful inflammation of 
peripheral nerves, and ddI has been 
linked to a potentially fatal inflamma­
tion of the pancreas. 

Other candidates for combination 
therapy include two drugs produced by 
biotechnology: soluble CD4, which con­
sists of a cell receptor that can prevent 
HIV from binding to cells, and alpha 

interferon, which combats both HIV 
and Kaposi's sarcoma, an AIDs-related 
cancer. Researchers hope these agents 
can complement the effects of AZT 
and its analogues, ddI and ddC, be­
cause they hinder the activity of the 
AIDS virus at different stages of its cy­
cle. If the virus evades one roadblock, it 
still has others to face. 

The agents that attack the AIDS virus 
are also being tested in combination 
with drugs that combat the opportunis­
tic infections that actually kill people 
with AIDS. Two of the most common 
examples are acyclovir, an antiherpes 
agent, and pentamidine, which has been 
approved for warding off AIDS-induced 
pneumonia. 

Various combinations of these drugs 
are being tested in cell cultures and in 
small clinical trials. A group at the Mas­
sachusetts General Hospital is doing 
in vitro tests of AZT in combination 
with CD4 and alpha interferon. Clinical 
trials involving alpha interferon and 
AZT are under way at the Memorial 
Sloan-Kettering Cancer Center. And re­
searchers at the National Cancer Insti­
tute are giving 14 patients AZT and 
acyclovir for one week, ddI for another 
week and ddC for a third week before 
repeating the cycle. Preliminary data 
from these and other tests are encour­
aging, according to Anthony S. Fauci , 
director of the National Institute of Al­
lergy and Infectious Diseases. "Com­
bination therapy is certainly the strate­
gy for the future," he says. 

Precisely assessing such therapies, 
however, will be extraordinarily diffi­
cult. David A. Katzenstein, who is test­
ing AIDS therapies at the Stanford Uni­
versity School of Medicine, explains 
that some of the variables involved in 
evaluating even a single drug increase 
exponentially as other drugs are added. 
He notes, for example, that researchers 
typically test a single drug at three dif­
ferent doses in three sets of patients. 
To evaluate how that drug will interact 
with another compound-also given 
at three different dose levels-the re­
searchers would need nine sets of pa­
tients. Cancer researchers overcame 
these difficulties in developing an ar­
senal of combination chemotherapies, 
Katzenstein says, "but what people 
don't want to hear is that it took them 
20 years." 

Mathilde Krim, director of the Ameri­
can Foundation for AIDS Research , of­
fers a more optiIllistic view. She notes 
that enrolling more people in clinical 
trials should accelerate the evaluation 
process. This is already beginning to 
occur, she says, at scores of communi­
ty-based centers for AIDS research all 
across the country. -].H. 
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RAIN FOREST in Serra dos Carajas, Para, Brazil, was one region considered by scientists establishing conservation priorities. 
Photograph by Luiz Claudio Marigo, Peter Arnold, Inc. 

Mapping the Immeasurable 
Amazon researchers face up 
to the vastness of their job 

With his khaki shirt unbuttoned 
to expose grizzled hair and a 
necklace, Guilherme M. de La 

Penha might be a prospector, a rancher 
or a poacher. All are common here in 
the Amazon, drawn by the promise of 
wealth from the planet's most abun­
dant wilderness. 

As it is, de La Penha belongs to an­
other group. The director of the Goeldi 
Museum in Belem, one of Brazil's two 
main Amazon research centers, he 
heads a team of about 100 scientists, 
whose work on everything from ar­
chaeology to zoogeography is as varied 
as the region itself. But de La Penha is 
frustrated. "The problem," he says in 
brusque tones, "is too much of the 
Amazon has to be examined. Too 
much is said without scientific base." 

In January some 100 ornithologists, 
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entomologists, botanists, primate zool­
ogists and other scientists took a step 
toward resolving this problem by creat­
ing a conservation map. During a 10-
day meeting in Manaus, the attendees 
ranked areas with respect to levels of 
endemism (which reflects the number 
of species unique to a locality), diversi­
ty and presence of endangered species. 
Overall, 53 percent of the entire Ama­
zon basin was deemed worthy of one 
of five grades requiring priority consid­
eration; the rest was either unknown to 
scientists or unsuitable. 

Although a coarse approximation, 
the conservation map "will be a big 
help," according to Eneus Salati, the 
new director of the National Research 
Institute for Amazonia (INPA), the 
area's biggest research center with 
some 280 scientists. A climatologist 
with a previous stint as INPA director 
in the early 1980's, Salati thinks 75 to 
80 percent of the forest should remain 
covered by canopy. His goal is to de­
vise a plan for sustainable develop-

ment. He intends to augment the bio­
geography map with studies on soil, 
climate and local populations. The re­
sults are scheduled to be presented to 
other Brazilian agencies in November. 

PrOviding a more thorough assess­
ment of the basin's biota, however, is a 
staggering task. Scientists estimate that 
no fewer than three million species oc­
cur in tropical or subtropical regions, 
and the total could be 10 times greater, 
according to a 1989 report to the U.S. 
National Science Board. A single small 
lake in the Amazon may be home to 
more than 100 species of fish, which 
makes finding samples of particular 
species "a little bit complicated," says 
Ulrich Saint-Paul, a biologist from the 
Max Planck Institute. 

The human diverSity is vast as well. 
Of some 170 indigenous languages in 
Brazil, fewer than 20 are fully docu­
mented, according to Goeldi Museum 
data. Linguistic research could aid tax­
onomy: an analysis of the language of 
the Kayapos, a tribe in the Xingu Val-
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ley, has already helped scientists "dis­
cover" several new species of bees. 

Support for Amazon research is in­
creasing, particularly from European 
countries, such as Great Britain and 
Germany, and among private groups. 
James L. Edwards of the U. S. National 
Science Foundation says the agency is 
exploring a wide-ranging biodiversity 
program for the tropical forest. The 
plans call for improving microbial sys­
tematics and ecology, which are now 
poorly understood despite the biotech­
nology potential. 

Another NSF goal is training more 
researchers in such fields as conser­
vation biology and restoration ecology. 
Together with the U.S. Agency for In­
ternational Development, the NSF is 
scheduled to announce the first year's 
multimillion-dollar awards in July. 

Brazil's contribution, which is imper­
ative, is also expected to increase. The 
new government, installed in March, 
seems to be more concerned than its 
predecessors about preserving the 
Amazon basin. Indeed, Ghillean T. 
Prance of the Royal Botanic Gardens in 
Kew, England, says the gap between 
rampant destruction of the forest 
(which is about 90 percent of its origi­
nal size) and conservation efforts final­
ly seems to be narrowing. 

Both Salati and de La Penha empha­
size, however, that conservation plans 
must take into account the social con­
cerns of the Brazilian Amazon's 1.4 
million people, including its 220,000 
Indians. One way to minimize conflict 
is to create buffer zones-such as na­
tional parks and extractive reserves 
where local residents could harvest 
rubber, Brazil nuts or other natural 
products from the forest-between 
highly restricted biological reserves 
and more populated areas. "If the so­
cial problem is not put first," de La 
Penha says, "we have no solution for 
the Amazon." - Pat Janowski 

Of Mice and MS 
Antibodies cure a crippling 
disorder-but not in people 

"we've received many heart­
rending letters from people 
with multiple sclerosis 

based on early reports of our work," 
laments Leroy E. Hood of the California 
Institute of Technology, adding that 
"we have not developed a cure for mul­
tiple sclerosis or any other human au­
toimmune disease. Our technique is at 
least 10 years away from human appli­
cation." He is, quite rightly, trying to 
cool imaginations that may be over-

heated by a new report in the Journal 
of Experimental Medicine, in which he 
and his colleagues describe an appar­
ent cure for experimental allergic en­
cephalomyelitis (EAE) in mice. 

The pathology of EAE is nearly iden­
tical to that of multiple sclerosis (MS), 
the most common neurological disease 
in people between the ages of 20 and 
40. Both disorders are relapSing, in­
flammatory conditions that can cause 
weakness, body tremors and, in ex­
treme cases, paralysis. Both are auto­
immune disorders in which the im­
mune system attacks the protective 
myelin sheath surrounding peripheral 
nerve cells. 

There are nonetheless crucial differ­
ences between MS and EAE . MS is a nat­
urally occurring human illness caused 
by as yet unidentified genetic and envi­
ronmental factors. EAE is an artificial 
disorder that researchers induce in lab­
oratory animals by injecting them with 
a major protein constituent of myelin. 

In EAE the injected protein stimu­
lates certain T lymphocytes in the im­
mune system to attack the myelin pro­
tein in the mouse's nervous system. MS 
wages a similar immunologic campaign 
against myelin, but the biomolecular 
details are still a mystery. Today the 
only way to impede the erratic progres­
sion of MS over the long term is with 
general immunosuppressive agents, 
such as steroids, which leave the body 
vulnerable to infection. 

Hood, Dennis M. Zaller and Gamal 
Osman of Cal Tech and Osami Kana­
gawa of Washington University have 
successfully developed a more selec­
tive way to knock out destructive auto­
immune reactions. Their technique 
uses two antibodies against a pair of 
peptide molecules, V�8.2 and V�13, 
one or the other of which appears on 
the surface of every T cell involved in 
the EAE autoimmune reaction. The in­
jected antibodies turn the immune sys­
tem against the traitorous T cells to de­
stroy them. Because most other T cells 
in the body are not affected, the im­
mune system can continue to fight 
infections. 

Whereas 14 out of 17 untreated mice 
in Hood's experiments developed EAE, 
only one out of 20 treated with the two 
antibodies became sick, and its symp­
toms were relatively mild. When the 
double antibody treatment was given 
to mice that already had EAE, three out 
of five mice with paralyzed hind legs 
regained their normal movement. The 
fourth mouse, which was almost com­
pletely paralyzed, recovered except for 
some immobility in the tail. 

The combination of V�8. 2 and V�13 
antibodies was much more effective 

than either antibody alone. Indeed, the 
antibodies against V�13 seemed to 
have no effect by themselves. Hood 
and other investigators had previously 
found that antibodies against the V�8 
family of peptides could lower the inci­
dence of EAE to about 25 percent. 

Encouraging as the results are, Zaller 
echoes Hood's caution. He emphasizes 
that before their technique can be tried 
on people the antigens and T cells re­
sponsible for MS, lupus erythematosus 
and other human autoimmune dis­
eases must be identified and studied. 
"Five to 10 years would be the minimal 
estimate," he concurs. 

The identification process is already 
under way-at least in the case of MS. 
Shortly after Hood's group announced 
its findings, researchers led by Law­
rence Steinman of Stanford University 
reported in Nature that they had iden­
tified the key T cells involved in multi­
ple sclerosis. -John Rennie 

Pythagoras's Bells 
Was the Greek mathematician 
the first expert in vibration? 

T he Greeks are often described as 
pure thinkers, disdaining gritty 
reality for the loftier realm of in­

tellect. That was certainly true of Plato 
(429-347 B.C.) and, perhaps to a lesser 
extent, of his younger contemporary 
Aristotle (384-322 B.C.). But it was not 
so of a much earlier giant, Pythagoras 
(570-497 B.C.). 

Best known for his work in mathe­
matics (in particular the Pythagorean 
theorem, which states that the square 
of the hypotenuse of a right triangle 
equals the sum of the squares of the 
other two sides), he was also an avid 
experimentalist. He established sci­
ence's first known laboratory, and in it 
he elucidated prinCiples of vibration 
generally credited to Galileo. 

At least, that is the contention of 
Andrew D. Dimarogonas, a professor 
of mechanical engineering at Washing­
ton University. Dimarogonas bases his 
views, which he sets forth in the Jour­
nal of Sound and Vibration , primarily 
on the writings of the Roman author 
Boethius (A.D. 480-5 24). Although he 
lived a millennium after Pythagoras, 
Boethius may have had access to con­
temporaneous accounts of Pythagoras 
that have now been lost, Dimarogonas 
says. Boethius's descriptions of Pythag­
oras are also partially corroborated by 
other ancient authors, such as Vitru­
vius (first century B.C.), Theon of Smyr­
na (second century A.D.) and Proclus 
Lycios (fifth century A.D.). 
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PYTHAGORAS (right) experiments with bells and hammers (which he is weighing in 
the scale in his left hand) in an illustration (rom a fifth-century history by the Ro­
man scholar Boethius_ Boethius pictured himself (left) holding a monochord, which 
Pythagoras may have used in acoustics experiments. 

According to these and other writers, 
Pythagoras was born and raised on the 
Greek island of Samos but spent most 
of his career in Croton, a town in 
southern Italy. There he established a 
school where "rich people sent their 
kids," Dimarogonas says. It was also 
there that, as Boethius tells it, Pythago­
ras had an experience that led him to 
investigate the nature of vibration. 

He was walking past a metal-working 
shop when he began to wonder why 
the hammers of different smiths rang 
at different pitches. He speculated that 
the pitch depended on the force with 
which the hammer was swung and so 
on the strength of the individual work­
er. To test his hypothesis, Pythagoras 
asked the workers to switch hammers. 
To his surprise, the hammers rang at 
the same pitch even when swung by 
different workers. 

Pythagoras then went home, Boeth­
ius wrote, and conducted further tests 
on bells, reeds, strings and clay vessels. 
He also built a monochord, a single­
stringed instrument that provided a 
benchmark for studies of pitch. These 
activities, Dimarogonas asserts, qualify 
Pythagoras's home as a laboratory. 

Eventually, according to Boethius, 
Pythagoras surmised that the pitch at 
which an object vibrates-and so its 
frequency-depends not on the force 
with which it is struck but on the ob­
ject's intrinsic properties: its composi­
tion, size, weight, length and (in the 
case of a string) tension. Galileo, work­
ing with a pendulum and other instru-
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ments, rediscovered these same princi­
ples some 2,000 years later and gained 
most of the credit for them, according 
to Dimarogonas. 

Indeed, Dimarogonas says his re­
search has taught him that almost ev­
ery scientific "discovery " has some 
precedent. He notes, for example, that 
although Pythagoras was apparently 
the first to prove the theorem bearing 
his name, the BabylOnians had already 
been applying the mathematical rule 
for centuries. -J.H. 

Shocking Genes 
Electromagnetic fields 
stimulate genetic activity �ether the electromagnetic 

fields from electrical appli­
ances and power-distribution 

equipment might cause cancer or birth 
defects has long been debated. It is ac­
cepted that the fields are too low in fre­
quency and too weak in intensity to 
cause heating or genetic damage in 
cells. Without another obvious mecha­
nism, researchers could not make a 
convincing case that such radiation 
could be harmful. 

Now Reba M. Goodman of Columbia 
University and Ann Henderson of the 
City University of New York think they 
have found another way electromag­
netic fields might influence cells: by in­
directly stimulating genes and thereby 
altering the proteins cells produce. The 

workers appear to have demonstrated 
effects from fields like those found 
near domestic a.c. electrical devices. 

The investigators first exposed "im­
mortal" cells derived from a leukemia 
patient to the pulsed electromagnetic 
fields from devices used to promote 
the healing of bone fractures. After ex­
posure to those fields, several genes in­
creased the rate at which they pro­
duced messenger RNA, the substance 
that conveys genetic information from 
the nucleus into the body of a cell. 

After further investigation, the re­
searchers found that a 60-hertz field, 
no stronger than that produced near 
many domestic appliances, was an 
even stronger promoter of gene tran­
scription than the bone-growth stimu­
lators. A frequency of 45 hertz has an 
even greater effect. 

Although not all genes are affected, 
those that are react in a characteristic 
way. Oddly, the effect is strongest af­
ter some 20 minutes of exposure; then 
it diminishes. More powerful fields, 
such as those found near high-voltage 
equipment, seem to promote transcrip­
tion less well. "These results are highly 
reproducible," Goodman says. 

The researchers suspect that very 
low frequency fields stimulate sensitive 
receptor molecules on cell surfaces. 
Such receptors are known to influence 
gene expression through a complicated 
sequence that alters the concentration 
of calcium ions in the cell. 

The two investigators presented 
their data at a recent meeting of the 
Federation of American Societies for 
Experimental Biology in Washington, 
D.C., and since then other researchers 
have taken them more seriously. "I 
tend to believe their results," says Mays 
L. Swicord of the Food and Drug Ad­
ministration, who already confirmed a 
similar effect on gene expression in 
preliminary experiments. 

Nor is the Electric Power Research In­
stitute, a utility-funded research orga­
nization that is helping support Good­
man and Henderson's work, ignoring 
the new findings. According to the in­
stitute's Charles N. Rafferty, project 
manager for radiation studies: "The 
data are sufficiently strong that we feel 
it's important to carry out a major re­
search program to see if the effects are 
real or not." 

Further support for the idea that ex­
posure to low-frequency electromag­
netic fields might affect human cells 
comes from a quite different source. A 
draft study carried out by the Environ­
mental Protection Agency finds evi­
dence for a statistical association be­
tween high exposure to such fields and 
childhood leukemia. -Tim Beardsley 
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FIRE SALAMANDER irritated by a blade of grass squirts a neurotoxin from glands 
in its back in a photograph from the University of Texas at Arlington. 

A Nasty little Squirt 
Europe's fire salamander 
lives up to its legend 

T he fire salamander, which haunts 
forests throughout Europe, has 
inspired a rich body of folklore. 

Medieval naturalists believed that the 
six-to-eight-inch-Iong amphibian could 
survive and even thrive in a fire 
(whence its name); that its skin, when 
strapped to a woman's thigh, kept her 
from becoming pregnant; that it poi­
soned the fruit of any tree it touched; 
and that it "casteth forth a white mat­
tery liquor" to repel its enemies (as one 
17th-century expert on serpents put it). 

The French biologist Marie Phisalix­
Picot pooh-poohed this last belief in 
1900. She asserted that while glands on 
the salamander's back do secrete a 
powerful neurotoxin-which causes a 
burning sensation in mucous mem­
branes and can be fatal if ingested-the 
animal cannot spray the liquid. That 
seemed to settle the matter. 

Then a few years ago Edmund D. 
Brodie, Jr., a herpetologist at the Uni­
versity of Texas at Arlington, was ob­
serving a fire salamander in his labora­
tory when suddenly he felt an excruci­
ating pain in his eyes. He was blinded 
for about 20 minutes, but his alarm 
and discomfort were allayed somewhat 
by his instant realization that perhaps 
Phisalix-Picot was wrong and the an­
cients were right. 
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In subsequent studies, Brodie and 
fellow biologist Neal J Smatresk, both 
safely begoggled, confirmed that suspi­
cion. By poking fire salamanders with 
blades of grass, they induced them to 
spray their "mattery liquor" over dis­
tances of at least seven feet. The am­
phibians shifted their bodies to direct 
the spray-sometimes toward the hand 
of the "attacker" but also frequently to­
ward the face and eyes. 

In Herpetologica, Brodie and Sma­
tresk note that their finding puts the 
fire salamander in a rather exclusive 
group of animals-including skunks, 
certain types of cobras and gekko liz­
ards and an assortment of insects­
which can repel predators by spraying 
them with noxious fluids. 

Could there be any truth to the other 
myths about the fire salamander? 
Brodie doubts it. In particular, he does 
not recommend that women test its 
contraceptive powers. -]. H. 

Gothic Mystery 
Pixelated probe pries 
prose from palimpsests 

M uch lore has come down to us 
because medieval scribes, in 
recycling the parchment of old 

books, failed to scrape away every ves­
tige of their original contents. Such 
inadvertent entombments of ancient 
texts, called palimpsests (in Greek, 

"scraped again" ) ,  have strained the 
eyes of generations of scholars who 
tried to see beneath their surface. Some 
texts have still not been deCiphered, 
even with the aid of ultraviolet scan­
ners that highlight ink by causing it to 
fluoresce. 

Now James W. Marchand, a philolo­
gist at the University of illinois at Ur­
bana-Champaign, has coupled ultravio­
let scanning with computerized image­
enhancement techniques developed for 
the space program. He employs the 
system, which he put together in his 
basement, for the reconstruction of the 
literary remains of the Goths, who 
ruled Italy after the fall of Rome and 
spoke a Germanic language that has no 

.modem descendants. 
Marchand uses a digitalizing camera 

to convert his ultraviolet photographs 
into a million pixels having 256 levels 
of brightness. Then he runs the data 
through computer programs that find 
edges, remove backgrounds and strip 
away unwanted intensity levels associ­
ated with later ink. "You wouldn't be­
lieve what sometimes comes out," he 
said. "We read things we could not 
read well before and get printable re­
sults from pictures we could not previ­
ously print." 

Printing is key because Marchand 
wants to make scarce texts available to 
students in a form as close as possible 
to the scribe's original production. 
Marchand custom-designs a typeface 
based on the scribal hand in which the 
original was made. This allows him to 
create a facsimile that in many respects 
is superior to the original. 

Such niceties are important because 
they retain the clues that lead one 
scholar to correct another's misinter­
pretation of a letter or word. Marchand 
has already reconstituted a page from 
the Codex Argenteus, a Gothic New 
Testament, and printed it for scholarly 
and not-so-scholarly purposes. "I made 
myself a T-shirt with a page from the 
Codex on it," he says. 

Marchand dreams of expanding his 
basement scrivener's den into a nation­
al archive for the storage and analy­
sis of digitized manuscripts. Such an 
archive would include holographic rep­
resentations of runes and other monu­
mental inscriptions and would perhaps 
transmit its treasures via the computer 
networks of the University of illinOiS, a 
national supercomputer center. So use­
ful and accessible a resource not only 
would illuminate the study of the Dark 
Ages, but it also would put pressure 
on those nonpublishing scholars and 
uncooperative archivists who monop­
olize a large share of the world's manu­
scripts. -Philip E. Ross 
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Orbiting Eye 
Hubble's first photo 

promises better to come 

O n May 20, the U.S. opened its 

eye in the sky. After a frustrat­
ing month of technical glitches, 

a camera shutter in the Hubble Space 

Telescope slid aside and the $ 1.5-billion 

instrument recorded its first image. 

That "first light" view was a 30-second 

exposure of an unremarkable star clus­

ter in the constellation Carina. 

But the photograph, relayed to the 

earth shortly afterward, makes its 

point. Even though much of the deli­
cate task of focusing Hubble still lies 
ahead, the first image has a resolution 
of about .7 arc second, twice as good 
as expected and considerably better 

than the 1.1-arc-second resolution 
achieved by a 100-inch ground-based 
telescope in Chile. A star that appears 
as a misshapen blob from the ground 
can be recognized as a double star in 
the Hubble image. 

Since it was cast adrift from the 
space shuttle Discovery on April 25, 
the initial checks and adjustment of 
the telescope have been anything but 
smooth sailing. Problems started early, 
when one of the solar panels at first re­
fused to unroll during deployment. Lat­
er, one of the two high-gain antennas 
needed to communicate with ground 
controllers at the Space Telescope Op­
erations Control Center in Greenbelt, 
Md., kept pressing against its feed ca­
ble, sending the high-strung telescope 
into a panic-stricken "safe mode." Con­
trollers solved that problem by rewrit-

FIRST PHOTOGRAPH taken by the Hubble Space Telescope (bottom) shows more 
detail than images from a ground-based telescope (top). 
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ing software to restrict the range of 
movement of both antennas. The fix 
will limit the times that data can be 
transmitted and received, but control­
lers say that by careful scheduling they 
can avoid any significant loss of ob­
serving time. 

At one pOint, efforts to calibrate the 
telescope's pointing systems were held 
up because star data sent to orient the 
telescope proved to be out-of-date. The 
data were based on a star catalogue 
produced decades ago, and one star 
had apparently changed in bright­
ness-a phenomenon that could recur. 

By late May, technicians were only 
part way through exhaustive checks 
on the telescope's systems. The tele­
scope's tendency to roll slightly and vi­
brate whenever it passed in or out of 
the earth's shadow was a puzzle. Initial 
system checks, running about 10 days 
behind schedule, were expected to be 
completed during June. The checks will 
be followed by four or five months 
of calibration of the telescope's five 
instruments. 

Nevertheless, hopes are high that 
Hubble will meet its goal of . 1-arc-sec­
ond resolution for most observations, 
which should start before the end of 
the year. Says Ray Villard of the Space 
Telescope Science Institute in Balti­
more, Md., of the first images: "You 
ain't seen nothing yet." - T.M.B. 

Lost in the Clouds 
Astronomers hunt for 100 
trillion missing comets 

T hose who recall trying to glimpse 
Comet Kohoutek in 1973, or the 
disappointing Comet Austin two 

months ago, know that spotting even a 
bright comet is no easy task. But as­
tronomers continue to search for these 
objects because they are well-preserved 
samples of the material from which the 
sun and planets formed, and their dis­
tribution may be a relic of the solar 
system's early days. If it were possible 
to observe comets that originally orbit­
ed other stars, astronomers could learn 
much about the composition and dy­
namics of other stellar systems. 

Every comet observed so far appears 
to have originated from an orbit bound 
to the sun. These comets are thought 
to come from a huge, tenuous swarm, 
the Oort cloud, at 1,000 to 100,000 
times the earth's distance from the 
sun. Current theories hold that comets 
formed much closer in, alongside the 
giant planets (Jupiter, Saturn, Uranus 
and Neptune) in the outer solar system. 
The planets' gravity would have ejected 
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Which computer is 
the most ? 

Okay, so it's a trick question. But the right answer could 
be worth millions to you and your organization. 

The average computer company would have you believe 
that you can measure the power of their computers purely in 
machine terms. Like megahertz or MIPS. 

At Apple ,we see things differently. A personal computer 
can't do anything by itself. And a computer that people can't­
or won't - use doesn't really have any power at all. 

Just think of all the PCs you've seen like the computer 
on the left, sitting idle most of the time. 

Macintosif personal computers, on the other hand, can 
almost always be found like the computer on the right. With 
human beings attached. Hour after hour. Day after day. Year in 
and year out. Helping people do almost everything they do. 
Giving people the kind of power you can measure in results. 

A recent survey of people who use Macintosh and people 

who use the other leading personal computer system in Fortune 
1000 corporations helps explain why: Macintosh was rated 
22% higher for user enjoyment. Which, in tum, helps account for 
why information systems managers in those companies rated 
Macintosh 22% higher for overall satisfaction and a remarkable 
42% higher for user productivity. 

So before you spend another dime on personal compu­
ters, invest a few minutes in a system that lets you measure its 
power by the only benchmark that really matters: the perfor­
mance of the people who use it. For your nearest authorized 
Apple reseller, call 1-800-538-9696, ext. 800. 

Then you'll know why Macintosh is the most powerful 
personal computer you can buy today. 

The computer people actually use. 
-t. 

The power to be your besC 
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some of the icy surrounding mate­
rial into distant orbits, forming the 
Oort cloud. 

If so, many comets undoubtedly ex­
ist outside the cloud. Dynamical stud­
ies by several groups, including Martin 
Duncan of the University of Toronto 
and colleagues, suggest that most of 
the comets broke free from the sun's 
hold and sailed into interstellar space. 
This process is still occurring (at a very 
slow rate) today. Our solar system 
alone may have shed 100 trillion com­
ets. If ours is typical, the Milky Way 
should contain hundreds of billions of 
comets per cubic light-year. 

These interstellar comets fascinate 
S. Alan Stem, an astronomer at the Uni­
versity of Colorado at Boulder, who 
calls them "the smoking gun of plane­
tary formation." If one of them were to 
approach the sun, it could easily be 
identified because it would follow a hy­
perbolic path rather than the parabolic 
paths of comets from the Oort cloud. 

The density of interstellar comets 
should reflect the fraction of stars that 
have planetary systems to eject the 
comets. So far, however, not a single 
comet has been seen to follow a hyper­
bolic path. Stem hopes a multiyear, 
dedicated search for faint hyperbolic 
comets will settle the question of 
whether planetary systems are com­
mon features or a lucky fluke. Paul R. 
Weissman of the jet Propulsion Labora­
tory is concerned that "a deliberate 
search is beyond anything now prac­
tical." Finding a hyperbolic comet will 
just take patience-perhaps 50 to 100 
years of waiting, he thinks. 

A faster way to locate interstellar 
comets might be to search directly for 
Oort clouds around other stars. Com­
ets that approach their star will evap­
orate and shed dust that would emit 
infrared radiation. The National Aero­
nautics and Space Administration's 
Infrared Astronomical Satellite failed 
to find such emission; the upcoming 
Space Infrared Telescope Facility might 
be sufficiently sensitive to do so. 

In Nature, Stem's group suggests 
that red giant stars might be bright 
enough to heat their Oort clouds to vis­
ibility. The star's energy would cause 
water molecules and hydroxyl radicals 
to emit radiation. This signal could be 
detectable because stars are too hot to 
radiate at these wavelengths. 

Astronomers are understandably ex­
cited by the prospect of finding comets 
from other stellar systems. Stem muses 
that the only other way to determine 
the prevalence of planetary systems 
throughout the galaxy is to "talk to an 
extraterrestrial visitor" -of the non­
cometary kind. -Corey S. Powell 
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PROFILE : Modest Maverick 
Hoffmann's world of chemistry, 
poetry and pedagogy 

N obel laureate Roald Hoffmann 
caresses a model of a molecule 
whose geometry he calls "se­

ductive and beautiful." To me, it's just 
yellow triangular panels with green 
spheres at the comers. He traces his 
finger from a sphere-an atom-along 
the edge of a panel-a molecular bond. 
Then I notice that the panels form a se­
ries of tetrahedrons stacked one on top 
of the other. Touching three atoms at a 
time, Hoffmann twists his hand around 
the model, revealing a triple helix. I be­
gin to decipher the intricate structure 
of this "tetrahelix." But is it art? 

Chemists certainly commend the 
beauty of Hoffmann's work. He was 
awarded the 198 1 Nobel prize in chem­
istry and the 1990 Priestley Medal, the 
American Chemical Society's highest 
honor. Now Hoffmann would like all 
scientists and humanists to appreciate 
the aesthetics of chemists' work. The 
tetrahelix, he explainS, is beautiful not 
just because of its shape but also be­
cause of its novelty, its dynamics, its 
utility, its richness. 

In his 32nd year as a theoretical 

chemist, Hoffmann now devotes much 
of his time to communicating the beau­
ty of molecules. As a professor at Cor­
nell University, he awakens first-year 
students to the fundamentals of chem­
istry. As a poet and writer, he exposes 
the connections that unite chemistry, 
literature and art. As a television-show . 
host, he will introduce viewers to The 
World of Chemistry-a series of 26 
half-hour programs scheduled to air on 
public television in September. 

It is a wonder that Hoffmann can 
find any beauty in his life after its ugly 
beginnings. In june, 194 1, a month 
before his fourth birthday, German 
troops marched into his hometown of 
Z)'ocz6w, Poland (now Zolochev in Sovi­
et Ukraine). Nazi officers forced him, 
his father, Hillel Safran, and his moth­
er, Clara, to move to a jewish ghetto. A 
few months later they were deported 
to a labor camp called Lackie. 

In january, 1943, Safran arranged to 
smuggle his wife and Roald out of the 
camp. They were received by a Ukraini­
an teacher who hid them in the attic of 
a schoolhouse. In this dark, cramped 
room, Clara began to teach her son ge­
ography and reading. 

Later, in june, his father made plans 
to escape from Lackie with several oth­
er prisoners. The Nazis discovered his 
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plot and executed him. Hoffmann later 
wrote in a poem, " . . .  I was five/when 
the news came to us in the Ukrainian's 
attic,/ and I cried, because my mother 
cried. That's when/my father became a 
hero . . . .  The war ended, / BO of 1 2,000 
Jews in our town survived." 

After their liberation in June, 1 944, 
Roald and his mother journeyed to 
Krak6w, Poland. There Clara met Paul 
Hoffmann, whose wife had died in the 
Holocaust. A year later they were mar­
ried. Hoffmann remembers his step­
father as a "kind and gentle" man. The 
Hoffmann family traveled through 
Czechoslovakia to Austria to West Ger­
many and finally emigrated to the U.S. 
in 1 949. 

Hoffmann was introduced to chem­
istry at an early age through the biogra­
phies of Marie Curie and George Wash­
ington Carver. "I showed neither pre­
cocity nor early interest in chemiStry," 
he commented during a recent inter­
view. In the fall of 1 955 Hoffmann en­
tered Columbia University to prepare 
for a career in medicine. "My mother 
wanted me to become a doctor; maybe 
by now she's forgiven me for becoming 
a chemist," he said with a smile. 

At Columbia, Hoffmann studied ev­
erything from mathematics to French 
to chemiStry, taking six or seveJ;l class­
es each semester. He found art history 
most intriguing and nearly abandoned 
the laboratory in favor of the gallery. 
He completed his course work in only 
three years and graduated summa cum 
laude in chemistry. 

Hoffmann's affinity for chemiStry, 
however, mainly developed during the 
summers of his college career, when 
he studied the chemistry of cement 
and hydrocarbons at the National Bu­
reau of Standards. It was this experi­
ence that motivated him to attend 
graduate school at Harvard University. 
For his doctoral thesis, working under 
Nobel laureate William N. Upscomb, 
Jr., he predicted the structure of poly­
hedral hydrocarbons and boranes. 

After receiving a Ph. D. in chemical 
physics in 1 96 2, Hoffmann accepted a 
three-year fellowship at Harvard. It was 
during this period that he began his 
two most important collaborations: the 
first with Harvard professor Robert B. 
Woodward investigating the theory of 
organic chemistry; the second with his 
wife, Eva, raising two children, Hillel 
Jan and Ingrid Helena. 

Woodward and Hoffmann formu­
lated a general rule, which has been 
regarded as the most important con­
ceptual advance in theoretical organic 
chemistry. As molecules combine with 
one another, they sweep through tran­
sition states. The reaction will proceed 

Have you ever v isited our oldtime disti l lery' If not, we hope to see you one of these days. 

JACK DANIELS DISTILLERY is a peaceful place 
where older men talk and younger men listen. 

Life is slower in the Tennessee hills , so there's 
plenty of time for conversation. We like it that 
way, because our veteran employees 
can teach all they know to newer men 
breaking in. You see, each of our 
oldtimers are aware of the standards 
Jack Daniel himself set down. And 
after a sip of our whiskey, you'll 
know why we don't want them 
forgotten. 

S M O O T H  
T E N N E S S E E  

S I P P I N ' 
W H I S K E Y  

Tennessee Wh iskey . 40-43% a lcohol by vo l ume  (80-86 proof) • Dist i l led and Bottled by 

Jack Daniel Dist i l lery, Lem Motlow, Proprietor, Route 1 ,  Lynchburg (Pop 361), Tennessee 37352 
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ProgratI1111ing in FORTRAN 
no longer requires heavy machinery. 

For all too many people, programming in 
FORTRAN means relying on a department 
mini or corporate mainframe. 

But with Microsoft® FORTRAN version 
5.0, this no longer has to be the case. 

Because now you can develop as well as 
maintain applications and subroutines. For the 
mainframe, the mini, and, of course, the Pc. 

All on that relatively light piece of equip­
ment residing right on your desk. Otherwise 
known as your Pc. 

Now you're probably asking yourself how 
is this possible? Well, for starters, it supports 
FORTRAN 77 ANSI-standard syntax. Secondly; 
it has major VAX extensions. And finally; it's 
completely SM compliant. 

And unlike "heavy" equipment, with 

FORTRAN 5.0 you can expect to find a range 
of high -quality development tools. Like our 
CodeView® debugger and Microsoft Editor. Plus, 
you can use Dynamic Link I:::.-:,::� 
Libraries to link in portions of 
your code at runtime. 

Giving you time to con­
centrate on other things. Like 
your work, perhaps. 

To learn more, call (800) 
541-1261, Department 188. '!!!!!!I!�rI, 
You'll find that programming in 
doesn't have to be a real heavy experience. 

Mictosotl® 
Making it all make sense" 

Customers inside the SO United States. call (B()()) 541-1261, Dept. L88. ln Canada. call (416) 673-7638. Outside the Us. and Canada. call (206) 882-8661. 01990Microsojt Corporation. All rights reserved. Microsoft, the Microsoft logo, MS·DOS 
and CodeView are registered trademarks and Making it all make sense is a trademark ofMicTQSO/t Corporation. VAX is a registered trademark of Digital Equipment Corporation. Sun is a registered trademark a/Sun Microsystems. Inc. 
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Microsoft FORTRAN 
Optimizing Compiler 

version 5.0 
Compatibility With 

Mini/Mainframe Code 
For Easy Porting. 

• New VAX extensions including 
RECORD/STRUCTURE support. 

• 100% IBM SAA compliant. 

Meets The Standard And More. 

• Full, certified implementation of the 
ANSI 77 FORTRAN standard. 

• New Microsoft extensions, including 
access to command-line arguments, 
C-like conditional compilation and 
language switches to flag nonVAX 
or non-SAA FORTRAN extensions. 

• Plus selected ANSI 8X FORTRAN 
extensions including allocatable 
arrays, CASE statement, array oper­
ations, and additional character 
intrinsic functions. 

A Complete Set Of Professional 
Development Tools 

For The PC Environment. 

• Includes the powerful, interactive 
source-level CodeView debugger and 
the programmable Microsoft Editor. 

• Easy interface for mixed language 
programming with other Microsoft 
languages. 

• Incremental linker for DOS 
(MS-DOS or PC-DOS) or OS/2 
operating systems. 

• Choose from three math libraries: 
8087/80287/80387 coprocessor sup­
port, or a floating-point emulator, or 
faster execution in exchange for 
precision. 

• Full graphics library with graphics 
primitives supporting Hercules 
monochrome, CGA, EGA, andVGA 
monitors. 

FORTRAN Benchmark Results 

Double-
Type Of Precision Livermore 
System Whetstone' Sieve' Loops' 

80386 DOS PC. 
25Mbz, 80387 9.7,1.5 4.3,1.8 63.8,63.4 
VAXNMS 
11/780 13.2,3.0 7.1,3.5 59.2,52.5 
Sun 3 wl 
Sun IV os. 68881 23.1,20 9.2,1.5 225.2,103.0 
• Compile/Link, Runtime in seconds. 

Program In The PC Operating 
System Of Your Choice: 

DOS Or OS/2. 

• Use DOS or OS/2 to develop applica­
tions that can run in either DOS or 
OS/2. 

• Break the 640K barrier. . .under 
OS/2, compile/execute programs up 
to 16Mb. 

• OS/2 Dynamic Link Libraries let 
you share libraries among multiple 
applications and update libraries 
without relinking. 

• Use OS/2 multi threads to execute 
multiple routines simultaneously. 

with ease if the energy of the transition 
states is low and with difficulty if it is 
high. The Woodward-Hoffmann rule is 
a procedure for relating the energy of 
the transition states to the number of 
electrons involved in the reaction and 
their motions. 

During his collaboration with Wood­
ward, Hoffmann developed and refined 
a distinctive research style. "I don't 
start with big tasks or the great ques­
tions of chemiStry," he remarked. "I do 
many small problems inspired by ex­
perimental work. 1 try to explain the 
shape of a molecule or some reaction. 
Everything in the world is connected to 
everything else. 1 know 1 will begin to 
see connections." 

Hoffmann has successfully applied 
his methods to organic, inorganic and 
solid-state chemistry. He has devoted 
roughly 1 0  years of his life to each, but 
he confesses that his decisions to 
switch were not conscious or sudden. 
"I have always done the next interest­
ing thing." 

At times when Hoffmann has just 
entered a new field, his colleagues 
have criticized his work for being too 
Simplistic. But propelled by his early 
successes, Hoffmann has managed to 
excel. In inorganic chemiStry, he devel­
oped a technique to predict the struc­
ture and reactions of organometallic 
compounds. In solid-state chemistry, 
he translated the physicist's concept of 
densities of electron states into the 
chemist's idea of molecular orbitals. in­
deed, Hoffmann is the only person in 
the history of the American Chemical 
Society to be honored for work in both 
organic and inorganic chemistry. 

Hoffmann was only 44 when he 
shared the Nobel prize with physicist 
Kenichi Fukui of Kyoto University. 
Hoffmann received the prize in part for 
his contribution to the Woodward­
Hoffmann rule. Had Woodward not 
died two years before the Nobel com­
mittee's announcement, Hoffmann be­
lieves, Woodward would have also been 
awarded the prize. 

In many ways, Hoffmann's style of 
chemistry pervades his teaching. Even 
in introductory courses, he feels it is 
important to communicate what mod­
ern chemists find exciting. He prefers 
to begin a lecture with a discussion of 
a paper from the current chemical lit­
erature. He then highlights the connec­
tions between the paper and the cur­
riculum. Nearly every year since start­
ing at Cornell in 1 9 6 5 ,  he has taught 
introductory chemistry, which was at­
tended this spring by 740 students. 

Hoffmann believes that teaching 
complements his research efforts. "The 
desire to teach others, enhanced by be-

ing obliged to teach others, leads to 
greater creativity in research," he wrote 
in a column for the Boston Globe last 
November. 

Out of a desire to express the beauty 
of chemistry and his own emotions, 
Hoffmann at the age of 40 began to 
write poetry. He was inspired by Mark 
Van Doren, a professor of poetry at 
Columbia, and Pulitzer prize-winning 
poet Wallace Stevens. "I should have 
taken a course, but 1 thought 1 was too 
old." Today his source of "valuable crit­
icism and support" comes from a 
group of Cornell poets, including A .  
( "Archie") R .  Ammons. 

Hoffmann recently finished his sec­
ond volume of poetry, Gaps and 
Verges, published by the University of 
Central Florida Press. Among his top­
ics are his childhood experiences, ro­
mance, natural beauty and, of course, 
chemistry. Peter Harris wrote of his 
work in the Virginia Quarterly Review, 
"At times, Hoffmann's treatment of the 
scientific seems prosy . . . .  But, in gener­
al, his poetry is distinguished by the 
appreciative ease [with) which it moves 
between scientific and nonscientific 
understanding. " 

Branching out from his poetry pro­
jects, Hoffmann has written several ar­
ticles on science policy and many es­
says for the magazine American Scien­
tist. Recently he teamed up with artist 
Vivian Torrence to produce a book en­
titled Chemistry Imagined. Torrence is 
creating some 2 5  collages on chemical 
themes. To accompany these images, 
Hoffmann is composing related essays 
and poems. 

In 1 986 Hoffmann began taping the 
television series The World of Chem­
iStry, produced by the Educational Film 
Center in Annandale, Va. The program 
introduces a variety of chemical princi­
ples and theories, which are placed in 
historical context and are presented 
through experimental demonstrations 
and computer animation. 

In front of a camera, Hoffmann 
seems awkward ; his voice, which is 
usually soft and soothing, becomes 
high-pitched. "Our budget was too 
small to send me to acting school," he 
explained. Nevertheless, he has em­
barked on a new television project 
called The Molecular World. Still in the 
planning stages, it will include three 
prime-time programs. 

Having made the transition from po­
etry to television and from organic to 
solid-state chemistry, Hoffmann, now 
5 3 ,  has earned celebrity status among 
chemists. In spite of his fame, he re­
marked that "it has not becOl;ne any 
easier to publish a paper, nor, for that 
matter, a poem." -Russell Ruthen 
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The Great Climate Debate 
Greenhouse effect and the prospect of global warming is the 

subject of scientific and political controversy. Should we take 
steps now to avoid consequences we cannot foresee? 

I n the waning years of the 10th cen­
tury, millions braced themselves 
for the apocalypse, believing that 

the approaching year 1000 was the 
very millennium-the end of the heav­
ens and the earth prophesied in the 
Bible's Book of Revelation. Not surpris­
ingly, the prospect of the impending 
Day of Wrath terrified normally sane 
people into rash and (in retrospect) 
foolish actions. Some gave away all of 
their possessions; others hastened to 
do harsh penance for their deeds. 

In this final decade of the 20th cen­
tury, a different kind of apocalypse 
causes widespread concern. This time 
the hand of God has been replaced by 
more visible agents: belching smoke­
stacks, gasoline-powered automobiles, 
power-generating stations and the vo­
racious destruction of forests, all of 
which may be turning up the heat on 
an overburdened environment. Global 
climate warming, some claim, threat­
ens the very habitability of the planet. 
Others hold that the predictions of en­
vironmental collapse are not well 
founded and are goading us into hasty 
political action. Is our planet the "En-

ROBERT M. WHITE is president of the 
National Academy of Engineering. He 
was formerly chief of the U.S. Weather 
Bureau and administrator of the Nation­
al Oceanic and Atmospheric Administra­
tion. He has also served as president of 
both the University Corporation for At­
mospheric Research and the American 
Meteorological Society. In 1979 he was 
chairman of the first World Climate 
Conference of the World Meteorological 
Organization. 
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dangered Earth," as Time magazine 
would have it in its 1988 year-end cov­
er story? Or is it as Forbes magazine 
put it, "The Global Warming Panic: A 
Classic Case of Overreaction"? 

Debate in the media reflects uncer­
tainty among climatologists and geo­
physicists. Some of the world's emi­
nent authorities on the atmosphere re­
cently hurled verbal brickbats at one 
another in the pages of the prestigious 
journal Science. Their charges of "junk 
science" and "science by consensus" re­
flect the acrimonious nature of the de­
bate within the scientific community. 
Some members of the National Acade­
my of Sciences, including one of its for­
mer presidents, charge that policymak­
ers are being induced to take unwise 
actions on the basis of uncertain scien­
tific evidence. Set against this view is 
the recent statement of the Union of 
Concerned Scientists urging action by 
the government. It was signed by 52 
Nobel laureates and more than 700 
members of the NAS. 

In spite of the scientific uncertain­
ty, government and nongovernment 
groups are rushing to outdo one anoth­
er in urging drastic action now to "sta­
bilize" the global climate. From Wash­
ington to Toronto and The Hague, 
from Cairo to Moscow, international 
conferences of experts and political 
leaders have called for action. Soviet 
President Mikhail S. Gorbachev, Presi­
dent George Bush, British Prime Minis­
ter Margaret Thatcher and French Pres­
ident Fran<;ois Mitterand share similar 
views on the climate-warming issue. 

Back home, debate within the Bush 
administration on how the U.S. govern­
ment should act is intense. Caught be-

tween the urgings for action from the 
Environmental Protection Agency and 
Congress and cautions from his sci­
ence adviser and chief of staff, Presi­
dent Bush called two major confer­
ences to address the issue of climate 
warming. The first, held in April, 
brought together the heads of scientif­
ic, economic and environmental agen­
cies of many governments. The second 
will be an initial meeting of govern­
ments, scheduled for early 1991, to be­
gin negotiation of an international con­
vention to stabilize global climate. 

While there are still doubts in 
the White House, Congress has 
been environmentally hyperac­

tive. Many pieces of legislation have 
been introduced to address the pre­
dicted climate warming. Leading the bi­
partisan effort have been Senator Tim­
othy E .  Wirth of Colorado, Senator AI 
Gore of Tennessee and Congresswom­
an Claudine Schneider of Rhode Island. 
Some of this legislation is comprehen­
sive and far-reaching. It offers sugges­
tions for action on the energy, agricul­
ture and transportation fronts as well 
as for intensified research. 

The actions proposed would radical­
ly change the most vital functions of 
human economies. They could include 
such diverse actions as using energy 
more effiCiently, shifting the fossil-fuel 
mix from oil and coal to natural gas, re­
lying more heavily on renewable energy 
sources and using more nuclear and so­
lar energy. Measures could also include 
implementing reforestation, phasing 
out use of chlorofluorocarbons (CFe's) 
and changing agricultural practices. 

Policy initiatives of this kind would 
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alter the technology and economics of 
energy. Our use of land and water 
would also need to change. Economic 
growth in nations dependent on fossil 
fuels might be slowed. And the prob­
lems of arresting the growth of global 
population would become even more 
pressing. How can national and inter­
national policy formulation be mOving 
so rapidly to address the specter of cli­
mate warming when agreement about 
the science is lacking and the economic 
and social costs of action have hardly 
been tallied? At the root of this think­
ing is a confluence of diverse scientific, 
economic and environmental forces. 

The idea that the actions of humani­
ty might change the composition of the 
atmosphere and hence the world's cli­
mate has deep historical roots. As early 
as the 1860's, it was suggested that 
slight changes in atmospheric compo­
sition might bring about major varia­
tions in climate. Increases in carbon 
dioxide (C02) and other atmospheric 
trace gases can contribute to what has 
been called greenhouse warming be­
cause these compounds allow the sun's 
energy to reach the surface of the 
earth, thereby warming it, while pre-

venting much of that energy from be­
ing reradiated to outer space. 

At the end of the 19th century the 
Swedish scientist Svante A .  Arrhenius 
calculated how changes in carbon diox­
ide content would affect the tempera­
ture at the earth's surface. He estimat­
ed that a doubling of carbon dioxide 
would produce a global warming of 
about seven to 11 degrees Fahrenheit 
(four to six degrees Celsius), not too far 
off modem calculations. Yet it was only 
with the inception of the International 
Geophysical Year, a worldwide ex­
periment in 1957 to monitor the global 
environment, that scientific data validat­
ing the increase of carbon dioxide in 
the atmosphere became available. 

Roger Revelle, then director of the 
Scripps Institution of Oceanography, 
his colleague Hans E. Suess and C. Da­
vid Keeling, his student, undertook 
such measurements. Revelle had long 
contended that humans were carrying 
out an unintended geophysical experi­
ment on the atmosphere by burning 
fossil fuels. Determined to monitor the 
carbon dioxide content of the atmos­
phere, he persuaded Keeling to develop 
the instrumentation. 

The measuring devices were placed 
in the Mauna Loa climate observato­
ry in Hawaii at an altitude of about 11,-
000 feet. Beginning in 1957, the data 
they collected revealed a systematic in­
crease in atmospheric carbon dioxide. 
Keeling's observations were verified at 
the South Pole and at other locations 
around the world. To date, the change 
from 290 parts per million in 1880 to 
352 parts per million in 1989 repre­
sents more than a 20 percent increase 
over the course of the past century. 

J
ust before the International Geo­
physical Year began, on the oth­
er side of the continent from 
Scripps, another development key 

to unraveling the climatic consequenc­
es of increasing carbon dioxide emis­
sions was taking place. Under the lead­
ership of the world-famous mathemati­
cian John von Neumann at the Institute 
for Advanced Study in Princeton, N.]., 
the first attempts were made to repre­
sent the atmosphere mathematically 
on digital computers. 

Von Neumann's team of brilliant 
young scientists was headed by Jule G. 
Chamey. Later known as the father of 

BARGES STRANDED by all-time low water levels on the Mis­
sissippi River were one effect of the record-breaking drought 

of 1988. That long, hot summer thrust the greenhouse ef­
fect into the public eye and set off the present policy debate. 
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MAUNA LOA CUMATE OBSERVATORY in Hawaii is located 
at about 1 1,000 feet. Data collected here, beginning in 1957 

and continuing through the present, were the first to docu­
ment a steady increase in atmospheric carbon dioxide levels. 

numerical weather prediction and ar­
guably the most important American 
figure in the transformation of weather 
prediction from art to science, Charney 
demonstrated the feasibility of using 
computers to perform the task. Von 
Neumann and Charney calculated the 
first 24-hour weather forecast in 1950 
on a primitive digital computer, the 
ENiAC, maintained by the u.s. Army 
Signal Corps in New Jersey. 

Looking beyond these efforts, von 
Neumann called climate forecasting the 
"infinite prediction." One of the young 
scientists in the Princeton group, Nor­
man Phillips, made the first attempt 
at modeling the global atmosphere in 
1956. It was coincidence that later, in 
1963, an unusual laboratory of the Na­
tional Oceanic and Atmospheric Ad­
ministration (NOAA) was established 
on the campus of Princeton University 
under the leadership of Joseph Sma­
gorinsky, a strong-willed and hard-driv­
ing young scientist who had been one 
of von Neumann's group. The laborato­
ry was totally devoted to the mathe­
matical modeling of the atmosphere 
using the largest and fastest digital 
computers available. 

Called the Geophysical Fluid Dynam­
ics Laboratory, the center harbored re­
searchers from many nations interest­
ed in this new approach to the study of 
the atmosphere. Among them was a 
young Japanese scientist, Syukuro Man­
abe. Modest and retiring but complete­
ly dedicated to the work, he developed 
the first climate model in collaboration 
with his colleague Richard T. Wetherald 
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in the 1960's. In 1975 they calculated 
that a doubling of the carbon dioxide 
content of the atmosphere would pro­
duce a global climate warming of about 
five degrees F (three degrees C), aver­
aged over the surface of the earth. This 
calculation has been verified in many 
different laboratories and has not 
changed substantially. 

Keeling's observations, together with 
the calculation of Manabe and Weth­
erald, triggered the wave of climate­
change research that has marked the 
past two decades. Studies have since 
been undertaken in many parts of the 
world, including Europe and the Soviet 
Union. In the U.S. the National Research 
Council conducted studies in 1966, 
1977, 1979, 1983 and 1987. These in­
quiries were chaired by such leading 
scientists as Gordon J. F. MacDonald, 
Revelle, Thomas F. Malone, Charney, 
William A .  Nierenberg and economist 
William D. Nordhaus. 

Yet because there were no immedi­
ate consequences for human health 
and no evident manifestation of cli­
mate change, the work was slow to 
arouse political concern. The most po­
litically influential study was the one 
prepared in 1979 at the request of 
Frank Press, now president of the NAS, 
who was then White House science ad­
viser to President Jimmy Carter. It was 
also in 1979 that the World Meteoro­
lOgical Organization in Geneva, recog­
nizing the potential global significance 
of the issue, convened the first World 
Climate Conference. 

Gradually, scientific awareness that 

humanity might actually be causing a 
planetary disruption began to register 
in the political world. Although there 
was much debate over the validity 
of projections from computer models, 
the observations of greenhouse-gas in­
creases, however, were precise, well 
measured and verified in many parts 
of the world. These were corroborated 
by additional data that documented in­
creases in other greenhouse gases such 
as methane, or natural gas, and CFC's. 

M eanwhile mathematical-model­
ing groups in this country had 
been established not only by 

the NOAA but also by the National 
Aeronautics and Space Administration, 
the Department of Energy and the Na­
tional Science Foundation. The leaders 
of these laboratories became the "gu­
rus" of climate warming. Incisive and 
original in their work, Stephen H. 
Schneider of the NSF'S National Center 
for Atmospheric Research in Boulder, 
Colo., and James E. Hansen, the leader 
of NASA'S Goddard Institute for Space 
Studies, were soon to become frequent 
witnesses at innumerable congression­
al committee hearings on the subject. 

Although the mathematical models 
of all the groups yielded similar re­
sults, the details of the geographic dis­
tribution of climate changes differed 
from one model to the other. All pro­
jected that an increase in carbon di­
oxide would bring about a gradual 
warming, but the timing of this warm­
ing would depend on the rate of glob­
al energy use. They all agreed that 
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if reasonable assumptions were made 
about future global energy consump­
tion, it would be around the middle of 
the next century that the carbon diox­
ide content of the atmosphere might 
double. 

Just how much this doubling of car­
bon dioxide would increase tempera­
tures, however, varied greatly from 
model to model. Some predicted as lit­
tle as a two-degree F (one-degree C) in­
crease, whereas others predicted in­
creases of as much as nine degrees F 
(five degrees C). The differences in pre­
dictions became central elements in 
the debate about whether the models 
were sufficiently reliable to warrant 
policy actions. Further, it made a great 
difference whether the actual increase 
was at one or the other end of this 
range. At the low end, the normal re­
silience of society would probably be 
sufficient to accommodate the changed 
climate. Changes at the high end por­
tended severe disruptions. 

These projected temperature chang­
es may appear innocuous because var­
iations of this magnitude are experi­
enced in the normal course of daily 
and seasonal weather. Their full impli­
cations can be appreciated by noting 
that it took only a two-degree F average 
decrease in temperatures in Europe to 
cause the run of several frigid cen­
turies (from the 1400's to the 1800's) 

known as the Little Ice Age. Nine de­
grees F is believed to be the difference 
in temperature that separates the end 
of the last great ice age 12,000 years 
ago from the present. Further, the pro­
jections indicate that the Northern 
Hemisphere would experience in just a 
half century an unprecedented temper­
ature change, 10 to 50 times faster 
than the change since the last ice age. 

Those who are not familiar with 
mathematical models or the way com­
puters are used to make these pro­
jections can be forgiven for being 
confused-or even annoyed-by the 
great disparities in the results. Among 
investigators it is understood that 
mathematical models are only approxi­
mations that attempt to simulate the 
processes that govern atmospheric be­
havior. The atmosphere is so complex 
that it is impossible to represent it in 
very great detail in these mathemati­
cal models. It is possible to represent 
only certain features and to make as­
sumptions about how the oceans and 
the atmosphere interact, how the rate 
at which the oceans take up carbon 
dioxide varies and how clouds affect 
the exchange of energy between the 
earth and the atmosphere. Even the 
largest computers cannot represent the 
atmosphere, oceans and land surface 
in fine detail. Indeed, scientists ap­
proximate the conditions in the atmos-

phere by thinking of it as a set of ob­
servations spaced about 500 kilome­
ters apart. 

T he political calls for action are 
being played out against the 
backdrop of that uncertainty. On 

one side, the view is that if there is a 
chance that model predictions could be 
correct, the consequences could be so 
dire that immediate action to arrest cli­
mate change would be imperative. The 
alternative view, equally cogent, is that 
commitment to action with vast eco­
nomic and social consequences is un­
warranted in light of both the scientific 
uncertainty and the absence of knowl­
edge of the economic costs. John H. Su­
nunu, White House chief of staff, in re­
marks he made at the annual meeting 
of the National Academy of Engineer­
ing in the fall of 1989 gave voice to this 
position: 

Although I agree that [global warming] 

is a critical issue, the fact is that the 

models with which analysiS is being 

done and with which policy is being 

moved, as good as they may be, still are 

based on element sizes measured in 

hundreds of kilometers in length and 

width, and tens of kilometers in thick­

ness. I suspect that no one who has ever 

been involved in engineering simulation 

would feel comfortable making major 
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decisions in which the elements were or­

ders of magnitude greater than the de­

tails on which they were looking for in­

formation. And yet the fact is that we 

are moving toward binding internation­

al policy based on conclusions being 

drawn by policymakers who have no 

sense at all of the difference between 

the levels of confidence they should 

have and levels of confidence they want 

to have. A system is not valid just be· 

cause it gives you the answers you 

want. And yet so much policy is being 

made in reaction to that principle. 

The solution to the dilemma should 
be simple: Since the carbon dioxide 
content of the atmosphere has in­
creased by more than 20 percent over 
the past century, we ought to be able to 
detect the climate warming in the glob­
al temperature record during the same 
period. Researchers have sought to do 
this, but it is a much more difficult task 
than it first appears. The problem is 
that climate is always in a state of nat­
ural fluctuation. Separating out the 
changes that are caused by increasing 
carbon dioxide from the natural chang­
es is tricky scientific business. More­
over, the climatic temperature record 
is based on scattered and irregular 
observations not taken specifically for 
the purposes of determining climatic 
conditions. 

Even so, careful analysis of these 
temperature records by scientists in 
the u.S. and in the U.K. sought to de­
tect whether a climate warming has oc­
curred and whether such warming is 
consistent with the prediction of the 
models. The prevailing view is that the 
climatic record over the past century 
for the entire globe reveals a net in­
crease in temperature ranging from . 5  
to l.0 degree F (from . 3  t o  . 8  degree C). 
But set against this conclusion is the 
disturbing result that similar increases 
in temperature cannot be detected over 
the past century in the U.S., where ob­
servations are numerous and accurate. 

Even if the temperature rise is real, a 
puzzle remains that workers have been 
unable to unravel: Is the rise in global 

temperatures a natural fluctuation or a 
result of the increase in greenhouse 
gases? All that can be said is that the 
observed increase is consistent with 
the lower end of the temperature in­
creases predicted by the computer 
models. Consequently, the temperature 
records, as well as the predictions of 
mathematical models, provide sub­
stance both to those who believe the 
evidence warrants action now and to 
those who believe the evidence is still 
too weak. 

The rush to policy action was, I 
believe, catalyzed by the disastrous 
drought of the summer of 1988. Dur­
ing this drought, one of the worst on 
record, the water in the Mississippi Riv­
er fell so low that navigation was im­
possible over long stretches, urban wa­
ter supplies were threatened and crops 
throughout the grain belt were devas­
tated. Both officials and the public 
wondered whether this was the green­
house effect manifest. Indeed, records 
show that in the U.S. five of the years 
of the 1980's were among the hottest 
on record, and the average tempera­
ture for the decade as a whole was the 
warmest since instrumental records 
have been kept. 

Prompted by heat and drought, 
congressional hearings addressed 
the question of whether the green­

house effect had arrived. These hear­
ings were unremarkable except for a 
statement by Hansen. When he stated 
that he was 99 percent certain that the 
greenhouse warming had begun, as evi­
denced by the sequence of warm years 
in the 1980's, the public took notice. 
His opinion prompted members of 
Congress to consider whether the pru­
dent course was to move rapidly to leg­
islation aimed at protecting the habit­
ability of the planet from catastrophic 
consequences. 

Hearings followed hearings. Both the 
atmospheric researchers and the more 
general environmental community be­
gan to choose sides on whether imme­
diate policy action was justified. The 
reaction from environmentalists was 

quick and vociferous. Several environ­
mental and scientific groups began to 
advocate international agreements re­
stricting the emissions of greenhouse 
gases. 

At this point, some influential atmos­
pheric researchers, who believed that 
policy actions were beginning to out­
run the scientific evidence, weighed in 
with their views. Richard S. Lindzen of 
the Massachusetts Institute of Technol­
ogy and Jerome Namias of Scripps, the 
nation's most distinguished long-range 
weather-forecasting expert, wrote a let­
ter to President Bush urging that no 
action be taken. Three other members 
of the NAS, including its former pres­
ident Frederick Seitz, joined in a re­
port, published under the auspices 
of the Marshall Institute, calling into 
question the scientific basis for poli­
cy actions. They recommended a ma­
jor research program in mathematical 
modeling. They pointed out that there 
might be alternative explanations for 
the climate warming that had taken 
place. Thus, the great climate debate 
had been joined. 

Meteorologists did not look with fa­
vor on the prospect of yet another pub­
lic debate involving their field: they had 
been proved wrong many times before. 
As long ago as 1924, Sir Gilbert Walker, 
then head of the British government's 
Indian weather service, discerned un­
usually close connections between rain­
fall, temperature and pressures in the 
Pacific Ocean and the Indian subconti­
nent. Claims were made that the prob­
lem of forecasting the Indian monsoon 
was solved. Were it true, it would have 
been a great boon to Indian agriculture. 
But it was soon recognized that the 
correlations had little predictive power. 

Later, in the 1940's and 1950's, 
widespread claims were made, based 
on the work of the late Irving Lang­
muir, Nobel laureate from the General 
Electric Company, and Vincent j. Schae­
fer of the State University of New York 
at Albany, that seeding clouds with dry 
ice or crystals of silver iodide could 
bring about an increase in rainfall. Sev­
eral decades of research into the possi-

THE PROJECTED GROWTH OF GREENHOUSE GASES IN THE ATMOSPHERE 
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bilities of increasing rainfall, changing 
the intensity of hurricanes and modify­
ing hailstorms by cloud-seeding tech­
niques proved abortive. 

Then, in the early 1980's, it was pos­
tulated that dust thrown into the at­
mosphere by a nuclear exchange be­
tween the Soviet Union and the U.S. 
would result in a "nuclear winter." This 
idea was deflated by Schneider and his 
colleague Stanley L. Thompson, who 
showed with the same models used in 
the prediction of climate that the "ini­
tial nuclear winter hypothesis can now 
be relegated to a vanishingly low level 
of probability." 

Given this "cry wolf" history, it is not 
surprising that many meteorologists 
harbor deep reservations about taking 
costly actions on the basis of the pre­
dictions of a climate warming. But the 
push for policy has other constituents. 
Climate warming also unites those who 
are concerned about biodiversity and 
species extinction, economic develop­
ment, human population growth, ur­
ban air pollution, acid precipitation 
and ozone depletion. 

Political leaders stimulated by public 

CHLOROFLUOROCARBONS 

o 

PARTS PER MILLION 

concerns about environmental deterio­
ration see these issues as important 
platforms and as springboards to pub­
lic office. Those interested in increasing 
the competitiveness of American in­
dustry see greater energy efficiency as 
an important step toward that goaL It 
also serves the interest of those con­
cerned about U.S. dependence on for­
eign energy sources. The issue of nu­
clear power is also underscored. Be­
cause fossil fuels are the main source 
of atmospheric carbon dioxide, strat­
egies for stabilizing climate must en­
vision non-fossil-fuel sources. Here at 
last is justification that proponents of 
nuclear power can forcefully advance 
to support expansion of nuclear power 
facilities throughout the world. 

The issue of global climate warming 
also offers an opportunity for advanc­
ing the "new economic order" long ad­
vocated by Third World nations. Inter­
national action will require technologi­
cal and economic assistance to such 
nations if they are to participate in a 
global effort to reduce atmospheric 
pollution or arrest deforestation. In 
fact, the world faces the prospect that 
the greatest increases in emissions of 
carbon dioxide will occur in developing 
countries as their need for economic 
growth is followed by increased de­
mand for energy. 

In like manner, those interested in 
arresting population growth, especially 
in the Third World, point out that the 
climate-warming problem is probably 
not solvable as long as the number of 
human beings continues to rise. After 
all, it is people who consume natural 
resources and energy and who farm 
the land. Without population control, 

prospects for stabilizing the climate 
and arresting the deterioration of the 
habitability of the planet are abysmal. �e the consequences of climate 

warming to be feared? People 
experience extremes of temper­

ature in the natural course of events. 
The fact is that we do not know 
enough to predict the severity of the 
consequences. Because the warming 
would not be uniform over the surface 
of the earth, it would probably produce 
both winners and losers among regions 
and nations. Some parts of the earth 
would become warmer, some wetter 
and some drier. It is not possible on 
the basis of the evidence at hand to 
predict who would benefit and who 
would lose in such a global redistribu­
tion of so-called climatic resources. 

Some aspects of global climate warm­
ing would be greatly beneficial in the 
view of agricultural researchers. In­
creased carbon dioxide will foster more 
active photosynthesis and enhance crop 
growth, to say nothing about the low­
ered plant requirements for water in 
a CO2-enhanced atmosphere. In the 
words of Jerry D. Mahlman, director 
of the Geophysical Fluid Dynamics lab­
oratory, "The things we can say with 
confidence, the policymakers are not 
interested in. And the things [they 1 
are interested in, we don't know with 
confidence." 

Models do, however, agree that the 
polar regions of the world would un­
dergo greater increases in temperature 
than would the tropics. Some of the 
projections of temperature increases in 
polar areas are startling in their magni­
tude, predicting as much as 18 degrees 
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F (10 degrees C) on the average in the 
Northern Hemisphere and only slight 
increases in tropical regions. 

What are the general consequences 
of such a change in the temperature 
difference between equatorial and po­
lar regions? We experience similar dif­
ferences every year as the seasons 
change. In summer when arctic tem­
peratures are warm, we do not suffer 
the great storms of winter; precipita­
tion belts move farther north. Areas 
such as the southwestern part of the 
U.S. experience very dry conditions. 

If arctic regions were to undergo sig­
nificantly greater warming than equa­
torial regions and if precipitation belts 
were to move farther north, countries 
in the north temperate and polar zones 
would probably stand to benefit great­
ly. Their growing season would length­
en, and their precipitation would in­
crease. With suitable soils, agriculture 
might thrive. These are speculations, 
however. 

S uch speculations are formulated 
in "scenarios" asking the ques­
tion, What if? Unfortunately, an 

infinite number of such "what if" ques­
tions may be asked. What if the flow 
of rivers in the American Southwest, al­
ready fully utilized, were to be reduced 
by 20 percent? What if temperatures 
were to increase in the corn belt and 
precipitation were to move farther 

north? What, then, would be the conse­
quences in the U. S. for agriculture, for 
resource availability, for energy genera­
tion, for national parks and conserva­
tion of nature? 

The consequences of changed cli­
mates can be seen in historical records 
going back thousands of years, and 
we have seen them in recent climatic 
events. We know, for example, that the 
Danes were able to settle Greenland 
and the Vikings to sail the North At­
lantic to North America during a period 
of warm climate around the year 1000. 
Then a significant change in climate 
caused the collapse of the Danish set­
tlements, prevented further explora­
tion of the North American continent 
and ushered in the Little Ice Age. In 
just the past few years we have wit­
nessed the effects of drought in the 
Sahel region of Africa and northeast 
Brazil, as well as in parts of North 
America. 

Such scenarios can suggest apocalyp­
tic possibilities. A recent film in the In­
finite Voyage television series showed 
the U.S. Capitol under water as the re­
sult of one possible climate-warming 
scenario. Some foresee vast migrations 
of people as areas of the world become 
uninhabitable. Others see threats to na­
tional sovereignty and national securi­
ty. President Gorbachev has stated that 
ecological security, not military secur­
ity, will be the principal concern of 

all nations in the next century as en­
vironmental conditions cause disrup­
tions worldwide. 

But scenarios should be qualified 
with the caveat that although the events 
portrayed might in some cases be plau­
sible, they are not real predictions. 
What, then, is a wise course in the face 
of great uncertainty? Clearly, it would 
be one that recognized uncertainty but 
would not permit that uncertainty to 
forestall action. Steps for which oth­
er economic and environmental rea­
sons make sense would be taken first, 
whether or not a climate warming is 
taking place [see "The Changing Cli­
mate," by Stephen H. Schneider ; SCIEN­
TIFIC AMERICAN, September, 1989]. 

Then, as scientific knowledge re­
duced uncertainties, more costly meas­
ures could be taken if warranted, hence 
closely tying policy actions to the state 
of knowledge. Scientists and others 
have called this a "no regrets" policy. 
In gambling it would be known as 
"spreading your bets." 

A recent report of the Council of Eco­
nomic Advisers lends weight to this ap­
proach. It states that the cost of con­
trolling carbon dioxide emissions and 
of taking other actions to address cli­
mate change would run into hundreds 
of billions of dollars. Because such real­
locations of resources raise the spec­
ter of grave economic consequences, 
we need to be reasonably sure such ac-
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tions are worth the cost. Any rational 
no-regrets policy would foster as one 
of its prime objectives adequate invest­
ment by governments in global moni­
toring and mathematical modeling to 
reduce the scientific uncertainties. 

Where might we start? Energy con­
servation and efficiency along with the 
phaseout of CFC production would be 
the first priority for national and inter­
national action. Achieving greater ener­
gy efficiency justifies itself handily in 
economic terms. Increased energy effi­
ciency would also ameliorate urban air 
pollution and acid precipitation. Shifts 
in the fossil-fuel mix from coal and 
oil to natural gas could Significantly 
reduce carbon dioxide emissions per 
thermal unit. Technology is also avail­
able for more efficient power genera­
tion and for increased gasoline mileage. 

W isdom would also dictate 
major investments in non­
fossil-energy sources. The cir­

cumstances favor significant new in­
vestments in passively safe, publicly 
acceptable nuclear power. Further de­
velopment of forms of solar energy­
photovoltaics or biomass, for exam­
ple-makes good sense. Reforestation 
and forest preservation constitute a be­
nign policy that yields many ecological 
and climatic benefits. Research aimed 
at producing stress- and disease-resis­
tant crops would also be wise. 

The public, however, must not be 
misled. These no-regrets initial policy 
steps will not solve the climate-warm­
ing problem. Their effectiveness will 
only modestly retard climate warming, 
and the future may require more dras­
tic actions. No matter what policy ac­
tions we take, fully arresting the cli­
mate warming just does not seem to be 
in the cards. 

The difficulties of reaching an inter­
national agreement on procedures for 
mitigating climate warming will be dif­
ficult and lengthy. The negotiations for 
the Law of the Sea Treaty provide a 
good lesson. They consumed 15 years 
and produced a treaty that the U.S. has 
yet to sign because of demands by de­
veloping nations for significant tech­
nology transfer and economic assis­
tance. These issues will be even more 
complicated and more pervasive in any 
"Law of the Atmosphere Treaty." 

It is likely that humanity will have to 
adapt to some climate changes. Modes 
of adaptation by society have not been 
well studied. Individuals, corporations 
and communities can adapt to climatic 
vicissitudes in myriad ways. Farmers 
can change crops, water use can be reg­
ulated and management practices can 
be altered. 

HUMAN ACTIVITIES THAT MAY CAUSE GLOBAL WARMING 

ENERGY USE 
AND PRODUCTION 

CHLOROFLUORO­
CARBONS 

AGRICULTURE 

LAND-USE 
MODIFICATION 

OTHER 
INDUSTRIAL 

CONTRIBUTION TO GLOBAL WARMING (PERCENT) 

Other modes of adaptation would 
be needed if climate changes were 
severe. Sea-level rise, which is one 
of the predicted concomitants of a cli­
mate warming, might inundate low-ly­
ing coastal areas and cause salt water 
to intrude into freshwater bodies. Were 
this to occur, society would have to 
decide whether to invest in protective 
structures along coasts or adapt by 
changing land-use patterns. The North 
Sea dikes in the Netherlands are an 
outstanding example of adaptation to 
relative rise in sea level. 

Some adaptations would take consid­
erable time to implement. If the price 
of energy were to escalate, energy-effi­
cient habitations would be necessary. 
Present cities with their great suburban 
sprawl are not energy efficient, and 
so we might return to more compact 
cities. If we chose to maintain agricul­
ture in dry areas, society would need to 
decide whether to invest in the nec­
essary irrigation systems. In fact, the 
economic growth of the entire west­
ern part of the U.S. has been based on 
major investments in water storage 
and transport for irrigation and indus­
trial use. 

Fortunately, time may for once be 
on our side. Governments generally act 
only when threats become real. They 
act in the face of military threats or 
when areas are endangered and de­
stroyed by natural disasters. If the cli­
mate changes, the expectation is that it 
will do so gradually. We should be able 
to see the initial evidence of coastal in­
undation in an increasing frequency 
of high tides and in the undercutting 
of seacoasts. Climate warming itself 
should be evident in a rising frequen­
cy of heat waves or in other weather 
anomalies. The effects of a global cli­
mate warming are likely to take 30 to 
50 years to become serious, and that 
is a long enough span in which ac-

tions to adapt to these changes should 
be possible. 

What of the debate in the atmospher­
ic, environmental and political com­
munities? Our global environment is 
under attack on many fronts. Climate 
warming is but one, perhaps the most 
complex, of these issues. If the changes 
occurring in our atmosphere are likely 
to cause consequences, we must under­
stand the problems and promote sen­
sible policies to remedy them. What 
would be unwise is to lapse into apoc­
alyptic thinking or ostrichlike denial. 
We like to believe ourselves far more 
sophisticated, more enlightened, than 
preceding generations. Until we can 
calmly and objectively approach our 
environmental challenges without pro­
moting public hysteria and exciting 
shortsighted, self-interested reaction, 
we cannot claim that we are. 
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Homeobox Genes and 
the Vertebrate Body Plan 
This family of related genes determines the shape of the body. 
It subdivides the embryo along the head-to-tail axis into fields 

of cells that eventually become limbs and other structures 

by Eddy M. De Robertis, Guillermo Oliver and Christopher V. E. Wright 

S
tarting as a fertilized egg with 
a homogeneous appearance, an 
embryo made of skin, muscles, 

nerves and other tissues gradually 
arises through the division of cells. 
Long before most cells in the emerg­
ing body begin to specialize, however, 
a plan that designates major regions 
of the body-the head, the trunk, the 
tail and so on-is established. This 
plan helps seemingly identical combi­
nations of tissues arrange themselves 
into distinctly different anatomical 
structures, such as arms and legs. 

Recently embryologists have made 
great progress in uncovering the 
mechanisms that control this once 
mysterious process. In the past dec­
ade the powerful techniques of mo­
lecular biology have made it possible 
to isolate and characterize individual 
genes that mediate some of the devel­
opmental decisions involved in estab­
lishing the embryonic body plan. The 
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46 SCIENTIFIC AMERICAN July 1990 

key is a family of genes, known as 
hom eo box genes, that subdivides the 
early embryo into fields of cells with 
the potential to become specific tis­
sues and organs. 

The development of Xenopus laevis, 
a South African clawed frog, stands as 
a good example of how a vertebrate 
takes shape. This amphibian is a fa­
vorite of modern embryologists, be­
cause at any time of year the female 
can be induced to lay about 1,500 
large, easily fertilized eggs. Since all 
vertebrates develop similarly, most 
mechanisms of early frog embryogen­
esis also apply to fish, chickens, hu­
man beings and other animals. 

One striking feature of early devel­
opment is its rapid pace. A fertilized 
Xenopus egg cell divides into two af­
ter about 90 minutes. The cells then 
divide synchronously every 30 min­
utes until there are 4,000 of them. 
At that stage the embryo is called a 
midblastula and has the shape of a 
hollow sphere. To the unassisted eye, 
the cells all look identical, but some 
around the midblastula's equator are 
already destined to become a layer of 
cells called the mesoderm. The forma­
tion of the mesoderm is induced by 
protein growth factors released by the 
large yolky cells at the bottom pole of 
the embryo. 

The entire mesodermal layer even­
tually moves into the interior of the 
embryo during a process called gas­
trulation. By the end of this process, 
three layers with distinct developmen­
tal potentials have been defined: the 
mesoderm, the endoderm and the ec­
toderm. The mesoderm gives rise to 
most of the body, including the verte­
bral column, the muscles, the bones 
and the body wall. The endoderm pro­
duces the epithelial layer of tissue 
lining the digestive tract as well as 
various other organs, such as the 

lungs, the liver and the pancreas. The 
ectoderm become1j the skin and the 
nervous system. 

The ectoderm develops into the 
nervous system in response to chemi­
cal signals that diffuse out of the un­
derlying mesoderm. The signals in­
duce part of the ectoderm to thicken 
into a structure called the neural plate. 
(At this stage the embryo is termed a 
neurula.) The edges of the neural plate 
then fold toward one another while 
the middle sinks into the embryonic 
body. The edges finally fuse to form a 
neural tube, which becomes the basis 
for the brain and spinal cord. 

T
he determination of the em­
bryo's anteroposterior (head­
to-tail) axis is a milestone in 

development, because it provides the 
major line along which later struc­
tures will develop. Ross G. Harrison of 
Yale University was the first to show 
that embryonic cells commit to be­
come limbs and other specific ana­
tomical structures very soon after gas­
trulation is complete. 

In 19 18 Harrison took small frag­
ments of mesoderm from the flanks of 
some amphibian neurulas and trans­
planted them into the sides of others. 
If the transplanted tissue came from a 
certain region of the donor, it always 
gave rise to an extra forelimb on the 
recipient. Harrison realized that al­
though the mesoderm looked like a 
uniform layer in those embryos, the 
cells somehow already knew to which 
part of the body they belonged. 

One peculiarity Harrison noted was 
that an embryo could still grow a fore­
limb even if he removed all the meso­
derm that would normally give rise to 
it. He interpreted this finding to mean 
that the surrounding region of meso­
derm also had a potential for inducing 
and directing limb growth. This broad 
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region with the potential for express­
ing a structure became known as a 
morphogenetic field. 

Following Harrison's lead, many 
scientists conducted transplantation 
experiments on amphibian embryos. 
Those studies established that the 

BX-C 

2.5 2.4 2.3 

mesoderm is the crucial cell layer that 
specifies which end of the embryo is 
the head and which is the tail. The 
mesoderm of the amphibian neurula 
was mapped, or subdivided, into mor­
phogenetic fields for many organs: 
gills, balancers (structures that help 

2.2 

DROSOPHILA 

2.1 
MOUSE EMBRYO 

2.6 

tadpoles stay upright), ears, forelimbs, 
hind limbs, the tail and so on. 

Within each morphogenetic field, 
the potential for forming an organ 
varied gradually. It was therefore pro­
posed that each morphogenetic field 
contained a "gradient-field" of infor-
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HOMEOBOX GENES control development in animals as different 
as Drosophila melanogaster (a fruit fly) and a mouse. These 
genes divide the embryo along its head-to-tail axis into bands 
with different developmental potentials. The location of a ho­
meobox gene on a chromosome corresponds to where it is ex­
pressed in the body: proceeding from left to right, the genes 

control body areas closer to the anterior end of the animal. All 
homeobox genes seem to have a common evolutionary origin. 
In this diagram, related homeobox genes in Drosophila and the 
mouse and the body parts they control in each animal are 
colored similarly. The mechanism that determines the head, 
trunk and tail may have arisen only once during evolution. 
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mation for specifying an organ. As we 
shall explain, the behavior of these gra­
dient-fields corresponds closely with 
the patterns of expression for certain 
sets of genes. 

T
ransplantation studies of the 
mesoderm's control over the 
amphibian body plan ended 

around the close of World War II and 
were replaced with genetic studies of 
how the body took shape. In 1948 
Edward B. Lewis of the California Insti­
tute of Technology started an insight­
ful genetic analysis (which he has 
continued to this day) of home otic mu­
tations in the fruit fly Drosophila mel­
anogaster. A home otic mutation caus­
es a body part to be replaced with a 
structure normally found elsewhere 
on the body. For example, bithorax 
mutant flies have two pairs of wings 
instead of one; Antennapedia mutants 
have extra legs growing where their 
antennae should be. 

Lewis found that home otic transfor­
mations could be caused by mutations 
in single genes, even though hundreds 
of active genes would be needed to 
create the abnormally placed wings 

a FERTILIZED EGG b 
ANIMAL POLE 

VEGETAL POLE 

f EARLY NEURULA 

and legs. It was reasonable to assume, 
then, that the mutations were affecting 
master genes that controlled the ac­
tivity of many subordinate genes. 

Once genetic engineering enabled 
scientists to isolate genes, the race to 
find and study the homeotic genes 
was on. During the early 1980's David 
S. Hogness and Welcome Bender of 
Stanford University became the first 
to isolate the genes Ultrabithorax, Ab­
dominal-A and Abdominal-B in the bi­
thorax complex. Walter J. Gehring and 
Richard L. Garber of the Biocenter at 
the University of Basel and Matthew P. 
Scott and Thomas C. Kaufman of Indi­
ana University isolated the genes of 
the Antennapedia complex, including 
ones called Labial, Proboscapedia, De­
formed and Antennapedia . 

A crucial discovery came in 1983, 
when Gehring and his colleague Wil­
liam J. McGinnis found the Antennape­
dia gene contained a DNA sequence 
that was also found in another de­
velopment-controlling gene. (Similar 
DNA sequences in different genes are 
said to be conserved.) Because con­
served DNA sequences can hybridize, 
or bind, to one another, one could la-

bel the conserved DNA sequence from 
Antennapedia radioactively and use it 
as a probe to locate other genes con­
taining the same region. In this way, 
Gehring and McGinnis isolated Ultra­
bithorax, Deformed and other homeot­
ic genes. The conserved DNA region 
was identified independently by Scott, 
who was then at the University of 
Colorado at Boulder. 

Significantly, McGinnis also showed 
that other invertebrates-such as cen­
tipedes and earthworms, from which 
insects are thought to have evolved­
also contained the same conserved 
region of DNA . Clearly, the molecular 
structures of many genes known to 
control embryonic cell development 
were related. The conserved DNA re­
gion in each homeotic gene was 
dubbed the homeobox. 

The homeobox encodes a sequence 
of 60 amino acids that is very simi­
lar in the protein products of most ho­
meotic genes. That sequence in a pro­
tein is known as the homeodomain. 
Its function is to recognize and bind 
to specific DNA sequences in those 
genes regulated by the homeotic genes 
[see "The Molecular Basis of Develop-

TWO-CELL STAGE 
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C MIDBLASTULA d EARLY GASTRULA 

EARLY NEURULA 
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(50,000 CELLS, 

20 HOURS) 
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VERTEBRATE BODY PIAN is generated through the chemically 
induced formation and movement of cell layers, as seen in the 
development of Xenopus laevis, a South African frog. Through 
rapid cell divisions (a-c), a fertilized egg becomes a hollow ball 
of cells. The large yolky cells at the bottom pole of the embryo 
release protein growth factors that induce the overlying cells 
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to become the mesoderm layer (blue). The mesoderm is the 
critical layer that determines the embryo's anteroposterior 
polarity. Two other layers of cells-the ectoderm (brown) and 
the endoderm (yellow)-are established during gastrulation, 
the process by which the mesoderm migrates into the interior 
of the embryo (d-e). During the neurula stage «(-g), the meso-
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TRANSPlANTS in which mesoderm from one neurula­
stage embryo is grafted onto another will induce the 
formation of additional limbs or organs. If mesoderm 
from the forelimb area is transplanted, for example 
(a), the recipient embryo will have an extra forelimb 
(b). Through such experiments on amphibians, em­
bryologists have identified morphogenetic fields that 
specify the development of various structures (c)_ 

ment," by Walter]. Gehring; SCIENTIFIC 
AMERICAN, October, 19851. 

The polypeptide chain in the ho­
meodomain consists of four helixes, 
one of which is responsible for recog­
nizing a specific DNA sequence. Be­
cause this helix is nearly the same in 

e 
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(2 MONTHS) 

BLASTOPORE 

derm induces part of the ectoderm to 
become the neural plate (red). As seen in 
cross section (h-O, the neural plate clos­
es on itself and becomes a neural tube, 
which is the forerunner of the brain and 
the spinal cord in the mature animal (j). 

all homeodomain proteins, the pro­
teins all bind to fairly similar DNA se­
quences. When they bind to genes .in a 
cell, homeodomain proteins activate 
or repress the expression of those sub­
ordinate genes. 

W
e began research on the ho­
meobox in 1983, when one of 
us (De Robertis) had his labo­

ratory at the biocenter on the same 
floor as Gehring. We had been interest­
ed for some time in the development 
of Xenopus laevis [see "Gene Trans­
plantation and the Analysis of Devel­
opment," by Eddy M. De Robertis and 
j. B. Gurdon; SCIENTIFIC AMERICAN, 
December, 19791. As we followed the 
great advances being made in stud­
ies of Drosophila, it became evident 
that we would have to identify master 
genes in vertebrates if we were ever to 
gain a comparable understanding of 
their development. 

Yet the lack of knowledge about frog 
genetics seemed to be an insurmount­
able barrier to further progress. Even 
though the genetics of mice had been 
reasonably well studied, there were no 
real candidates for master genes con­
trolling embryogenesis. 

We decided to try what seemed, at 
the time, a crazy experiment: to isolate 
a gene similar to Antennapedia from 
frog DNA with McGinnis and Gehring's 
fruit fly homeobox probes. There was 
little reason to believe that the frog 
DNA contained such a gene or that the 
genes of such unrelated species would 
be significantly similar. Still, we felt it 
was worth the attempt. Some of our 
colleagues were skeptical that such an 
experiment could ever work, and two 
of our students declined to help on 
those grounds. 

We were soon celebrating with a 
bottle of champagne. On our very first 
attempt, while working with Andres E .  
Carrasco, a postdoctoral student in 
our laboratory, we succeeded. We ana­
lyzed the DNA sequence in the frog 
gene that our experiment had isolat­
ed, which is now called XlHbox 1, and 
confirmed that it contained the ho­
meobox region. That finding strongly 
suggested that a gene directly control­
ling vertebrate development might at 
last be at hand. 

Little did we imagine after our first 
experiment that it would take six 
more years and the efforts of labo­
ratories throughout the world before 
it was certain that vertebrate ho­
meobox genes were directly involved 
in the control of development. Even 
so, initial progress was swift in stud­
ies of mammals. Working with mice, 
Frank H. Ruddle of Yale University 
(who was then on sabbatical at the 
biocenter) and Peter Gruss of the Max 
Planck Institute for Experimental Med­
icine in Gbttingen, West Germany, iso­
lated many genes containing homeo­
boxes. Dado Boncinelli of the Universi­
ty of Naples had similar success with 
human genes. The proteins encoded 
by all these homeobox genes differ 
greatly from one another except at the 
highly conserved hom eo domain. 

The roster of proteins known to 
contain homeodomains grew in 1988, 
when researchers purified transcrip­
tion factors for the first time. These 
factors are proteins that increase the 
expression of particular target genes. 
When the transcription factors were 
sequenced, some were found to con­
tain homeodomains, which indicated 
that they were products of genes with 
homeobox regions. These biochemical 
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HOMEODOMAIN PROTEINS bind to DNA and regulate gene expression. They are 
composed of a variable region, which determines a protein's specific activity, a 
small connective hinge region and a homeodomain, a 60 amino acid sequence that 
is similar in all proteins of this type. This sequence is encoded by the homeobox 

regions of genes. The homeodomain consists of four alpha helixes (1-4), one of 
which (red) recognizes and binds to a specific DNA sequence in the target genes. 

studies independently confirmed that 
homeobox genes regulate the activity 
of other genes. 

But how do homeobox genes or­
chestrate cellular differentiation dur­
ing development? An inkling of the 
answer comes from observing the re­
gions in which the proteins made by 
homeobox genes are located in the 
embryonic body at various develop­
mental stages. The Xenopus XlHbox 1 
protein, for example, is found in a 
narrow band of cells just behind the 
frog embryo's head. This band con­
sists of both the mesoderm and the 
anterior spinal cord and neural crest. 

The anterior and posterior bound­
aries of XlHbox 1 expression in these 
tissue layers are neatly aligned. Be­
cause mesoderm is known to induce 

the anteroposterior characteristics of 
neural tissue, it seems possible that 
the mesoderm expressing XlHbox 1 
also induces cells in the overlying neu­
ral plate to express the gene as well. 

Other homeobox genes are active 
in different regions. On the basis of 
homeobox gene expression patterns, 
therefore, one can view the verte­
brate embryo as subdivided into an­
teroposterior fields of cells with dif­
ferent developmental capacities. This 
subdivision of the embryonic body 
precedes the formation of specific or­
gans or structures. 

Even though the homeodomains en­
coded by different homeobox genes 
are very similar to one another, char­
acteristic differences in their amino 
acid sequences can be used to identify 

Consensus 
RKRGRTTYTRYQTLELEKEFHFNRYLTRRRRIEIAHALCLTERQIKIWFQNRRMKWKKEN 

Deformed 
P--Q--A---H-I--------Y--------------T-V-S-----------------D-

P--S--A---Q-V--------y---------v--------S-----------------DH 
Ho1t-Z.6 

I A�' =====�===============�==============;======================= Ho1t·Z.3 
Abd·B 
VRKK-KP-SKF---------L--A-VSKQK-W-L-RN-Q-----v----------N--NS 
SRKK-CP--K----------L--M----D--H-V-RL-N-S---V----------M--L­Ho1t·Z.5 

ALL HOMEODOMAlNS are fundamentally similar, but homeodomains made by some 
insect and mammalian genes are particularly alike. Amino acid sequences in several 

homeodomains are shown here. The genes Labial, Deformed, Antp and Abd-B are from 
Drosophila fruit flies, and the four analogous Hox genes are from mice. In each se­
quence the letters stand for amino acids. A hyphen indicates that the amino <,cid 
is the same as in the consensus string, an average of all homeodomain sequences. 
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them. Some homeodomains resemble 
one another much more closely than 
others. Interestingly enough, on the ba­
sis of these similarities and differenc­
es, some mammalian homeodomains 
strongly resemble those produced by 
particular fruit fly genes. 

W
hen patterns of expression 
for many homeobox genes 
in mouse embryos were an­

alyzed, a remarkable observation was 
made independently by Robb Krum­
lauf of the Medical Research Council 
in London and Denis Duboule of the 
European Molecular Biology Labora­
tory in Heidelberg. Investigators had 
previously shown that in both verte­
brates and invertebrates, homeobox 
genes cluster in complexes, or groups, 
on a chromosome. In other words, the 
homeobox genes are arranged in a 
precise order, left to right, on the lin­
ear DNA molecule that makes up a 
chromosome. 

Krumlauf and Duboule made the un­
expected discovery that in mice the 
order of the hom eo box genes in a 
cluster corresponds directly to where 
the genes are expressed. Homeobox 
genes located near the left end of a 
complex are expressed in posterior 
parts of the body and genes to the 
right are expressed closer to the head. 
Lewis had noticed the same pattern in 
Drosophila many years earlier. 

All vertebrates have four homeo­
box complexes, each located on sep­
arate chromosomes. These complex­
es probably arose during evolution 
through duplications of the single 
cluster of homeobox genes in inver­
tebrates. Consequently, every human 
being has four genes that resemble 
the fruit fly gene Abdominal-B, for ex­
ample, and four others that resemble 
Deformed. 

One unifying principle applies to 
all homeobox complexes: genes ex­
pressed posteriorly are located at the 
left, and those expressed anteriorly 
are at the right. Homeobox genes are 
therefore arranged in the chromoso­
mal DNA in the same order in which 
they are expressed along the antero­
posterior body axis. This extraordi­
nary arrangement may have come 
about because homeobox genes must 
be activated in a particular order. 

Evidence for how this sequential de­
ployment of homeobox genes occurs 
is accumulating. In vertebrate embry­
os, retinoic acid (a compound related 
to vitamin A that can sometimes cause 
severe birth defects) and peptide 
growth factors are good candidates 
for providing such positional clues. 
They could convey such information 
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by activating homeobox genes selec­
tively in the mesoderm, the key ele­
ment in determining the body plan. 

By adding retinoic acid to cultured 
embryonic cells, Boncinelli's research 
group has shown that the compound 
can activate many hom eo box genes. 
In frog embryos, Douglas A. Melton 
of Harvard University has proved that 
fibroblast growth factor (which induc­
es the formation of the mesoderm 
in early embryos) can activate poste­
rior homeobox genes selectively. In 
our laboratory at the University of 
California at Los Angeles, Ken W. Y. 
Cho has shown that a protein resem­
bling transforming growth factor � ac­
tivates only anterior genes. 

O
nce activated, do homeobox 
genes directly specify the iden­
tities and fates of embryonic 

cells, thereby shaping the body and 
guiding the formation of organs? Or 
are their effects indirect? The results 
of two experiments argue for their 
having a direct role. 

In the first experiment, we inject­
ed antibodies directed against the 
XlHbox 1 protein into single-cell Xeno­
pus embryos. The antibodies bound to 
the protein and inactivated it during 
the crucial period in which the body 
plan is established. When we exam­
ined the tadpoles that developed, we 
discovered the tissues that normally 
expressed XlHbox 1 and that should 
have become a section of the anterior 
spinal cord had instead become hind­
brain structures. In effect, the "loss-of­
function" of XlHbox 1 changed part of 
the spinal cord into a more anterior 
structure. 

In the second experiment, Gruss and 
Michael Kessel of the Max Planck Insti­
tute injected DNA containing a mouse 
homeobox gene into mouse embryos. 
The piece of DNA was designed so that 
the homeobox gene would be ex­
pressed throughout the body, even in 
regions where it normally would not, 
such as the head and neck. The result-

CONTROL TADPOLE 

HOMEOBOX GENES are expressed in discrete bands along the anteroposterior axis of 
an embryo. In a Xenopus laevis tadpole, for example, the XlHbox 1 gene is expressed 
in a region in the anterior trunk of the body. The protein produced by the gene is 
found in the cell nuclei of both mesodermal (blue) and ectodermal (red) tissues. 
The forelimb grows entirely from mesoderm cells expressing the XlHbox 1 protein_ 

ing mice frequently had severe head 
defects, such as cleft palates. Even 
more interesting, they also had an ex­
tra vertebra and intervertebral disk at 
the base of the cranium, and some had 
an extra pair of ribs in the neck region. 
In this way, the "gain-of-function" of 
a homeobox gene induced homeotic 
transformations precisely like those 
observed in fruit fly mutations. 

Other work also suggests a role for 
homeobox genes in specifying cell 
identity. As previously described, ho­
meobox genes are strongly expressed 
in bands along the anteroposterior 
axis early in development. Later, when 
organs are forming in these regions, 
the same homeobox genes are once 
again expressed intensely. At these 
later stages, homeobox genes seem 
to provide molecular tags that remind 
cells of where in the embryo they 
originated. 

The development of the forelimb is 
a particularly informative case. The 
entire forelimb field is derived from 
the band of mesoderm that expresses 
XlHbox 1. Cells proliferate in the band 
and form a small forelimb bud that 

appears on Xenopus by the third week 
after fertilization. 

At this stage the forelimb bud meso­
derm appears uniform, but it contains 
a gradient of XlHbox 1 protein. That is, 
the protein is most abundant in cell 
nuclei along the anterior side of the 
limb bud-the side that gives rise to 
the thumb-and least abundant in nu­
clei on the posterior side, which gives 
rise to the smallest digit. As the limb 
extends and takes shape, the concen­
tration of XlHbox 1 protein stays high­
est near the shoulder, at the proximal 
end of the arm. In contrast, the protein 
from another gene, Hox 5.2, establish­
es a gradient that is highest along the 
posterior side and the distal end of 
the limb-a pattern precisely the re­
verse of that for XlHbox 1. 

Gradients of XlHbox 1 and Hox 5.2 
proteins can be detected in frog, 
chicken and mouse embryos. Other 
homeobox genes are also involved 
in forelimb development: Duboule 
has identified three other homeobox 
genes adjacent to Hox 5.2 that turn on 
sequentially as the limb tip extends. 
The order in which the genes are ac-

ANTIBODY-INJECTED TADPOLE 

INHIBITION of a homeodomain protein can alter the develop­
mental fate of embryonic tissues. In normal tadpoles (left), 
XlHbox 1 protein is expressed in a defined region of the anteri-

or spinal cord (blue). If antibodies against XlHbox 1 protein are 
injected into a one-celled embryo, then in the resulting tad­
pole (right). that region is transformed into hindbrain (red). 
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GRADIENTS of homeodomain proteins can be seen in these 
stained limb buds. In the chick wing bud (left), the concentra­
tion of Hox 5.2 protein is highest in the cell nuclei near the 
posterior region (right edge). In the pectoral fin bud of a 

zebrafish (right), the concentration of XlHbox 1 protein is 
highest in the anterior region (lett edge). The fish pectoral fin is 
the evolutionary precursor of the tetrapod forelimb. Gradients 
are efficient mechanisms for conveying positional information. 

tivated corresponds to their order in 
the DNA . 

Gradients of proteins or other mole­
cules are good signposts for specify­
ing the positions of cells and efficient­
ly directing their fates. For example, 
cells in a limb bud can form separate 
digits by responding differently to 
varying amounts of a single protein. It 
would be less economical if a distinct 
protein had to specify each digit. 

In conclusion, analysis of homeo­
domain protein gradients during limb 
development reveals that the same set 
of homeobox genes that establishes 
the head-to-tail axis is used again lat­
er to specify the positions of cells dur­
ing limb development. Homeodomain 
proteins are found in cell nuclei, as 
would be expected of DNA-binding 
proteins that turn genes on and off. 
How gradients of nuclear proteins are 
established in limb buds is not yet 
known. Intercellular communication 
Signals, similar to those involved in 
axis formation and perhaps mediated 
by growth factors or retinoic acid, are 
probably involved. 

I
n addition to what the study of 
homeobox genes has explained 
about embryonic development, it 

has provided insights into evolution. 
Because the order of homeobox genes 
is similar in vertebrates and inverte­
brates, the first homeobox complexes 
must have evolved eons ago in flat­
worms or other primitive organisms 
that were the common ancestors of 
both human beings and insects. It 
would be interesting to know whether 
the most primitive multicellular or­
ganisms with anteroposterior polarity, 
such as rotifers, also have homeobox 
gene complexes. The amazing conser­
vation of the complexes throughout 
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evolution suggests that once an effi­
cient way of specifying the anteropos­
terior axis was found, it was easier to 
produce new body shapes by modify­
ing that system than to develop entire­
ly new strategies. 

Homeobox gene activity also offers 
clues about how speCific anatomical 
structures might have evolved. Scien­
tists have long wondered, for example, 
about the origin of the arm, or fore­
limb, in tetrapods. Because the primi­
tive fish called coelacanths have pec­
toral fins with bony joints, investiga­
tors assumed for many years that the 
arm evolved from pectoral fins. 

Support for this theory has come 
out of work by Anders Molven and 
Charles B. Kimmel of the University of 
Oregon. In zebrafish embryos, XlHbox 
1 is first expressed in a circular region 
of the lateral mesoderm correspond­
ing to the pectoral fin field. At this 
stage the expression of the gene corre­
sponds exactly with a morphogenetic 
field defined by Harrison in 1918. 

As the cells proliferate, XlHbox 1 
protein forms a steep gradient in the 
pectoral fin bud, similar to the gradi­
ents in frog, chicken and mouse fore­
limb buds. This pattern suggests that 
XlHbox 1 is an ancient gene, whose 
function in the limb gradient-field an­
tedates the appearance of tetrapod 
structures such as digits. Much can 
probably be learned by reexamining 
the comparative embryology of verte­
brates at the level of gene expression. 

Although it will take a long time to 
understand exactly how genes cooper­
ate to organize cells from an apparent­
ly homogeneous egg into a swimming 
tadpole, molecular analysis of verte­
brate development has already made a 
great leap forward. The expression of 
homeobox genes may provide a molec-

ular explanation for the gradient-fields 
recognized by experimental embryol­
ogists many decades ago. The genes 
that control the anteroposterior axis 
are conserved in the zoological spec­
trum to a degree beyond investigators' 
wildest expectations. Molecules that 
may be involved in transmitting po­
sitional information, such as retinoic 
acid and growth factors, have been 
identified. Possibilities are now open 
for analyzing how body shape chang­
es during the course of evolution. Stu­
dents starting work in laboratories to­
day may one day be able to answer 
simple questions, such as what makes 
an arm different from a leg. What a 
good time to begin! 
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The LEP Collider 
The Large Electron-Positron Collider will churn out a million ZO 
particles this year. The abundance of data will enable physicists 

to probe their present understanding of physical law as never before 

�thOUgh it was midafternoon on 
July 14, 1989, the bicentennial 
of the French Revolution, engi­

neers and scientists crowded into a 
control room at the European laborato­
ry for particle physics (CERN) in Pre­
vessin, France, just across the border 
from Geneva, Switzerland. Word had 
got out that the laboratory's Large 8ec­
tron-Positron (liP) Collider was ready 
to take its first beam, and people had 
flocked there to witness the historic 
event. CERN'S director-general, Carlo 
Rubbia, and his predecessor, Herwig F. 
Schopper, who had actively supported 
the liP through its early phase, were 
among the anxious onlookers. 

At five minutes to four, the first clus­
ter of positrons completed its maiden 
circuit around the giant, ring-shaped 
accelerator. Every one of the hundreds 
of thousands of components along the 
26.7-kilometer circumference of the 
machine was working flawlessly. 

One month later in the same, but 
less crowded, control room, workers 
toiled late into the evening, preparing 
to bring two counterrotating beams, 
one of electrons and one of positrons, 
into collision for the first time. At five 
minutes to midnight, the electrostatic 
plates that steer the beams apart were 
shut off, and the beams were allowed 

STEPHEN MYERS and EMILIO PICASSO 
are at the European laboratory for parti­
cle physics (CERN) near Geneva. Myers 
received a Ph.D. in 1972 from Queens 
University in Belfast and joined CERN in 
the same year. Since 1979 he has played 
a key role in major aspects of the LEP'S 

design, building and commissioning. He 
is now deputy division leader of the Su­
per Proton Synchrotron-LEP division. Pi­
casso obtained his doctorate in physics 
from the University of Genoa in 1956 
and joined CERN in 1964; at that time he 
worked on precision tests of quantum 
electrodynamics and special relativity. 
From 1981 to 1989 he served as direc­
tor of the LEP project. 
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by Stephen Myers and Emilio Picasso 

to collide at the centers of the four gi­
gantic liP detectors: Aleph , Delphi, L3 
and Opal. 

Ten suspenseful minutes later, the 
control-room telephone rang. It was 
the Opal detector group calling to an­
nounce the clear sighting of the first zo 
particle (pronounced "Z zero" or "Z 
naught") produced by the LEP. During 
the time it took to carry a photocopy of 
the event to the control room, the tele­
phone rang to announce five more pos­
sible events. Amid the ensuing eupho­
ria, Rubbia, who shared a 1984 Nobel 
prize for his role in discovering the ZO, 
remarked that he had gone to Stock­
holm on the strength of only five events. 

In the four months that followed, the 
LEP detectors observed more than 100,-
000 ZO events. Already these observa­
tions have yielded a major result: evi­
dence that there are probably only 12 
elementary particles, organized into 
three "generations" [see "Science and 
the Citizen," SCIENTIFIC AMERICAN, De­
cember, 1989]. All in all, some 30 arti­
cles have been published based on the 
ZO events observed last year. 

This year the liP is expected to gen­
erate about a million more ZO's. This 
abundance of data will enable physi­
cists to investigate rare decay modes, 
determine the precise mass and life­
time of the ZO, study the processes 
underlying the production of hadrons 
(particles made up of quarks) and 
probe subtle aspects of the prevail­
ing theory. Equally important, experi­
menters at the LEP will try to discover 
new states of matter-in particular, the 
Higgs boson and perhaps also the top 
quark. Both of these massive particles 
are predicted by theory but have yet to 
be observed. Experimenters will also be 
searching for phenomena that are not 
predicted by existing theories. 

The liP Collider is destined to be the 
preeminent tool for particle physics in 
the next decade. Its spectacular perfor­
mance to date is a tribute to the ingenu­
ity and determined effort of hundreds 

of technicians, engineers and scientists 
from more than 25 nations who collab­
orated on the liP and its detectors. 

S een from the air, the LEP is a large, 
nearly circular octagon that strad­
dles the Franco-Swiss border. The 

ring consists of eight straight sections, 
each 500 meters long, joined by eight 
arcs 2.8 kilometers long. The accelera­
tor components are in a subterranean 
tunnel about four meters wide at a 
depth, on average, of 100 meters. 

With an average diameter of 8,486 
meters and a beam-collision energy of 
100 billion electron volts, or gigaelec­
tron volts (GeV), the liP is the largest 
and most powerful electron-positron 
storage ring ever built. It marks the 
culmination of a history that began 30 
years ago, in March, 1960, when Bru­
no Touschek gave a seminar at the Ital­
ian National Laboratory in Frascati, 
in which he argued the importance of 
studying collisions between electrons 
and their antimatter counterparts, pos­
itrons. He proposed an accelerator in 
which beams of electrons and posi­
trons of the same energy would be di­
rected in opposite directions around 
a circular track and collided head-on. 
The detritus from the collisions would 
be studied to gain insight into the fun­
damental laws of nature. 

The first electron-positron storage 
ring was built at Frascati and chris­
tened ADA (anello di accumulazione). 
The ADA measured 1.6 meters in diam­
eter and produced a maximum beam 

LARGE ELECTRON-POSITRON storage 
ring 26.7 kilometers in circwnference 
lies in a tunnel 100 meters under­
ground (drawing not to scale). Coun­
terrotating bunches of electrons and 
positrons collide at energies near 100 
billion electron volts. Shown at the bot­
tom, from left to right, are the beam­
focusing magnets, a tram system inside 
the tunnel and a row of radio-frequen­
cy cavities, which power the beams. 
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energy of 2 50 million electron volts 
(MeV ). This pioneering machine was 
followed by many larger and more en­
ergetic electron-positron storage rings 
in the U.S.S.R.,  France, the U. S. , Italy, 
West Germany and Japan. 

In all these machines the goal is to 
create new particles from the energy 
liberated by the annihilation of the 
electron by its antiparticle. In accor­
dance with Einstein's fundamental for­
mula, E = mc2, the greater the energy 
released, the more massive the parti­
cles created can be. Because the elec­
trons and positrons have the same en­
ergy and are colliding head-on, the to­
tal energy available in the center of 
mass of the system is simply twice the 
beam energy. The LEP, with present col­
lision energies of up to 110 GeV, gener­
ates ZO particles. It will eventually be 

upgraded to 200 GeV and generate par­
ticles known as the W+ and W-. Each of 
these three particles weighs about 90 
GeV, or about 100 times the mass of 
the proton. 

To understand the Significance of 
these particles, we must refer to the 
prevailing theory of matter and forces, 
called the Standard Model. According 
to the theory, there are two basic types 
of particles: fermions and bosons. Fer­
mions are the basic building blocks of 
matter. Bosons are "carriers of force": 
they are exchanged between fermions, 
generating attraction and repulsion 
among different types of fermions. 

There are two classes of fermions: 
leptons and quarks. Leptons consist 
of charged particles, such as electrons 
and muons as well as uncharged, virtu­
ally massless particles called neutrinos. 

ELECTRONS POSITRONS 
<: 

Quarks are constituents of hadrons, 
such as the familiar proton and neutron. 

Fermions are arranged in genera­
tions, each consisting of two quarks 
and two leptons. The first generation 
consists of the up and down quarks 
(which make up protons and neutrons), 
the electron and the electron neutri­
no. The second generation is occu­
pied by the charm and strange quarks, 
the muon and the muon neutrino. 
The third generation contains the bot­
tom quark and top quark (not yet ob­
served), the tau and the tau neutrino. 

According to the Standard Model, the 
four fundamental forces of nature are 
said to be "carried" by bosons. Electro­
magnetism is carried by photons (parti­
cles of light). The strong force, which 
binds protons and neutrons into atom­
ic nuclei, is carried by gluons. Gravity 

ALEPH , 

© 1990 SCIENTIFIC AMERICAN, INC



" LINEAR ACCELERATOR (600 MeV) 

ACCUMULATOR (600 MeV) -- /' PROTON SYNCHROTRON (3.5 GeV) 

SUPER PROTON SYNCHROTRON (20 GeV) 

LEP (50 GeV PER BEAM) 

ELECTROSTATIC SEPARATOR 

POSITRONS 

+--

......;=»_.J0! 
� 

ELECTRONS 

t 

BIRD'S-EYE VIEW of LEP storage ring shows how electron and positron bunches are 
accelerated by a series of smaller machines. Four bunches each of electrons and 
positrons circulate in opposite directions and collide inside the four gigantic detec­
tors: Aleph, Delphi, L3 and Opal. The bunches also cross paths at four intermedi­
ate sites, where they are prevented from colliding by electrostatic separator plates_ 

ALEPH 

DELPHI 

L3 

OPAL 91.154 ± .051 2.536 ± .045 3.09 + .25 
-.31 

'95 PERCENT CONFIDENCE LIMIT 

RECENT RESULTS from the LEP detectors are shown here. The mass and "width" of 
the zO imply there are only three light neutrinos_ Lower mass limits on the top 
quark and Higgs boson from L3 are still pending_ (Lower limits on the top-quark 
mass are below those obtained from proton-antiproton colliders, but they also de­
pend less on theoretical models for top-quark decay.) LEP data also rule out the se­
lectron and wino (supersymmetric partners of the electron and W) below 44 GeV. 
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is carried by gravitons. One of the 
achievements of the Standard Model 
was to unify the electromagnetic and 
weak force, which is responsible for ra­
dioactive decay. In doing so, the theory 
predicted that the weak force would be 
carried by the intermediate vector bo­
sons: ZO, W+ and W-. 

The discovery of these three parti­
cles in 1983 at CERN triumphantly vali­
dated the Standard Model. The theory 
also makes precise predictions about 
how the ZO, W+ and W- may be gener­
ated and detected. For all its success, 
however, the Standard Model is not en­
tirely satisfactory. For example, we do 
not know from first principles why ele­
mentary particles have the masses they 
do. Further experiments at the LEP will 
explore the range of validity of the the­
ory with unprecedented precision. 

T he LEP'S capacity to generate nu­
merous ZO's has already contrib­
uted to a landmark achievement: 

the determination that there are only 
three types of light neutrinos. Accord­
ing to the Standard Model, there is a 
neutrino associated with each genera­
tion of particles. The theory, however, 
does not specify the number of gen­
erations, and so the only way to deter­
mine this number is experimentally, by 
counting neutrino species. 

Neutrinos are electrically neutral, al­
most massless particles that scarcely 
interact with matter; streams of neutri­
nos continuously pierce through the 
earth unimpeded. This makes them dif­
ficult to observe directly. The LEP Col­
lider provided an indirect count of neu­
trino types without actually detecting 
the elusive particles themselves. It did 
so by measuring the "width" of the ZO 
"resonance" accurately. 

What is this ZO resonance, and what 
does its width have to do with the 
number of neutrinos? The resonance 
refers to the fact that as the LEP colli­
sion energy is gradually raised near 91 
GeV, one sees increasing numbers of 
ZO events. The number reaches a peak, 
or "resonates," at around 91.2 GeV and 
then declines as the energy is raised 
further. A histogram of the number of 
Zo's plotted against the beam energy 
looks like a bell-shaped curve. 

The width of this curve is the crucial 
evidence limiting the number of pos­
sible elementary particles. Why would 
that be? The width is actually a meas­
ure of the uncertainty in the energy, 
which, according to the uncertainty 
prinCiple, is inversely related to time: 
the wider the curve, the shorter the 
lifetime of the particle. The lifetime in 
turn indicates the number of decay 
modes available to the Zo: the more 
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particles the ZO can decay into, the 
briefer its lifetime-and the wider the 
curve-will be. Hence, the number of 
neutrino types will affect the width. 

Measurements of the ZO width from 
the four LEP detectors indicate only 
three types of light neutrinos. A fourth 
light neutrino is definitely excluded. 
Future theories will have to account for 
this finding. (The ZO resonance does 
not reveal whether there are any heavy 
neutrinos weighing more than half the 
ZO mass. Such neutrinos would be bil­
lions of times heavier than the known 
neutrinos.) This is a conclusion with 
consequences for cosmology and as­
trophysics. For example, one must now 
rule out the possibility that a fourth 
neutrino weighing up to about 10 GeV 
could provide the "missing mass" 
needed to halt the expansion of the 
universe. 

LEP researchers are making concert­
ed efforts to put other pieces of the 
Standard Model puzzle into place. The 
search is on for two particles predicted 
by theory, the top quark and the Higgs 
boson (which comes in neutral and per­
haps also charged versions). Particle 
physics data from around the world, 
combined with the precise ZO mass, 
have led theorists to predict a top­
quark mass of about l39 GeV, give or 
take 30 GeV. So far LEP experiments 
have ruled out a top quark weighing 
less than about 45 GeV and a neutral 
Higgs boson weighing less than 25 
GeV. If  the particles are not found at 
the energies that the LEP is capable of 
prodUCing, it may simply mean that the 
particles weigh more-or it may mean 
the Standard Model is fatally flawed. 

I n designing the LEP to fulfill its 
scientific goals, researchers had 
to consider numerous factors. The 

most crucial factor determining the 
size of the LEP storage ring is the phe­
nomenon of synchrotron radiation. 
Any charged particle bent into a circu­
lar orbit will radiate photons (particles 
of light) and lose a fraction of its ener­
gy. If this energy is not replenished, the 
particles will rapidly decelerate and 
spiral into the accelerator wall. At a 
beam energy of 55 GeV, the LEP radi­
ates some 200 million volts per turn 
and requires 16 megawatts of power at 
350 megahertz. This power is supplied 
by a series of radio-frequency (RF) cavi­
ties. At their future energy of 100 GeV, 
the LEP beams will radiate more than 
2,800 megavolts per turn. 

The cost of operating an electron­
positron storage ring, then, is largely 
determined by the cost of replenishing 
the energy lost to synchrotron radia­
tion. For a particle that is being bent 

into a circular path, this loss is propor­
tional to the fourth power of the parti­
cle's energy divided by the radius of 
the circle. Clearly, for a given beam en­
ergy, one can reduce the loss by in­
creasing the radius of the circle. Just as 
clearly, a larger ring is more expensive 
to build. In economic terms, there is a 
trade-off between the cost of a larger 
ring and the cost of building and oper­
ating the RF system. 

Synchrotron radiation, although det­
rimental to the cost of maintaining 
beam energy, has beneficial effects as 
well. The radiation "damps" the oscil­
lations of individual particles in the 
beam. As new particles are injected 
into the beam, their energies oscillate 
about the central energy of the beam. 
The larger the oscillations, the more 
quickly the oscillations will be reduced 
by radiation damping. Hence, radiation 
damping allows many particles to be 
accumulated by injecting new particles 
repeatedly into the beam. 

The damping force, which on its own 
would reduce the particle oscillations 
to zero, is offset by a diffusive force, 
which causes the particles to increase 
their oscillation amplitudes. Hence, the 
beam reaches an equilibrium state in 
which the two opposing forces are bal-

anced. The situation is like that of a 
balloon. The air pressure in the balloon 
is analogous to the diffusive force, and 
the elasticity of the rubber is analogous 
to the radiation damping. If the pres­
sure increases, the balloon becomes 
larger, whereas if the balloon is made 
of a less elastic material, the size will 
be smaller at a given pressure. 

The beauty of this equilibrium state 
is that it results in particle beams that 
are almost impervious to small pertur­
bations, such as fast fluctuations in the 
guiding magnetic field, just as a bal­
loon that is deformed returns quickly 
to its previous shape. At LEP energies, 
this property exists only for electrons 
and pOSitrons, not for protons. For an 
accelerator physicist, this is the princi­
pal difference between electron and 
proton storage rings. Protons have a 
practically infinite "memory" for any 
perturbation, whereas electrons "for­
get" perturbations, typically in hun­
dredths of a second. 

The LEP designers had to produce 
a machine that could achieve the 
required energy and luminosity 

(beam intensity) yet balance these re­
quirements against considerations of 
construction cost, operating expense 
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ACCELERATOR PIPE, bending magnet and vacuum-pump system are shown in a 
cross-sectional view. Particle beams travel down the center of the pipe. The alu­
minum wall is clad with lead to prevent synchrotron radiation from penetrating to 
the outside and generating corrosive gases. Surrounding the pipe is a large bend­
ing magnet; since it has to generate only a weak field, the magnet was made less 
costly by interleaving plates of iron with concrete. To achieve a high vacuum of 
10-11 torr, "getter" pumps were employed to react with and bind stray molecules. 
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and future flexibility. Early in 1976 
CERN designers proposed a machine 
50 kilometers in circumference. This 
was the optimum size to attain the 
top beam energy of 100 GeV using a 
conventional accelerating system. This 
proposal was followed by one for 
a smaller, 22-kilometer-circumference 
ring with a beam energy of 70 GeV, 
which could be boosted to 100 GeV 
once a suitable superconducting accel­
eration system became available. 

By the middle of 1979, however, the 
design study concluded that a some­
what larger circumference of 26.7 kilo­
meters was preferable. The production 
of W+ / W- pairs could then be attained 
by room-temperature accelerating sys­
tems and would not have to depend on 
the development of superconducting 
technology. 

In December, 1981, the CERN coun­
cil approved this design. The collider 
would initially operate at a maximum 
center-of-mass energy (total head-on 
collision energy) of 110 GeV (phase 
one) and would later be developed to 
attain energies of up to 200 GeV (phase 
two), with the possibility of still further 

ELECTRONS 
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LOW·LOSS CAVITY 
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increases in energy to about 240 GeV. 
The second phase will permit workers 
to study the strength of the interaction 
among the Zo, W+ and W-, which is 
crucial to establishing the validity of 
the electroweak theory. 

Construction work began soon after 
the LEP design was selected. From 1983 
to 1988 the LEP was the largest civil en­
gineering project in Europe. The engi­
neering and infrastructure construc­
tion alone consumed more than half 
of the total construction budget. The 
main-ring tunnel formed the most im­
pressive part of the work, even though 
it represented less than half of the 1.4 
million cubic meters of rock and soil 
that had to be excavated. The remain­
der of the underground work included 
the four caverns to house the detec­
tors, 18 pits and some 60 chambers 
and alcoves. 

Three tunneling machines drilled 
through the rock at a rate of about 
25 meters per day. They were guided 
on their desired trajectory to a preci­
sion of one centimeter. Collider com­
ponents within the tunnel were aligned 
to within .1 millimeter. This remark-

PISTON TUNERS 

able preClSlOn was achieved using a 
laser-interferometry system set up in 
the hills surrounding the site. 

T o save on time and cost, the 
planners decided to use existing 
smaller accelerators for the parti­

cle-injector system, which boosts parti­
cles up to a high energy before inject­
ing them into the LEP. Two linear accel­
erators drive the particles, first to 200 
MeV and then to 600 MeV. A 600-MeV 
storage ring accumulates bunches of 
particles. The CERN proton synchrotron 
is enlisted to accelerate the bunches to 
3.5 GeV. These bunches are injected 
into the Super Proton Synchrotron, 
where they are boosted to 20 GeV be­
fore finally being injected into the LEP. 

Once particles are inside the LEP ring, 
they must be guided around the trajec­
tory and focused at the collision sites. 
A system of electromagnets and elec­
trostatic plates performs this task. 
Each of the eight arcs, which account 
for more than three fourths of the LEP 
Circumference, consists of 31 standard­
ized modules. Each module measures 
79.11 meters in length and contains 
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RADIO·FREQUENCY (RF) CAVITY generates an oscillating 
electric field (red arrows) to accelerate particle bunches. To 
reduce heat loss in the copper cavity wall, the RF field switch· 
es to an adjoining low-loss spherical cavity whenever there 

are no bunches to accelerate. The spherical cavity dissi· 
pates less heat because the field gradient is strongest at the 
hollow center of the sphere rather than at its metal surface. 
The graphs show the field strengths in relation to bunches. 
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magnets in the following order: a verti­
cally focusing quadrupole (a four-pole 
magnet that squeezes the beam in its 
vertical dimension), a vertical orbit cor­
rector, a group of six bending dipoles, 
a horizontally focusing sextupole, a 
horizontally focusing quadrupole, a 
horizontal orbit corrector, a second 
group of six bending dipoles and final­
ly a vertically focusing sextupole. 

The bending dipole magnets guide 
the electrons and positrons around the 
arcs. The bending radius is large in or­
der to reduce synchrotron radiation, 
and so the magnetic field of these di­
poles is unusually low, about .1 tesla. 
The low field allows the dipole magnet 
core to have a novel deSign, in which 
the gaps between the magnetic steel 
plates are filled with mortar, like the 
custard between the layers of a Napo­
leon pastry. This proved to be 40 per­
cent less expensive than conventional 
steel cores. 

At the center of each collision site, 
the particle beams must be squeezed 
to tiny dimensions in order to increase 
the beam luminosity. This squeezing is 
accomplished by a set of supercon­
ducting quadrupole magnets. These fo­
cus the beam diameter to about 10 mi­
crons in the vertical plane and 250 mi­
crons in the horizontal. 

A huge superconducting solenoid 
magnet encloses the collision site and 
generates a uniform magnetic field 
through the detectors. This field bends 
the paths of charged particles emerg­
ing from the collisions and so enables 
experimenters to deduce their mass 
and electric charge. 

All magnets in the LEP are accurate­
ly adjusted by controlling the current 
flowing in their coils. This is accom­
plished by more than 750 direct-cur­
rent power supplies, which range from 
less than one kilowatt to seven mega­
watts. The power supplies are accurate 
down to two parts in 100,000. They 
are precisely synchronized during the 
critical stage in which the beams are 
"ramped up" to peak energy. 

At the LEP, four equally spaced 
bunches of electrons and four bunches 
of positrons circulate in opposite di­
rections at the same time. The oppos­
ing beams cross paths at the heart 
of each experimental detector and at 
four intermediate points as well. Dur­
ing injection, accumulation and energy 
ramping, however, the counterrotating 
beams cannot be allowed to come near 
each other, because the electromagnet­
ic fields associated with each bunch 
would deflect particles in the opposing 
bunch, causing the bunches to explode 
against the accelerator pipe wall. This 
"beam-beam effect" is overcome by 

HELIUM GAS 

CAVITY 

VACUUM 

SUPERCONDUCTING RF CAVITY is designed to raise the LEP'S energy to 100 GeV 
per beam. The liquid-helium·cooled niobium walls will reduce heat losses to zero. 
The flanges are rounded to eliminate sharp field gradients. Otherwise, electrons 
would accumulate and heat the niobium above the superconducting temperature. 

subjecting the beams to an electrostat­
ic field that acts like an invisible high­
way divider, forcing the counterrotat­
ing beams apart at all eight possible 
collision points. Just before data are 
ready to be recorded, the electrostatic 
plates at the experimental collision 
points are turned off and the beams al­
lowed to collide. (The separators can 
also be used to steer the beams more 
accurately into collision.) �mentioned earlier, the electrons 

and positrons circulating in the 
storage ring lose energy contin­

uously in the form of synchrotron radi­
ation. It is the job of the radio-frequen­
cy resonant cavity (RF system) to sup­
ply fresh energy to the beams. 

The present RF acceleration system 
consists of 128 five-cell copper cavi­
ties powered by 16 one-megawatt kly­
strons. The klystrons generate radio­
frequency power, which is directed into 
the cavities, where it produces a large 
electric field. The field oscillates at just 
the right frequency so that as a particle 
bunch enters a cavity, it gets accelerat­
ed forward by the field, like a surfer 
who catches a perfect wave. 

A major problem for the RF system is 
that the accelerating electric fields heat 
up the copper cavity walls and there­
by dissipate a large amount of power. 
To reduce the problem, LEP engineers 
mounted a spherical cavity atop each 
accelerating cavity in such a way that 
the RF power oscillates between the 
two cavities. The spherical cavity is de­
signed to dissipate much less power 

than the accelerating cavity. The os­
cillations are timed so that the power 
is at a peak in the accelerating cavities 
at the instant that a particle bunch 
passes through. For half of the time, 
the power is in the spherical cavity. 
Hence, the bunches receive the maxi­
mum acceleration, yet the heating loss 
is greatly reduced because the RF pow­
er spends half of the time in the low­
loss cavities. 

The RF acceleration system a,lso per­
forms the very important role of con­
centrating particles into tight bunches. 
The RF system operates at a frequency 
of 352.21 megahertz, which means it 
generates 31, 320 oscillations over one 
circuit around the LEP. Each oscillation 
contains a region within which each 
particle can perform stable oscillations 
with respect to the particle at the cen­
ter of the bunch. This stable region is 
called the RF bucket. The RF bucket has 
properties that allow it to focus parti­
cles into discrete bunches of about one 
to two centimeters in length in which 
all the particles have the same energy, 
to within . 1  percent. 

Because there are 31, 320 oscillations 
in one circuit around the LEP, there are 
31,320 RF buckets. One might picture 
the storage ring as a pair of gigantic 
ferris wheels, each with 31, 320 gondo­
las. The wheels rotate in opposite di­
rections. If two friends want to ride in 
separate ferris wheels and pass each 
other at a precise pOint, they must sit 
in just the right gondolas. Similarly, in 
order for electron and pOSitron bunch­
es to collide at the centers of the detec-
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CURVED WALL of lead glass and iron from the Opal detector looms some 10 me­
ters high and 10 meters long_ The lead glass absorbs electrons and gamma rays, 
and thick, yellow-painted iron slabs measure the energy deposited by hadrons. 
The entire section joins together with an identical structure to enclose a large sole­
noid magnet and gas-filled chambers that disclose the tracks of charged particles. 

tors, particles must be injected and ac­
cumulated in only the correct buckets. 
This is achieved by very precise syn­
chronization between the RF system 
and the injector system. �ter accumulating enough parti­

cles and ramping them up to the 
required energy, the LEP beams 

are typically circulated for around six 
hours during which the beams are col­
lided repeatedly in the detectors. Dur­
ing this time each of the 1012 parti­
cles in the beams will traverse the LEP 
circumference more than 240 million 
times, traveling altogether about 6,500 
million kilometers-farther than the 
distance to Neptune. The entire acceler­
ator pipe must be evacuated to very 
low pressures, because over the course 
of such a long trajectory, even a few 
gas molecules will collide with and 
erode the beam. 

The pressure inside the LEP accelera­
tor pipe is less than 10-11 torr. About 
20 kilometers of the 27-kilometer 
length of the LEP vacuum chamber, 
however, is subject to synchrotron ra­
diation, which provokes the desorption 
of gas from the vacuum chamber wall. 
Hence, in the presence of the beam the 
pressure rises to 10-9 torr. 

Only about half of the radiated pow-
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er is absorbed by the aluminum walls 
of the vacuum chamber. The remain­
der would normally pierce through 
and escape into the tunnel, where the 
high radiation would rapidly destroy 
organic materials such as rubber gas­
kets, cables and electronic insulation. 
The radiation could also react with 
air, forming ozone and nitric oxides, 
which, in humid conditions, produce 
highly corrosive nitric acid. To prevent 
the radiation from escaping, the alu­
minum chamber is covered with lead 
cladding. 

Previous electron storage rings at­
tained ultrahigh vacuums by linear 
sputter-ion pumps, which need to op­
erate in the field of the bending mag­
nets. But at the LEP the bending fields 
are too weak. Instead the LEP incor­
porates a novel system, adopted for 
the first time in an accelerator, which 
relies on "nonevaporable getter" strips. 
These strips are three centimeters wide 
and together extend over 20 kilome­
ters. They consist of constantan (a cop­
per-nickel alloy) coated with a zirconi­
um-aluminum alloy. The material acts 
like molecular flypaper, forming stable 
chemical compounds with most active 
gases so that residual gas molecules 
simply "stick" to the ribbon. 

Finally, to achieve pressures of less 

than 10-11 torr, the interior surfaces of 
the LEP vacuum chamber had to be im­
maculate. Every component was care­
fully cleaned with chemicals after man­
ufacture and then stored in chemically 
inert conditions. After being installed 
in the tunnel, all the chambers were 
"baked out" at 1 50 degrees Celsius for 
24 hours by pumping superheated wa­
ter at a pressure of eight bars into the 
cooling channels of the aluminum-lead 
chambers. Components such as valves, 
gauges, stainless-steel chambers and 
electrostatic separators were baked out 
by electric heating. 

T o produce enough Zo's to test 
the Standard Model preCisely, the 
beams must be highly luminous. 

One way to increase the luminosity is 
to maximize the number of electrons 
or positrons in a bunch. This is done 
by injecting fresh particles into each 
circulating bunch. Luminosity is in­
creased further by focusing the bunch­
es down to a very small spot just at the 
point of collision by a series of magnet­
ic lenses. In its first phase the LEP is 
designed to provide a peak luminosity 
of around two times 1031 particles per 
square centimeter-second. 

Achieving this high luminosity has 
proved a considerable challenge. A va­
riety of phenomena arising from the 
complex physics of accelerated beams 
conspire to diminish the luminosity. 
The first of these is the short-term 
"wake field." Wake fields are induced 
in the accelerator components by the 
electromagnetic fields of particles at 
the front of a bunch. The wake fields 
excite the particles at the tail end of 
the bunch, thereby increasing the am­
plitude of their transverse oscillations. 
The inherent longitudinal motion with­
in an RF bucket sends these particles 
from the rear of the bunch to the front. 
There, because of their greater trans­
verse oscillations, the particles gener­
ate yet stronger wake fields. This un­
stable growth in oscillations eventually 
drives the particles into the accelerator 
pipe wall. 

The wake-field effect can be reduced 
by ensuring that the accelerator pipe 
is perfectly symmetric cross-sectionally 
and uniform longitudinally. In practice, 
there are many nonuniforrnities, which 
occur at regions such as the RF cavi­
ties, the electrostatic separators and 
the bellows that link the vacuum cham­
bers. Substantial effort went into de­
signing these components so as to 
minimize the effect of the wake field. 
The vacuum bellows in particular are 
of a completely new design. During 
the first months of operation, we took 
measurements of the beam and found 
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that the wake-field effect at the LEP was 
about 30 percent less than had been 
anticipated. 

The low wake-field effect may make 
it possible to increase the beam current 
in the future. Another problem must 
first be addressed, however. The LEP 
has so far attained a maximum current 
of 2.2 milliamperes, somewhat below 
the design goal of three milliamperes. 
We tentatively attribute this reduced 
current to the magnetization of the 
nickel that was employed to bind the 
lead cladding to the aluminum vacu­
um chamber wall. A mere 10 microns 
thick, the nickel creates feeble magnet­
ic fields, yet these are strong enough to 
disperse the beam significantly. The ef­
fect can be suppressed either by intro­
ducing compensating magnetic fields 
or by demagnetizing the nickel. 

Another important factor affecting 
the luminosity is the number of parti­
cle bunches Circulating within the stor­
age ring. Clearly, the more bunches 
there are, the more frequently they will 
collide. Four factors influence the num­
ber of bunches. The first is beam pow­
er. Increasing the number of bunches 
increases the beam current and hence 
the beam power. During phase one 
the beam power at the LEP is only 1.2 
megawatts. During phase two the beam 
power will be 12 megawatts for the 
same beam current. But if the number 
of bunches is increased by, say, tenfold, 
then the beam power for phase one (55 
GeV) would be 12 megawatts, and the 
same number of bunches at 100 GeV 
would consume 120 megawatts. 

The second factor is the extraneous 
collision points that must be elimi­
nated. For a given number of circu­
lating bunches of each particle type, 
there are twice as many collision 
points. Because of the beam-beam ef­
fect mentioned previously, the beams 
must be kept apart by a complicated 
system of electrostatic plates at all col­
lision points except in the detectors. 
If we increase the number of circulat­
ing bunches, then we must also install 
more separators. 

A third factor is the long-term wake 
field. The short-term wake field dis­
rupts the tail end of a particle bunch. 
The long-term wake field disrupts sub­
sequent particle bunches, just as turbu­
lence from a jet aircraft jostles any air­
craft in its wake. The strength of this 
effect is directly related to the spacing 
between bunches. Already a feedback 
system is needed to correct for the 
long-term wake field generated by 
the four bunches each of electrons 
and positrons that now circulate in the 
LEP. The cost and complexity of this 
feedback system will increase as more 

bunches are introduced into the LEP. 
Finally, we must conSider the abili­

ty of the detectors to cope with an in­
creased rate of collisions. A finite time 
is required for the electronics of these 
detectors to record and measure an 
event. Greater numbers of bunches will 
increase the rate of events, and so the 
detectors will require more expensive 
and more complex electronics. 

For all these reasons, the first phase 
of the LEP was designed to handle only 
four bunches per beam. As more pow­
er becomes available in the second 

. phase, it may be possible to operate 
the machine at phase-one energies and 
introduce more bunches. This option is 
now being studied. It will require the 
installation of a new system of separa­
tors and beam-feedback systems. In 
addition, the detector electronics will 
have to be modified substantially. It 
now appears that a scheme with 36 
bunches per beam will be feasible. 

T he first phase of the LEP has 
been successfully completed as 
far as the machine itself is con­

cerned. We are now striving to increase 
the luminosity up to, and perhaps be­
yond, the design value. The second 
phase will take the beams up to ener­
gies of 100 GeV each. To reach such 
energies, however, the LEP will need 
substantially more power to replenish 
synchrotron radiation losses. What is 
more, with conventional RF systems, 
the power lost through heating would 
become enormous. Hence, it is essen­
tial to reduce heat losses in the acceler­
ating cavity walls to almost zero. This 
reduction can be achieved only with su­
perconducting RF cavities. 

We have been improving the design 
and manufacture of superconducting 
cavities and hope to raise the voltage 
in these cavities from the present five 
megavolts per meter to seven mega­
volts per meter. In phase two of the 
LEP some 200 such cavities will be in­
stalled. Many other systems will also 
have to be upgraded. In particular, 
some of the superconducting quad­
rupoles . must be replaced by more 
powerful ones, and new klystrons are 
required to provide the additional pow­
er. If all goes according to plan, the 
LEP physicists will be able to study the 
physics of W+ and W- in 1994. 

We are also examining a scheme to 
create polarized beams, which consist 
of particles with longitudinally aligned 
spins. They will enable us to study 
possible deviations from the Standard 
Model with greater senSitivity. 

Finally, a group is studying a propos­
al to build a large proton collider with­
in the LEP tunnel. The Large Hadron 

COMPUfER DISPLAY depicts a spray of 
particles forged by an electron-posi­
tron annihilation in the Aleph detector. 

Collider (LHC) may be able to collide 
protons at a center-of-mass energy 
of 16,000 GeV. This capability would 
place it between the energies of the 
Tevatron at the Fermilab National Ac­
celerator Laboratory in Batavia, m., and 
the Superconducting Supercollider. An­
other exciting option is the possibil­
ity of colliding the 8,000-GeV proton 
beams of the LHC with the 100-GeV 
electron beams of the LEP . 

The decision to build the LEP, or any 
new accelerator for that matter, is 
difficult to justify a priori. The correct­
ness of the choice can be judged only 
in retrospect after about a decade of 
operation. The first few months at the 
LEP have already vindicated many of 
the scientific arguments for building it. 
Perhaps the most exciting possibility is 
that the LEP will yield unforeseen dis­
coveries and so open new vistas in the 
understanding of nature's laws. 
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What Causes Diabetes? 
For insulin-dependent diabetes, the answer is an autoimmune 

ambush of the body's insulin-producing cells. 
Why the attack begins and persists is now becoming clear 

by Mark A. Atkinson and Noel K. Maclaren 

P
eople stricken with what is to­
day called insulin-dependent, or 
type I, diabetes once faced cer­

tain death within about a year of diag­
nosis. They died because the pancreas 
lost its ability to make insulin, which is 
required for normal metabolism. Isola­
tion of the hormone from animals in 
1921 made treatment possible and has 
since meant survival for millions of 
diabetics. 

Yet neither animal insulin nor the 
more modern, human, form offers a 
cure. Injections must be taken once or 
more a day for life. Moreover, many di­
abetics eventually suffer from devastat­
ing complications. As the disease per­
sists, blood vessels can be damaged, 
leading to heart disease, stroke, blind­
ness or kidney failure. Nerve damage is 
also common. 

lmproved techniques for delivering 
insulin might slow the development 
of complications, but the ideal solu­
tion is to prevent diabetes itself. To 
do that, however, investigators must 
uncover the root causes. Recently, re­
search into that problem has advanced 

MARK A. ATKINSON and NOELK. 
MACLAREN are, respectively, assistant 
professor and professor in the depart­
ment of pathology and laboratory med­
icine at the University of Florida Col­
lege of Medicine in Gainesville. Atkinson 
received a B.S. from the University of 
Michigan and a Ph.D. in pathology from 
the University of Florida. He is currently 
focusing his attention on the pancreat­
ic proteins involved in the development 
of insulin-dependent diabetes. Maclar­
en, who chairs his department, received 
much of his training in New Zealand, 
earning an M.D. at the University of Ota­
go Medical School in 1963 and then spe­
cialiZing in internal medicine at Welling­
ton Hospital. He also received training 
in pediatric endocrinology at Johns Hop­
kins University before moving to Florida 
in 1978 to pursue research into the ge­
netics and pathogenesis of autoinunune 
endocrine diseases. 
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with remarkable speed. It is now clear 
that insulin-dependent diabetes stems 
from an autoimmune, or self-directed, 
attack on the pancreas. Dozens of lab­
oratories in the U.S. and abroad-in­
cluding our own at the University of 
Florida-are currently attempting to 
clarify the details of that process. We 
are trying to determine which compo­
nents of the immune system are the 
major agents of attack, what triggers 
the autoimmune reaction and what al­
lows it to persist. 

On the basis of such work, phys­
icians should soon be able to identi­
fy the one person in 300 who will ac­
quire insulin-dependent diabetes, so 
that treatment can be initiated at the 
very first Sign of disease. By the turn of 
the next century, it should also be pos­
sible to offer such individuals safe pre­
ventive therapy. 

The autoimmune process that caus­
es insulin-dependent diabetes is highly 
selective and frequently begins before 
adulthood (which is why the disease 
was formerly called juvenile-onset di­
abetes). The attack does not affect 
the majority of pancreatic cells, which 
secrete digestive enzymes. Instead it re­
stricts itself to the hormone-producing 
cells. These are clustered in spherical 
groupings-the islets of Langerhans­
scattered throughout the pancreas. 
Even in the islets, three out of the four 
cell types are spared; only the insulin­
producing beta cells, which make up 
the large core of an islet, are targeted. 

Insulin helps most cells of the body 
take up biological fuels, including the 
sugar glucose. As the beta cells are 
killed and the pancreas stops produc­
ing this crucial hormone, glucose accu­
mulates in the blood, giving rise to the 
abnormally high glucose levels that are 
a hallmark of diabetes. Then the body 
becomes dehydrated as the kidneys 
overwork to filter the excess glucose 
into the urine. Meanwhile body cells 
starve in a sea of plenty, and so they 
uncontrollably break down their stcres 
of fat and protein to provide more fuel. 

If the breakdown of fat continues un­
checked, acidic by-products called ke­
tones build up. These, combined with 
dehydration, can induce coma and, fi­
nally, death. 

Insulin injections can halt this lethal 
sequence and prevent it from recur­
ring, but they cannot mimic the normal 
pattern of insulin release by the pan­
creas. Nor can they normalize metabol­
ic functioning well enough to prevent 
the long-term complications of diabe­
tes. These are generally believed to be 
caused or exacerbated by chronically 
elevated blood glucose levels. 

� one time, the beta cells were 
thought to be killed suddenly, 
perhaps by a virus or some in­

gested toxic chemical. That view was 
based on the observation that symp-

ISLET OF 
LANGERHANS 

STAINED 
CYTOPLASM 

ISLETS OF IANGERHANS house the hor­
mone-producing cells of the pancreas 
and include the beta cells, which make 
insulin. This islet was made visible in 
a slice of a normal pancreas by fluores­
cently labeled antibodies that bind to a 
component of the islet-cell cytoplasm 
(green). The antibodies came from the 
blood of an insulin-dependent diabet­
ic, and their recognition of a healthy is­
let indicates that an autoimmune attack 
of normal tissue contributes to diabe­
tes. The disease emerges after most of 
the pancreatic beta cells are destroyed. 
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toms often arise abruptly. First the car­
dinal signs of the disease appear: rav­
enous hunger (resulting from energy­
starved tissues), frequent urination (a 
consequence of extra work by the kid­
neys) and unquenchable thirst (caused 
by the body's need to replace water 
lost in the urine). 

Patients may also lose weight with 
astonishing rapidity ; it is not unusual 
to shed as many as 15 pounds within 
two weeks. Some people progress to 
coma quickly as well and, if they are 
deprived of prompt care, may die soon 
afterward, even though they may have 
seemed completely well just days or 
weeks before. 

In contrast, the symptoms of non­
insulin-dependent (type II ) diabetes­
a disease caused by entirely different 
mechanisms (still under study)-are 

more subtle. Non-insulin-dependent di­
abetics, who are usually older than 40 
and overweight at diagnosis, produce 
various quantities of insulin, but they 
typically use it inefficiently. Some of 
them are treated with insulin to con­
trol blood glucose levels, but they do 
not require the drug for day-to-day 
survival. 

Despite appearances, insulin-depen­
dent diabetes actually does not devel­
op suddenly at all. It typically " brews" 
silently for several years, as the im­
mune system slowly eliminates the 
beta cells. The classic symptoms ap­
pear only when at least 80 percent 
of those cells are gone; the remainder 
are eliminated over the next two or 
three years. 

The first major indication of im­
mune-system involvement came from 

studies of pancreatic tissue of patients 
who died close to diagnosis. The exam­
inations revealed that the islets were 
inflamed: they were filled with white 
blood cells (lymphocytes and mono­
cytes), which normally attack microbe­
infected cells and otherwise help the 
body to fight infection. The islet in­
flammation, called insulitis, could in 
theory be explained as an appropri­
ate defense against a foreign organism. 
Such a response might occur if an or­
ganism had invaded the beta cells and 
then displayed antigens-substances 
that mark an invader as "nonself"-on 
the cell surface. 

Further evidence, however, eventual­
ly pointed to autoimmunity. For in­
stance, many insulin-dependent diabet­
ics have other autoimmune disorders. 
Investigators also detected antibod-
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Roger Needham 
Head of the 

Computer Laboratory 
Cambridge University 

"Cambridge 
University teamed 

up with Digital 
for world-class 

computing 
research�' 

"Like most universities, Cambridge 
has relationships with all sorts of 
companies. With Digital, we at the 
Computer Lab have something special 
going. It's been a long-running, 
extremely close association that can 
best be described as a corporate 
friendship. 

"There are intellectual and practical 
benefits to both us and Digital. Some 
of our graduate students spend sum­
mers in Palo Alto, California, at 
Digital's Sy stems Research Center. 
Several of the world's best computer 
scientists work in Digital's labora­
tories. Digital sponsors projects in our 
lab and sends top engineers to do 
Ph.D. work with us. The result is 
some of the best and brightest minds 
get to work together on research that 
will have significant impact on the 
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ies-or what may be called "autoanti­
bodies"--against natural components 
of islet cells ("autoantigens") in new­
ly diagnosed individuals and in those 
who were destined to become diabet­
ic years later. Because antibodies me­
diate a part of the immune response 
(the humoral response), discovery of 
these anti-islet autoantibodies meant 
the immune system was in fact aroused 
against the self. 

T
he fact that islet-cell autoanti­
bodies are produced does not 
necessarily mean they are the 

main agents of beta-cell destruction, 
but the possibility has to be consid­
ered. Antibodies, which are produced 
by activated B (or bone marrow-de­
rived ) lymphocytes, bind to a single 
antigen. When they recognize that anti­
gen on a target cell, they may interfere 
with the function of the cell directly or 
enlist the destructive powers of other 
components of the immune system, 
such as macrophages (scavenger cells), 
natural killer (NK) cells and lethal pro­
teins known collectively as comple-
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PROTEIN weighing 64 kilodaltons (K) 
and present only on beta cells elicits 
the production of a specific antibody 
against itself in diabetics and predia­
betics but not in healthy people. This 
.. autoantibody" appears before others, 
which suggests that the 64-K protein 
helps to trigger the autoimmunity that 
leads to diabetes. The autoantibody is 
detected indirectly, by mixing a sub­
ject's blood with radioactively labeled 
islet proteins. Autoantibodies in the 
blood precipitate any proteins they rec­
ognize. Then their identity is inferred 
by separating the proteins (according 
to weight) by gel electrophoresis. The 
gel samples above show that the blood 
of a diabetic (left) reacted with the 
64-K protein (dark band) but that the 
blood of a nondiabetic did not (right). 
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ment. These proteins attach to the free 
end of an antibody and then punch 
holes in the cell. 

Three autoantibodies, all of which 
are found more often in the blood of 
diabetics and their relatives than in the 
general population, have been studied 
most extensively. One of them, the cy­
toplasmic islet-cell autoantibody (lCA), 
was discovered in the 1970's by Debo­
rah Doniach, Gian Franco Bottazzo and 
their colleagues at the Middlesex Hos­
pital in London. It reacts to the cyto­
plasm of all islet cells and may be di­
rected against a complex lipid known 
as a ganglioside. 

About a decade later a second au­
toantibody was discovered by Steinunn 
Baekkeskov and Ake Lernmark of the 
Hagedorn Research Laboratory in Den­
mark. It is called the 64-K autoantibody 
because it reacts to a native islet pro­
tein about which little is known with 
certainty except that it weighs 64 kilo­
daltons ( K). This protein is found only 
in the plasma membrane of beta cells. 

The third autoantibody, discovered 
by Jerry P. Palmer and his colleagues at 
the University of Washington, reacts to 
insulin. Virtually all insulin-treated pa­
tients produce standard antibodies to 
injected inSulin; however, this autoanti­
body can be identified in many insulin­
dependent diabetics before they ever 
receive their first insulin injection. 

If any of these autoantibodies leads 
the attack on the beta cells, it is proba­
bly the 64-K variety. It is beta cell­
speCific (unlike the cytoplasmic islet­
cell autoantibody), and we have shown 
that it appears before the other two au­
toantibodies and well before diagnosis. 
The 64-K type is also the only one of 
the three found in both of the two ro­
dent models of insulin-dependent dia­
betes: the BB ( BioBreeding) rat and the 
NOD (nonobese diabetic) mouse; the 
latter makes the insulin autoantibody 
as well. In these species the 64-K au­
toantibody is produced early in life, co­
incident with the onset of insulitis. 

T
here is, however, little evidence 
that even this autoantibody is 
the primary agent of beta-cell 

killing. If autoantibodies were major 
players, their injection into healthy an­
imals might be expected to cause di­
abetes. But when they are adminis­
tered to healthy rodents, they do not 
produce disease. Similarly, no infant 
born to an insulin-dependent diabetic 
mother has yet been reported to have 
acquired the disease in utero, even 
though maternal antibodies readily 
pass through the placenta to the fetus. 

The issue is not yet closed. Neverthe­
less, we and many other scientists sus-

pect that cell-mediated, rather than an­
tibody-mediated, immunity is primar­
ily responsible for the development of 
insulin-dependent diabetes. Under nor­
mal conditions, the cellular response, 
effected primarily by lymphocytes, is 
crucial to the eradication of viruses 
as well as other pathogens that in­
fect cells. 

The helper T lymphocyte, which is 
produced by the bone marrow but 
matures in the thymus, is "command 
central." Such cells bear receptors 
that recognize a specific antigen. The T 
cells become activated only when the 
receptor binds an antigen that is it­
self associated with what is called a 
class II MHC molecule on macrophages 
and other antigen-presenting cells. The 
MHC, or major histocompatibility com­
plex, is the genetic region on chro­
mosome 6 that encodes tissue-typing 
proteins, or markers of self that dis­
tinguish the tissues of one individual 
from those of another. 

Once the helper T cells are acti­
vated, they secrete cytokines (peptide 
mediators) that enhance the immune 
response. One cytokine, interleukin-2, 
promotes the helpers' own prolifera­
tion and that of cytotoxic, or killer, T 
cells. The cytotoxic cells recognize an­
tigen only if it is bound by what is 
known as a class I MHC molecule. Oth­
er interleukins promote the secretion 
of antibodies by B cells and thereby 
greatly strengthen the humoral im­
mune response. 

Strong evidence implicates lympho­
cytes as the major agents of beta-cell 
killing. In both BB rats and NOD mice, 
the transfer of cells from the spleen 
(which is rich in NK cells and T cells) of 
newly diabetic animals into healthy ani­
mals can induce diabetes in the recipi­
ents. Similarly, preliminary data gath­
ered by Kevin ]. Lafferty of the Barbara 
Davis Center for Childhood Diabetes in 
Denver suggest that lymphocytes taken 
from the peripheral blood of newly di­
agnosed insulin-dependent diabetic hu­
mans can induce insulitis in the so­
called nude strain of mice, which lack 
normal T cells. 

Whether it is NK cells or T cells that 
effect most of the beta-cell destruc­
tion in humans is not clear, but we 
favor the T cells. Aldo A .  Rossini and 
Arthur A. Like of the University of Mas­
sachusetts Medical School and Alexan­
der Rabinovitch of the University of Al­
berta Medical School in Edmonton have 
found evidence that NK cells are most 
active during the development of dia­
betes in BB rats. Yet other work has 
shown that T cells are more active in 
NOD mice, whose diabetes more close­
ly mimics that of humans. Moreover, T 
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ISLET of a normal mouse (left) contrasts with that of a NOD 
(nonobese diabetic) mouse, a model of insulin-dependent di-

abetes (right); lymphocytes (dark spheres) have infiltrated 
the latter islet. Such "insulitis" is evidence of autoimmunity. 

cells are the most prevalent cells in hu­
man insulitis. 

W
hat exactly arouses the im­
mune system against the 
body's own beta cells? At one 

time, it seemed possible that the trig­
ger could be an abnormal substance on 
the beta cell, such as a protein encoded 
by a mutated gene, but recent findings 
argue against that idea. If an abnor­
mal antigen participated in the diabetic 
process, newly diagnosed or prediabet­
ic individuals would presumably gen­
erate an autoantibody against it. Yet 
every islet-cell autoantibody identified 
thus far reacts to some normal con­
stituent in the islet. 

What is more, our colleagues Am­
mon B. Peck and Drake M. LaFace have 
shown that when the immune system 
of still healthy (not yet diabetic) NOD 
mice is destroyed and reconstituted 
with bone-marrow cells from normal 
mice, the NOD mice develop no insu­
litis and no diabetes. If the beta cells 
of the recipients displayed an abnor­
mal antigen, a normal immune system 
would certainly have noticed and be­
come aroused for attack. 

Conversely, when the immune sys­
tem of normal mice was replaced with 
bone-marrow cells from NOD mice, 
the islets of the recipients became in­
flamed, and many of the animals devel­
oped overt diabetes even though their 
beta cells were normal at the start of 
the experiment. These studies also cast 
doubt on the once popular notion that 
a viral infection of beta cells (which 
would induce the display of foreign 
antigens) is the usual trigger of insulin­
dependent diabetes. 

The autoimmunity of diabetes may 
well be evoked by a process known 
as molecular mimicry [see "The Self, 
the World and AutOimmunity," by !run 
R. Cohen; "SCIENTIFIC AMERICAN, April, 

1988). In such a process a roreign anti­
gen-such as a component of a virus or 
another microorganism-would pro­
voke a normal immune response some­
where in the body. If in chemistry or 
conformation this antigen were essen­
tially a twin to a component of the beta 
cell, the antigen would also stimulate 
an immune attack against the beta cell. 
Molecular mimicry is clearly involved 
in other autoimmune disorders, such 
as rheumatic heart disease, which can 
occur following a streptococcal infec­
tion of the throat. 

We consider it likely that the 64-K 
protein is a mimic of some foreign 
antigen and as such provokes the au­
toimmune attack on the beta cells. We 
think so because the consistently early 
appearance of autoantibodies against 
this protein suggests that the 64-K pro­
tein is important in the initial stages of 
beta-cell attack. 

!run R. Cohen and his colleagues 
at the Weizmann Institute of Science 
in Israel recently found that certain 
bacterial heat-shock proteins, which 
are produced during stress, may be 
among the offending foreign antigens. 
When the team immunized normal 
mice against the proteins and then in­
troduced T cells from those animals 
into healthy mice, the transferred cells 
induced both insulitis and high blood 
glucose levels in the recipient animals. 

I
n broad outline, then, one can say 
that once some trigger (molecu­
lar mimickry?) induces a (cell-me­

diated?) immune response against the 
beta cells, the autoimmune ambush 
proceeds as it would if the insulin pro­
ducers were infected by a virus. Helper 
T cells directed against beta cells multi­
ply and call forth various other soldiers 
in the body's defensive army. 

Yet this simple portrait must be 
amended in two ways. First, beta cells 

seem to hasten their own destruction 
by being unusually susceptible to im­
mune-mediated damage. Second, the 
immune attack itself is more vigorous 
and prolonged than a normal response 
to a virus would be. 

Several characteristics of beta cells 
account for their great vulnerability. 
When the cells are damaged, they dis­
play excessive numbers of class I MHC 
molecules. Such display promotes at­
tack by cytotoxic T cells. Beta cells may 
also be particularly susceptible to di­
rect damage by cytokines. For instance, 
J0m Nerup of the Steno Memorial Hos­
pital in Denmark and Rabinovitch have 
shown that the cytokine interleukin-1, 
which is secreted by activated macro­
phages, is directly toxic to beta cells 
but less toxic to other cells. Finally, the 
beta cells seem unusually prone to 
damage by free radicals: highly reactive 
oxygen molecules released by damaged 
cells and macrophages. 

Many of us suspect that the exagger­
ated quality of the immune campaign 
against the beta cells similarly has 
more than one cause. It seems to stem 
in part from an overreaction of the 
helper T cells to beta-cell auto antigens. 
Meanwhile the natural suppressor sys­
tem, which should hold autoimmune 
activity in check, fails to act or does so 
only weakly. little is known about the 
normal processes that suppress au­
toimmune activity, and so no one fully 
understands why those processes do 
not halt the autoimmune destruction 
of beta cells. Nevertheless, studies of 
NOD mice suggest that the failure may 
have some genetic basis. 

In these animals, genetic abnormal­
ities in the class IT MHC region con­
tribute to the propensity of the ani­
mals to develop diabetes. Mouse genes 
encode two types of class IT MHC pro­
teins. One, called IE, seems to be im­
portant in normal suppressor activity. 
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The other, IA, is important in the recog­
nition of antigens by T cells. 

It turns out that NOD mice do not ex­
press their IE gene (they make no IE 
protein). Yet Hirofumi Nishimoto of 
Osaka University in Japan showed that 
when NOD mice are induced by gene 
transfer to express the gene, they de­
velop little or no insulitis. Hence, the 
absence of the IE gene must contribute 
to diabetes. The lack of the gene is not 
the sole cause of diabetes, however, or 
the absence should lead to diabetes in 
other strains of mice. Yet many other­
wise normal strains do not express IE 
proteins and develop neither insulitis 
nor diabetes. Whether autoimmunity in 
human diabetes is related to some flaw 
in the expression or structure of a gene 
analogous to the IE gene is unclear. 

Workers have been more successful 
at unearthing clues to why the autoim­
mune response to beta cells is exagger­
ated. In mice, inheritance of the genetic 
codes for a specific variety of IA pro­
tein-the one in all NOD mice-increas­
es susceptibility to diabetes. 

Edward H. Leiter of the Jackson Lab­
oratory in Bar Harbor has shown that 
at least two other genes (whose func­
tions are not yet clear) contribute to di-

CHROMOSOME 6 

abetes in NOD mice. Once the genes 
are better characterized, it may be pos­
sible to use them as probes for identi­
fying similar genes in human beings. 

The class II MHC region has been as­
sociated with susceptibility to insulin­
dependent diabetes in humans as well. 
That region, known as the D region, in­
cludes three loci-DP, DQ and DR­
each of which gives rise to a molecule 
containing two amino acid chains: A 
and B. So far only the DQ and DR loci 
have been connected to diabetes. The 
genes in both loci have a number of 
variants, or alleles; hence, many differ­
ent DQ and DR proteins (which are 
numbered) occur in the population. Be­
cause the DQ and DR genes inherited 
from both parents are expressed, each 
individual can produce two DQ and 
two DR types. 

It was discovered long ago that the 
genes for the proteins DRl, 3 and 4 are 
particularly common in insulin-depen­
dent diabetics, whereas those for DR2 
and 5 are uncommon. The finding sug­
gested that the DRl, 3 and 4 genes 
increase susceptibility to diabetes or 
are inherited systematically with some 
true susceptibility gene and that the 
DR2 and 5 genes confer some protec-
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GENES in 'the major histocompatibility complex (MHC) on chromosome 6 have 
been associated with diabetes. The suspect genes lie in the D region, which is 
divided into three loci: DP, DQ and DR. All three encode so-called class II MHC 
molecules, each consisting of two amino acid chains (A and B). Because several of 
the genes for the chains are polymorphic, or variable (color), an assortment of mol­
ecular types occur (these are numbered). The genes encoding DRl, 3 and 4 are 
common in insulin-dependent diabetics. They probably do not confer susceptibility 
directly, but the DQ genes usually inherited in conjunction with them probably do. 
Genes that yield aspartic acid at the 57th position of the DQB chain tend to be pro­
tective; genes giving rise to other amino acids in that slot increase susceptibility. 
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tion or are linked to a protective gene. 
Now researchers are homing in on 

the specific susceptibility genes. For in­
stance, the genetic instructions for the 
DR4 protein are usually passed from 
one generation to the next together 
with the codes for a particular DQ pro­
tein: DQw3.2. (The "w" represents a 
provisional designation; the decimal 
distinguishes this protein from other 
DQw3 proteins that seem alike on the 
basis of serological tests but actually 
have small differences in their amino 
acid sequences.) Individuals who in­
herit the codes for the DQw3.2 protein 
are quite likely to acquire diabetes, 
whereas the relatively few DR4-positive 
individuals who produce the DQw3.l 
variant are less likely to acquire the 
disease. 

About two years ago John A .  Todd 
and Hugh O. McDevitt of Stanford Uni­
versity identified one region of DQ 
molecules that increases susceptibility 
to diabetes. In people who inherit the 
genes for DR proteins 1 through 6, 
they found that susceptibility is usual­
ly determined by the 57th amino acid 
on the DQB chain. When this pOSition 
is occupied by aspartic acid, which is 
negatively charged, the likelihood of di­
abetes developing is low. But a non­
charged amino acid, such as valine or 
serine, at the same position (as occurs 
in the DQw3.2 protein) raises the risk. 

S
ince then, exceptions have been 
discovered to the general rule that 
aspartic acid at that pOSition is 

protective. Nevertheless, the lack of as­
partic acid apparently contributes to 
diabetes in many people, and analyses 
of the three-dimensional structure of 
MHC molecules are beginning to ex­
plain why that is the case. 

The basic structure of class I MHC 
molecules has been studied more thor­
oughly than that of class II molecules, 
but guided by that work, X-ray crys­
tallographers have developed a fair­
ly good idea of the conformation of 
the class II molecule. They have deter­
mined that the A and B chains combine 
to form roughly an X, with the A chain 
making up one side and the B chain the 
other. Together the upper segments of 
the chains form something of a "hot­
dog bun," the inner cleft of which 
binds antigen (the "hot dog"). 

This model places the 57th amino 
acid of the B chain on the surface of 
the cleft, at a spot accessible to both an 
antigen and a T cell receptor. The prop­
erties of the amino acid in that position 
could strongly affect the conformation 
of the cleft (such as the angle between 
the two cut surfaces of the "bun") and, 
thus, the tightness with which different 
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ANALYSES of the structure of MHC molecules are helping to 
explain why a lack of aspartic acid at position 57 of the class 
II DQlJ chain can contribute to diabetes. Don C. Wiley of Har­
vard University and his colleagues found that a class I mole­
cule (left) consists of a heavy alpha chain (blue) and a small­
er, reversibly bound polypeptide, �2-microglobulin (yellow). 
The first two domains of the alpha chain form a cleft for 
binding antigen. Representations by Wiley and his co-work­
ers (center) also show the empty cleft from above (top) and 
occupied by antigen (pink). Class II molecules, which on mac-

rophages present antigens to helper T cells (right), are prob­
ably similar to class I molecules, except that their A chain re­
sembles a combination of the first alpha domain and the �2-
microglobulin, and the B chain resembles the rest of the al­
pha chain. The 57th amino acid on the B chain is thought to 
lie on the surface of the class II binding cleft, where it could af­
fect the tightness of antigen binding or the recognition of an­
tigen by T cells. Aspartic acid might result in weak binding of 
a diabetes-related antigen and no autoimmune response. Oth­
er amino acids might yield tight binding and a strong response. 

antigens are bound. Hence, a cleft with 
an amino acid of neutral charge at that 
pOSition might bind the autoantigen 
responsible for diabetes particularly 
tightly. This tight binding would in­
crease the likelihood of recognition by 
T cells. It is also possible that direct 
contact between the 57th amino acid 
and the T cell receptor could influence 
T cell activity. 

Further structural studies may help 
to explain why having aspartic acid at 
position 57 is not protective for every­
one. Because there are several points of 
contact between any antigen and the 
binding cleft, the charge or shape of a 
particular amino acid at any of those 
points could influence the strength of 
antigen presentation by DQ molecules. 

Associations between human dia­
betes and genes outside the major his­
tocompatibility complex will probably 
be uncovered as well. As is true of NOD 
mice, many genes unquestionably con­
tribute to susceptibility. 

T
he genetic findings and other 
data collected thus far can be 
assembled into several scenarios 

of how insulin-dependent diabetes de-

velops. In the view we favor, an individ­
ual who is genetically predisposed to 
diabetes is exposed to a foreign anti­
gen that closely resembles a compo­
nent of the beta cell (perhaps the 64-K 
protein). A macrophage or other anti­
gen-presenting cell soon displays the 
foreign antigen in association with a 
class II MHC molecule (such as DQw3.2) 
that binds that antigen more tightly 
than is normal. Recognition by a helper 
T cell then unleashes an unusually vig­
orous and prolonged immune response 
to the foreign antigen, which may be 
further exacerbated if the T cell recep­
tors themselves bind tightly to the anti­
gen-class II MHC unit. 

Eventually, the aroused immune-sys­
tem cells, as well as antigen-specific 
antibodies, are carried by the blood­
stream to the pancreas, where at least 
some beta cells are displaying a mimic 
of the foreign antigen. Because most 
cells in the body make class I MHC pro­
teins, some molecules of the native au­
toantigen naturally become associat­
ed with the MHC molecules. These au­
to antigens then provoke an attack by 
cytotoxic T cells already sensitized to 
the foreign "twin" antigen. At the same 

time, antibodies raised against the for­
eign pathogen bind to the beta cell and 
begin to attract macrophages, comple­
ment and possibly NK cells. 

So far the injured beta cells may 
be able to withstand the assault, but 
then the macrophages begin present­
ing the native autoantigen to helper T 
cells (perhaps at the same time dam­
aging cells directly by releasing inter­
leukin-l). At this point, the helper T 
cells multiply and amplify the immune 
response against the auto antigen. 

Soon the damaged cells, perhaps in 
an attempt to identify themselves as 
self, increase their production of MHC 
molecules-including not only class I 
molecules but also, according to recent 
evidence, class II molecules. The class I 
molecules elicit increased bombard­
ment by cytotoxic T cells. Normally the 
display of class II MHC molecules by 
nonimmune cells is thought to arouse 
the suppressive arm of the immune 
system. In this case, however, the effort 
by the beta cells backfires: because of 
a genetic defect in the immune system, 
the suppressor response does not oc­
cur. Instead the display of the class II 
molecules attracts even more helper 
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BETA CEllS UNDER ATTACK: 
ASCENARIO 

1 
INITIATING EVENT is a vigorous im­
mune response against a foreign an­
tigen (green) that closely resembles a 
normal component of beta cells. After 
macrophages ingest an invader some­
where in the body and present the 
mimic antigen (in tight association with 
a class n MHC molecule) to helper T cells, 
the helper cells secrete peptides-inter­
leukins ( IL's)-that promote activity by 
other helper cells as well as antibody­
producing B cells and cytotoxic T cells. 

2 
IN THE PANCREAS, the sensitized cy­
totoxic T cells easily recognize the nat­
ural "twin" (red) of the foreign anti­
gen-an "autoantigen"-on beta cells 
wherever the twin is bound by class I 
MHC molecules, which are ubiquitous. 
Antibodies bind the beta cells as well 
and thus impair them directly or by eli­
citing help from other components of 
the immune system, such as the toxic 
proteins that are collectively known as 
complement. Soon macrophages become 
involved and stimulate helper T cells to 
amplify the cell-mediated destruction. 

3 
FURTHER ATTACK follows as the beta 
cells become more and more damaged. 
The cells overproduce class I MHC 
molecules (thus promoting more ac­
tivity by cytotoxic T cells). They also 
display class II molecules. Such dis­
play by cells not a part of the immune 
system should induce the system to 
suppress autoimmunity, but in predia­
beties the opposite occurs: the display 
stimulates more helper T cell activity. 
As the beta cells become ever more 
damaged, substances normally seques­
tered within them, such as proinsulin, 
begin to appear at the surface of the 
cell. They arouse new waves of attack 
that in the end overcome the beta cells. 

T cells and amplifies the immune re­
sponse still further. 

By now the hobbled beta cells and 
the activated macrophages surround­
ing them produce free radicals in quan­
tity, and the beta cells are unable to in­
hibit the toxic effects. The beta cells 
may also display or leak proteins that 
are normally kept sequestered within 
the cell (such as heat-shock proteins, 
cytoplasmic gangliosides and proinsu­
lin). Because such proteins are unfamil­
iar to the immune system, they are per­
ceived as foreign. Macrophages engulf 
them and present them to helper T 
cells, thereby triggering another round 
of attack. The beta cells cannot with­
stand such a virulent assault, and they 
soon die. 

As more and more insulin produc­
ers succumb, the remaining healthy 
cells must overwork in order to sup­
ply the needed insulin. This hyperac­
tivity stresses the cells and perhaps 
leads to increased display of autoan­
tigens. Hence, the surviving beta cells 
are killed with increasing speed. Even­
tually, too few cells remain to supply 
insulin to the body, and the symptoms 
of diabetes "suddenly" emerge. 

I
n order to prevent the immune de­
struction of beta cells in suscep­
tible individuals, physicians must 

first be able to identify those at risk. As 
we and several other groups have dem­
onstrated, tests for detecting autoanti­
bodies to the cytoplasmic auto antigen 
and to insulin can predict whether dia­
betes will develop in close relatives of 
insulin-dependent diabetics (who are at 
highest risk for the disease) as well as 
in groups of people chosen from the 
general population. 

The 64-K autoantibody is also a pre­
dictor. Indeed, in the end, it may be the 
best choice for mass screening; it ap­
pears early, and few if any individu­
als who acquire insulin-dependent dia­
betes fail to produce it before diabetic 
symptoms appear. For now, the labora­
tory tests required to detect the au­
toantibody are too costly and cumber­
some to be feasible for widespread use. 
Yet we and other workers are already 
deciphering the amino acid sequence 
of this molecule. Once that is accom­
plished, a simple screening tool can 
be devised. 

There are no approved preventive 
therapies for people identified by such 
tests, but clinical trials are examin­
ing treatments that hold promise. For 
example, in some newly diagnosed 
diabetics, Surviving beta cells have 
been protected by immunosuppressive 
agents such as cyclosporine, steroids 
and azathioprine, all of which reduce 

the overall population of T cells or in­
hibit activation of those cells. Spurred 
by this success, several groups are con­
templating delivering such drugs ex­
perimentally as a preventive measure. 
The approach will undoubtedly suc­
ceed, but the benefits of the therapy 
will have to be weighed quite careful­
ly against its considerable drawbacks. 
The drugs probably have to be taken 
indefinitely, and because they suppress 
the immune system, they increase the 
risk of infection and cancer. 

In the future, once the trigger auto­
antigen for diabetes and its structure 
are identified with certainty, investiga­
tors should be able to construct selec­
tive agents: ones that will specifical­
ly eradicate the relatively small num­
ber of T cells bearing receptors for the 
autoantigen but that will also leave 
most T cells intact. For instance, one 
might create hybrid molecules consist­
ing of the autoantigen and a bound tox­
in. When autoreactive T cells became 
bound to the antigen, the toxin would 
kill them. Such a treatment would be 
safe because erasing a small subset of T 
cells would not compromise immuno­
competence significantly. 

Just 10 years ago few investiga­
tors believed insulin-dependent dia­
betes would soon become preventable. 
Today there is growing confidence that 
before another 10 years pass, research 
into the causes of the disease will lead 
to safe preventive therapies. It has to. If 
the ravages of insulin-dependent dia­
betes cannot be prevented by insulin 
injections, then the disease itself must 
be eliminated. 

FURTHER READING 

EPIDEMIOLOGIC APPROACH TO THE ETI­

OLOGY OF TYPE I DIABETES MELLITUS 

AND ITS COMPUCATIONS. Andrzej S. 

Krolewski et al. in New England 
Journal of Medicine, Vol. 3 17, No. 
22, pages 1390- 1398 ; November 26, 
1987. 

A HypOTHETICAL MODEL OF THE FOR­

EIGN ANTIGEN BINDING SITE OF CLASS 

II HISTOCOMPATIBIUTY MOLECULES. Jer­
ry H. Brown et al. in Nature, Vol. 332, 
No. 6 167, pages 845-850; April 28, 
1988. 

HOW, WHEN, AND WHY TO PREDICT 

IDDM. Noel K. Maclaren in Diabetes, 
Vol. 37, pages 159 1- 1594; December, 
1988. 

IMMUNOLOGIC TOLERANCE: COLLABO­

RATING BETWEEN ANTIGEN AND LYM­

PHOKINES. G.J.V. Nossal in SCience, Vol. 
245, No. 49 14, pages 147-153; July 14, 
1989. 

GENETIC CONTROL OF AUTOIMMUNITY IN 

TYPE I DIABETES. John A. Todd in Im­
munology Today, Vol. 1 1, No. 4, pages 
122-129; April, 1990. 
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Getting off the ground has 
been the easy part. Now 

space explorers are seeking 
more commercial reasons 

for going into orbit. 

O n the evening of April 7, peas­
ants clustered on the darkening 
hillsides surrounding China's 

Xichang launch site, waiting. Towering 
more than 43 meters above the launch 
pad sat China's Long March 3 rocket, 
ready for lift-off. Its mission: to boost 
Asiasat I, a communications satellite 
made by Hughes Space and Communi­
cations Group, into orbit. 

The spectators did not wait long. In­
deed, the launch may have been the 
easiest part of the exercise. Chinese of­
ficials had already weathered a political 
tempest in Washington, D.C., and se­
cured special permission from Presi­
dent Bush to launch the American­
made satellite. At 9:30 P. M. Long March 
soared eastward, jettisoning its pay­
load 21 minutes, 27 seconds later. With­
in weeks, the satellite began transmit­
ting data, television broadcasts and tele­
phone conversations from countries 
across East Asia. Equally important: the 
launch put China among the runners in 
the space marathon of the 1990's. 

The first space race was a contest to 
prove technological prowess and mili­
tary might. Now the missiles of the 
past have blossomed into commercial 
launch vehicles. Even though national 
prestige remains important in the on­
going space race, this time the runners 
are struggling for positions that will 
command future commercial opportu­
nities. Some half a dozen nations are 
competing to build businesses-or at 
least trying to earn some money-by 
launching commercial payloads. But 
they face a big problem: "commercial 
space" is still an oxymoron. 

There are too few customers to fill 
all the open slots on launch schedules. 
Communications satellites are now the 
only space venture that the private sec­
tor can afford, but the world's appe­
tite for these will soon be sated by 
about 15 launches a year, according 
to the Paris-based research company 
Euroconsult. In contrast, the number of 
available rides to space this year is 
closer to 40. Making matters worse, 
satellites are lasting longer because 
their components are becoming more 
durable. Fiber-optic cables are an at­
tractive earth-based alternative for 
long-distance transmissions (except in 
remote areas such as Indonesia). 

Even so, governments are deter­
mined to stay in the space race. Com-
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munications and satellite intelligence 
have become critical not just to na­
tional security but to countries' eco­
nomic health. And then there is nation­
al pride. "We have a choice now," says 
D. Allan Bromley, President Bush's sci­
ence adviser and a member of the Na­
tional Space Council. "We can either be 
a major player on this new frontier, or 
we can pull back." 

So nations are turning to the com­

mercial arena to subsidize their launch 
capability. New-albeit uncertain-mar­
kets hold promise. Among the possibil­
ities are direct-broadcast satellites for 
television and satellites for consum­
er navigation systems. The military is 
exploring "lightsats," small satellites 
weighing a few hundred kilograms that 
could replace systems damaged during 
a crisis. Networks of these could also 
be used in civilian communications. 

And then there is the elusive goal of 
manufacturing in space. The best hope 
rides with experiments that investi­
gators and small companies are now 
putting into orbit. Given a decade or so 
and enough experiments, some might 
prove that working in a micro gravity 
environment is lucrative. 

Outside the U.S. , governments are 
working with industry to finance space 
programs. European countries, particu-

larly West Germany and Italy, are vigor­
ously pursuing microgravity experi­
ments. So is Japan. The Soviet Union­
wi th its fleet of reliable rockets, its 
Mir space station and its reentry cap­
sules for bringing experiments back 
from space-seems to have the most 
robust space infrastructure. 

In the U. S. the world's largest rocket 
makers await signals from the govern­
ment. Large corporations are shying 
away from experimenting in space be­
cause their calculations indicate the 
risks are too great. As a result, start­
up companies seeking niches in space 
look promising. And they are learning 
a lesson the large companies have yet 
to take to heart: building a launching 
business means developing a service, 
not just hardware. "You can't just 
build metal, add 10 percent to its cost 
and call it a business," says Charles 
Chafer, who in 1980 helped found 
Space Services in Houston, Tex . 

NASA Fumbles 

Unfortunately, slapping a price on a 
piece of metal has been the way the 
space business was run for decades. 
Through the 1970's any company in 
the world hoping to launch a commer­
cial payload had one choice: the U. S. 

National Aeronautics and Space Ad­
ministration. The U. S. offered varia­
tions of a quartet of vehicles: heavy-lift 
Titans (built by Martin Marietta), mid­
size Deltas (from McDonnell Douglas) 
and Atlases (from General Dynamics), 
and tiny Scouts (made by LTV Aero­
space and Defense Company). The con­
tractors built the vehicles; NASA acted 
as a broker and ran the launches. 

Then NASA tried to replace these ex­
pendable vehicles with the space shut­
tle. It had argued the shuttle would be 
a cheaper way to get into orbit. (This 
proved true only when the launches 
were subsidized; one estimate of the 
cost of a dedicated shuttle flight to­
day is far more than $350 million.) As 
a result, commercial and almost all 
military satellites were booked onto 
the shuttle. But NASA had trouble run­
ning a cornmercial launching business. 
Flights were often delayed, upsetting 
the plans of satellite owners. 

So many satellite builders began look­
ing to the fledgling European rocket Ar­
iane 1 as an alternative. Incorporated 
in 1980, Arianespace's founders took a 
businesslike approach from the begin­
ning. They deliberately kept the bu­
reaucrats of the European Space Agen­
cy (ESA) out of the day-to-day business 
of building and launching rockets. Ari-
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anespace helped customers arrange 
financing for flights. By the end of 
1985 Arianespace had won about half 
the commercial contracts for launching 
satellites. "NASA treated its clients like 
a lord accepting peasants on his land," 
asserts Charles Bigot, managing direc­
tor of Arianespace. "Arianespace treat­
ed them like a retailer." 

Although the Reagan administra­
tion permitted U.S. rocket makers 
to compete for commercial launching 
contracts, not one was willing to take 
on the shuttle. The explosion of the 
Challenger shuttle in 1986 changed 
that; the U.S. government subsequently 
agreed to ban NASA from launching 
commercial payloads. But U.S. contrac­
tors still faced stiff competition. Ari­
anespace had won a loyal following 
and was steadily improving its vehicles. 
ESA covered the heavy technology-de­
velopment costs. Arianespace earned 
its operating expenses with satellite 
flights (and now needs to win about six 
or seven annual launch contracts). 

Time is not helping U.S. launching 
companies' competitiveness. The gov­
ernment continues to have trouble fig­
uring out what it means by a "commer­
cial" launching industry. Contradictory 
priorities from different federal agen­
cies buffet U.S. space policy. The mili-
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tary, anxious to maintain a mixed fleet 
of rockets, has awarded almost enough 
contracts to sustain the three large­
booster companies for the next five 
years. But the contracts may have 
dampened the companies' interest in 
ferreting out commercial contracts. 

Mixed Signals 

"Most of our customers are repeat 
customers" who flew payloads on 
board Deltas when NASA ran the 
launches, says Samuel K. Mihara, mar­
keting director for McDonnell Doug­
las's Delta. One commercial launch 
a year would be average business, he 
says. More than one would be good. 
Martin Marietta has secured 42 firm 
contracts for Titan launches, scheduled 
to take place through the late 1990's. 
Forty-one are devoted to Air Force car­
go; one will carry NASA'S Mars Observ­
er probe. Industry sources suggest that 
Marietta may drop out of the commer­
cial market altogether-a rumor the 
company denies. 

The mixed signals have not helped 
the traditional aerospace contractors 
adjust to their new roles. " To this day, 
I still haven't figured out what the hell 
commercial space is," says Jack White­
law, a manager for LTV. 
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Nor have the large U.S. companies 
been willing to lend much support to 
start-up companies keen to venture 
into space. "Large U.S. aerospace firms 
have not played a strong strategic in­
vestment role in new commercial space 
ventures," notes a recent report from 
the Department of Commerce. 

So even small U.S. companies plan­
ning space ventures are looking over­
seas for funds. SPACEHAB, a company 
in Washington, D.C., that is building a 
module to fly on the shuttle, found 
willing investors in Japan. Geostar, also 
in Washington, D.C., which is develop­
ing a satellite-based tracking system 
for the trucking and railroad industry, 
similarly relies on support from Japa­
nese and French investors. 

Meanwhile other governments have 
begun hoping that commercial launch­
es may supplement their space bud­
gets or add to their hard-currency earn­
ings. Both the U.S.S.R. and China are 
now wooing commercial satellite cus­
tomers with the hallmark tactics of 
capitalism-low prices and polite ser­
vice. These countries worry more about 
the political barriers to winning con­
tracts than breaking even on launches. 

Initially the Soviets tried to attract 
commercial satellites by offering bar­
gain-basement prices. They were rou-
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tinely rejected. Now Glavkosmos, the So­
viet marketing arm for space services, 
has honed its pitch. The Soviets are 
betting that the reliability of their rock­
ets and diversity of space infrastruc­
ture will draw customers. Glavkosmos 
has had some success. INTOSPACE in 
Hanover, West Germany, has flown ex­
periments with the Soviets, as has Pay­
load Systems in Cambridge, Mass. 

The Chinese, on the other hand, are 
still apparently offering cut-rate pric­
es-which would violate their pledge to 
the U.S. to sell services at prices com­
parable to those charged by the West. 
A recent Chinese bid to fly an Arabsat 
communications satellite "was about 
half of what we or McDonnell Douglas 
would have to charge," asserts Douglas 
Heydon, president of Arianespace's U.S. 

subsidiary. The office of commercial 
space in the Department of Transpor­
tation was investigating the concerns 
in early May. 

And yet another competitor, name­
ly, Japan, is coming up. Its National 
Space Development Agency (NASDA) 

has managed a small but rapidly grow­
ing launch program since 1969. In ex­
change for U.S. rocket technology in 

SOLID-FUEL MOTOR LIQUID-FUEL MOTOR HYBRID MOTOR 
,-----------------------------�---

+----'M�,- IGNITER 

FUEL 
AND 
OXIDIZER 

Engines to beat gravity ... 
Like jet airplane engines, chemical rockets work by burn­

ing a fuel to produce hot gases. But unlike jets, which con­
sume oxygen from the air, rockets carry an oxidizer on board 
so they can operate outside the earth's atmosphere. A key ob­
jective of rocket design is to create engines that produce the 
largest sustained force, or thrust, from the smallest weight of 
fuel. Engineers call the ratio between thrust and fuel con­
sumption specific impulse. 

The least complicated rocket engines-and generally 
those with the lowest specific impulse-are solid-fuel boost­
ers. They consist of a hollow cylinder of a rubbery propellant 
that is a mixture of fuel and an oxidizer, such as ammonium 
perchlorate. Although solid rockets are highly reliable, when 
ignited they burn like giant firecrackers-and are equally 
hard to extinguish. 

Liquid-fuel rockets have a higher specific impulse but are 
more complicated and expensive. Both fuel and oxidant, 
which are carried in separate tanks, must be pumped or 
sprayed rapidly into a combustion chamber. Controlling the 
rate of pumping allows the thrust produced by the engines to 
be regulated, or throttled. One common pairing of liquid fuel 
and oxidizer is unsymmetric dimethylhydrazine and nitrogen 
tetroxide, which ignite spontaneously when mixed. Using a 
liqUid hydrogen-oxygen combination provides even greater 
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speCific impulse, but the materials are dangerous and difficult 
to handle. 

Within the family of liquid rockets are several variations. 
One type powers the fuel and oxidizer pumps by circulating 
fuel through pipes embedded in the nozzle wall. The nozzle 
heats the fuel, building up enough pressure to turn the tur­
bine that drives the pumps. The liquid hydrogen-oxygen en­
gine in the first stage of the Ariane 5 will use a gas genera­
tor-a closed chamber in which a small amount of fuel and 
oxidizer is burned to produce high-pressure exhaust. The ex­
haust then drives the pumps. 

Japan's developmental LE-7 engine is like the space shut­
tle's main engine-a staged-combustion liquid engine. Some 
of the hydrogen is ignited in a preburner by a small stream of 
oxygen. The resulting hot exhaust drives the pump turbines. 
Then the exhaust, with its large component of unburned hy­
drogen, is channeled into the main combustion chamber, 
where it burns with additional liqUid oxygen. 

Hybrid rockets use a rubbery fuel resembling solid-rocket 
propellant. But the oxidant, typically liquid oxygen, is sprayed 
from a nozzle down the central bore of the fuel cylinder. The 
engine burns like a solid rocket from the inside outward. 

On paper, hybrid rockets offer many advantages. They can 
be throttled and have more specific impulse than do solid 
rockets. But apart from powering some Air Force drone 
missiles and a prototype launch vehicle designed by a start­
up company, hybrid engines have yet to find much use. 
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the 1970's, Japan agreed to launch only 
Japanese payloads. But a new rocket, 
the H-ll, which is set for its first launch 
in 1993, is based entirely on Japanese 
design. This will free Japan to launch 
other nations' satellites. 

Although Japanese officials maintain 
that their interest in promoting a com­
mercial H-II program is slight, 13 H-ll 
contractors, led by Mitsubishi, are due 

to establish formally a new company 
late this month to develop the rocket 
for NASDA. "Japan began development 
of the H-II with the knowledge that 
commercial launches would occur in 
the future," says Koji Sato, a member 
of Mitsubishi's coordination office for 
the new company. 

vinced the government to limit rocket 
launches to two 4S-day periods every 
year, so Japan is watching with inter­
est the development of a commercial 
launching center in Australia. More­
over, the appreciation of the yen has 
helped push the estimated launching 
costs for the H- ll out of the commercial 
arena. "If cost reductions cannot be 
achieved, this company will remain at a 

Hurdles remain. Fishermen working 
near the Tanegashima Space Center con-

NUCLEAR MOTOR SOLAR MOTOR 

... and to get through space 
Once payloads are in orbit, they have to maneuver. Small 

rockets, called thrusters, keep satellites in orbit. Other pro­
pulsion systems are required to put satellites into geosyn­
chronous orbit-or to guide them to distant points. 

With no gravity to fight, low thrust suffices. But such rock­
ets must still produce high specific impulse. Orbital adjust­
ment thrusters heat propellant, which is squirted out of a 
nozzle. The hotter the gas, the faster it shoots out of the noz­
zle. and the higher the specific impulse. An improved type of 
thruster, called an arcjet, uses an electrical arc to heat a pro­
pellant gas to several thousand degrees. Increasing the spe­
cific impulse of the system could add years to a satellite's life. 
GE Astro-Space's Telstar 4 satellite, slated for launch in June, 
1993, will be the first to use arcjets. 

Renewed interest in sending humans to Mars has prompt­
ed NASA to reexamine nuclear propulsion, which offers even 
higher speCific impulse and could cut trip time by two thirds. 
Two schemes bear watching. In one, a nuclear reactor heats a 
gas, such as hydrogen, to produce thrust. NASA built and 
test-fired such a rocket, called NERVA, in the late 1960's. In 
the second, a reactor produces electricity for driving an elec­
trical thruster, such as an ion thruster. 

Ion thrusters, which use electrostatic fields to accelerate 
ions, were first tested nearly 20 years ago. Japan will inaugu-

rate a functional ion thruster on its ETS-6 sat€lIite, set for 
launch in 1994. An alternative type of electrical propulsion, 

called magnetoplasmadynamic, uses magnetic fields to help 

accelerate the ionized gas. The Soviet Union has performed 

several flight tests based on this technology, which works 
best at high power. 

For maneuvers nearer to the earth, the U.s. Air Force is in­

vestigating lightweight solar propulsion. Reflectors measur­

ing 120 meters in diameter would focus the sun's rays and 
heat propulsion units to more than 3,SOO degrees Celsius. 
The hot units, in turn, heat on-board hydrogen, which pro­
duces small amounts of thrust. It could take as long as 40 
days for a solar drive to ferry a satellite from low earth to 
geostationary orbit, and so solar drives are most valuable for 
non urgent payloads. But because a drive is light, a smaller 
booster-say, a Delta instead of a Titan-could initially launch 
the payload and so save $ 5 0  million. 

In the offing are some very speculative concepts. One 
would utilize the energy that binds atoms of hydrogen into 
molecules. Recombining split hydrogen molecules releases 
enormous energy. If 15 percent of a sample of molecules 
could be split and stored as single atoms-a distant 
goal-atomic hydrogen might be a viable fuel. Another tech­

nique would use the energy from laser beams to power a 
spacecraft-and one day perhaps boost payloads into space 
on a column of laser light. Some investigators are even think­
ing about antimatter engines. 
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There's a good reason why more 
cars are looking more and more alike. It's 
called the Accord. 

The Honda Accord has become the 
benchmark for other car makers.They 
take it apart. Study it. Take it apart again. 

Now while they're busy doing that, 
we would like to move on to something 
bigger and better. The new Accord. 

The new Accord was redesigned 
to create a new car. A car attuned to the 
driver. One that improves the 
quality of d:rivm:':g�'

_"'
��-:::ii 

There is more room inside, the ride 
is more comfortable and the car is more 
responsive under all driving conditions. 

You can see the smooth, flowing 
lines and the substantial increase in glass 
area. But the greater refinements are 
inside the car, where they matter most. 

The body is built with thicker steel 
m ClI989Amen:::an Honda Mo(orCo..In.::. 

panels. So it's stiffer and more solid. The 
redesigned 4-wheel double wishbone 
suspension system works even better. 

Power steering now operates at all 
speeds. And it progressively adjusts the 
amount of assistance for better 
road feel for the driver. �new, powerful 
engme rests 
beneath 

the low, sloping hood. It's fuel injected. 
Unique balance shafts cancel inertial 
forces that cause other engines to twist 
and shake. You' ll be amazed at just how 
smoothly and quietly it runs. 

There is a new 4-speed automatic 
transmission available that's compact, 
smooth shifting and even more efficient. 
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Once seated inside the car, you are 
welcomed by a bright, airy environment 
that immediately puts you at ease. The 
controls and instruments are logically 
placed. Everything falls into your line of 

sight and is easily within your reach. 
The front seats are larger and offer 

greater support. Rear seats contour to 
your shape for better comfort. 

The interior is designed to give the 
appearance of smooth, seamless space. 
Panels are moulded from one piece so 
there is nothing to rattle. The carpeting 

is thick and plush and helps to absorb 
noise and vibrations. 

A new ventilation system further 
assures your comfort. It's quiet, efficient 
and the controls are easy to use. 

When designing the new Accord, 
Honda engineers kept one thought 

foremost in mind. To build a car 
that will make you more 

pleasantly aware of 

the enjoyment of driving. You will have 
to drive it to believe it. 

And you should keep this in mind. 
If you are thinking about buying a new 
Accord, make sure it's the one built by 
Honda. mm�mm 

The New Accord 
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low profile, just selling hardware to the 
government," Sato says. 

Marginally reducing the cost of flying 
will not change the private sector's dis­
interest in working in space in the near 
term, however. It will simply help cur­
rent users reduce their initial capital 
expenditure. "Without a valid business 
purpose, no one will go to space at any 
price," says Albert D. Wheelon, retired 
chief executive of Hughes Aircraft. Ex­
pensive rockets are bought only by 
governments and commercial satellite 
companies. The U.S. government spent 
about $25 billion on space goods and 
services in 1988. That same year the 
commercial sector spent about $1.8 bil­
lion (and $2.7 billion in 1989), more 
than 90 percent of which is attributable 
to satellite communications. 

From a corporate perspective, most 
space ventures must return revenues 
that are at least double their costs be­
cause of the risky nature of the busi­
ness. Last February, for example, a 
failed Ariane 4 launch deposited two 
Japanese satellites worth $200 mil­
lion into the ocean. In March, a com­
mercial Titan put a $ 150-million Intel­
sat 6 satellite into a useless orbit. Con­
sider space from the vantage of GTE 
Spacenet Corporation in McLean, Va. 
To replace three of its aging satellites, 
GTE has budgeted almost $200 million 
to build the spacecraft, at least $210 
million to launch them and another 
$ 70 million for insurance. That puts 
GTE 's total cost for one mission at 
roughly $160 million. On the other side 
of the ledger, however, GTE expects the 

satellites to recover their costs in less 
than three years and to continue gener­
ating earnings for another seven. 

Satellite owners would doubtless 
switch their business to cheaper but 
equally reliable flights. "If you're chair­
man of an American satellite company 
and your choice is $80 million at Cape 
Canaveral or $15 million with Great 
Wall [China's national launching com­
pany], you put up the $15 million and 
travel to China," says Joseph P. Allen, 
president of Space Industries Interna­
tional in Webster, Tex ., and a former 
astronaut. "It's a no-brainer." 

Profit Squeeze 

Even so, prices are far from low 
enough to turn other space activities 
into lucrative ventures. Remote sens­
ing, for example, "is a good way to 
lose money, hand over fist," says John 
E. Pike, a space-policy analyst at the 
Federation of American Scientists. Nei­
ther the U.S. Landsat program nor the 
French SPOT Image is a self-support­
ing business. The largest planned re­
mote-sensing program over the next 
few years will be funded by NASA. 

Although corporate interest in manu­
facturing in space flared in the early 
1980's, it was doused by the irregulari­
ty of launches and by new- and far 
less costly-earth-bound techniques for 
accomplishing the same task. "There 
was a lot of hype," recollects Earl L .  
Cook, who directs the 3M Corpora­
tion's space research. 3M remains one 
of the few large U.S. companies that 
still sends experiments into orbit on 
board the space shuttle. And NASA 

does not charge for these flights. 
"It's almost too bad that communica­

tions satellites succeeded so fast," says 
H. Guyford Stever, science adviser to 
presidents Nixon and Ford. "It gave us 
a false impression. It got people think­
ing there must be a lot of nuggets up 
there," he says. They may be up there, 
he adds; business has not yet learned 
how to squeeze from them enough rev­
enues to justify going into space. 

So national space goals will continue 
to drive advances in rocket technology. 
During the next few decades a range 
of mammoth government projects­
free-flying orbiting platforms (which 
astronauts would visit occasionally), 
manned space stations and possible 
missions to the moon and to Mars­
will require hauling huge amounts of 
materials into low earth orbit. 

As a result, some space-vehicle orga-

Launch of Japan's H·I rocket from the 
Tanegashima Space Center. 
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INTEL MATH COPROCESSORS 

Multiply 386'· System Petfonnance 
With This Simple Addition 

Every 386™-based 
personal computer 
is powered by an 

Intel 386 microprocessor. And every one 
has a socket inside just waiting for you 
to plug in extra power with one of our 
Intel 387™ Math CoProcessors. 

Add one to your 386-based PC to 
make over 300 software programs run 
up to five times faster. That includes 

spreadsheets, business graphics, account­
ing and CAD programs. 

We created Intel Math CoProcessors to 
be fully compatible with the Intel micro­
processor inside your system. So there's 
total peace of mind that they're fully com­
patible with your system and your software. 
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CoProcessors. It's a matter In of simple addition. 

Call 1-800-538-3373 for a helpful guide on adding one to your system and a complete list of supported software. 
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nizations are straining to increase the 
payload capacity and cut the costs of 
launching their next generation of ve­
hicles. ESA'S development of Ariane­
space's next family of vehicles, the Ari­
ane 5, may be the most aggressive proj­
ect. Slated for its first launch in 1995, 
Ariane 5 will have two stages and rely 
on a main engine fueled with liquid hy­
drogen and liquid oxygen, supplement­
ed by solid boosters. This should en­
able Ariane 5 to ship 1.5 times the pay­
load weight handled by its predecessor 
into geotransfer orbit. Ariane 5 will 
have an option for its second stage: re­
placing the unmanned cargo bay with 
the Hermes manned spaceplane. 

Although Arianespace relies heavily 
on proved technologies, innovations are 
working their way into Ariane 5. The 
solid-booster nozzles are lined with 
carbon-carbon, an advanced composite 
of woven carbon fibers impregnated 
with resins and then sintered. Ongoing 
tests are evaluating a carbon-silicon 
carbide nozzle for the liquid engine. To 
lower the operating costs of the larger 
vehicle, Arianespace is planning a mo­
bile, ground-control system that will 
trim the time between launches and re­
duce the crew needed. As a result, Ari­
ane 5's operating costs may be only 85 
percent of  those of  Ariane 4-about 
$12,000 to $15,000 per kilogram to 
geotransfer orbit and half that to low 
earth orbit, says Arianespace's Heydon. 

Japan's H-II will employ a complex 
liquid hydrogen-oxygen system in an 

engine called the LE-7. The LE-7 "is very 
effiCient, but its development is very 
difficult," concedes Masafumi Miyaza­
wa, who directs NASDA'S propulsion­
systems group. Two disastrous tests 
of the engine last year pushed back the 
H-II development schedule some 12 
months. Still, Japan has already suc­
cessfully built a highly reliable second­
stage engine-the LE-5A-that can reig­
nite in orbit. The cost of developing the 
H-II will be more than ¥ 250 billion 
($1. 7 billion), $470 million of which is 
devoted to the LE-7. 

The future u.S. launching picture 
looks bleak in comparison. Because of 
the policy of relying on the shuttle, the 
U. S., although long the world's lead­
er in rocket innovations, spent virtual­
ly nothing on other advanced propul­
sion and launch systems between 1972 
and 1986, points out John M. Logs­
don of George Washington University. 
The Aerospace Industries Association 
is seeking redress by proposing that 
the government spend $ 5.5 billion over 
10 years on rocket research-and is in­
voking the specter of foreign domina­
tion of the launch market to buttress 
its demands. 

Current U.S. aerospace materials re­
search aims to satisfy the demands of 
the National Aero-Space Plane (NASP), 

an air-breathing vehicle that would 
take off and land like a plane but trav­
el at an unprecedented 25 times the 
speed of sound and go into orbit. A 
prototype is unlikely to be built before 
the year 2000. Still, NASA hopes that 
high-performance materials being de­
veloped for the plane will benefit rock­
et engines. These include copper rein­
forced with fibers of graphite, tungsten 
or niobium for conducting heat. Silicon 
carbide, silicon nitride and aluminum 
oxide fibers are being used to strength­
en ceramics. Even more heat-resistant 
ceramics, based on zirconium and haf­
nium, are in the works. 

Until recently the Advanced Launch 
System (ALs) program, initially pro­
posed for the Strategic Defense ini­
tiative Organization , was the princi­
pal U.S. rocket-technology program. 
In theory, the ALS would be a family 
of reliable rockets to boost as much as 
200,000 kilograms into low earth orbit 
for as little as $660 per kilogram. The 
effort, originally expected to go on 
through the 1990's and cost up to $12 
billion, was soon derided by critics as 
too ambitious, too expensive and un­
necessary. Last December, under pres­
sure from Congress to cut its bud-

Test firing of Japan's LE-7 engine, the 
first stage of the H-II rocket. 

get, the Air Force dropped the effort. 

New Elements, Old Vehicles 

The ALS project aimed to trim launch 
costs by designing components for 
easy manufacturing and by employ­
ing more automation for testing parts. 
Martin Marietta is developing new liq­
uid hydrogen and oxygen tanks made 
from an aluminum-lithium alloy that 
could be extruded or cast instead of 
milled. These might be used on future 
Titans. Rocketdyne has designed a fuel 
pump with only one weld; comparable 
pumps on the shuttle have 150. 

The government also hoped the ALS 

contractors would incorporate such in­
novations into their current vehicles. 
To some extent, they are. Martin Mari­
etta says the ALS technologies will help 
reduce Titan IV launch costs by one 
third to about $4,400 per kilogram to 
low earth orbit. Engineers note, howev­
er, that only limited efficiencies can be 
gained by trying to fit new elements 
into old vehicles. 

Although the full ALS agenda has 
been canceled, NASA and the defense 
department are still funding rocket 
manufacturers Aerojet and Rocketdyne 
to develop a prototype engine to the 
tune of $107 million in fiscal 1990. The 
engine "is supposed to be a cheaper, 
expendable liquid oxygen and hydro­
gen engine," says James R .  Thompson, 
Jr. ,  deputy administrator at NASA. But 
because the work is funded annually 
by Congress, its future is uncertain. 

In lieu of a new vehicle, NASA is half­
heartedly considering refitting the liq­
uid-fuel engines and solid-fuel rocket 
boosters from the shuttle onto an un­
manned cargo vehicle dubbed Shuttle 
C. The program does not hold many 
technology advances for the U.S., how­
ever. Even these tentative plans are in 
limbo. "Frankly, it will all come back 
into focus once we all agree-and this 
is going to take several years-on a 
schedule to implement the space ex­
ploration initiative"-the manned mis­
sions to the moon and to Mars, Thomp­
son says. 

While NASA sets its sights on Mars, 
tiny U.S. companies are betting they 
can earn a living by putting payloads of 
a few hundred kilograms into low earth 
orbit. But first they have to improve 
their track record. The earliest space 
start-up, Space Services, conducted a 
suborbital test flight of its Conestoga 
solid-fuel rocket in 1982 but has yet 
to run a successful orbital flight. An 
attempt by the American Rocket Com­
pany in Camarillo, Calif., to fly an inno­
vative hybrid-fuel vehicle late last year 
ended in a smoldering heap. E 'Prime 
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Allen, Becker, Blackmon, Bozich, 
Brown, Hart-Smith & Head 

These are the kind of Fellows who are 
making the world we'll live in tomorrow. 

These are seven top achievers in technology - two past Fellows now promoted 
to Staff Director McDonnell Douglas Senior Fellows, and five newly named McDonnell 
Douglas Engineering and Research Fellows. 

Our company searches out and develops men and women who are creative 
leaders in their work. We surround them with challenges to be met. We provide 
them with the facilities and opportunities to fulfill their potential. They represent in 
the world of technology what the Albin Polasek sculpture shown here represents 
in art: Mankind carving its own destiny. 

George A Allen has applied his 
expertIse in mechanical CAD/CAM 
and geometric modeling to dozens 
of projects designed to incorporate 
new technologies into Unigraphics. 
He also developed the mathematical 
foundations for a new free form 
surfacing technique. 

Richard L. Becker is highly 
respected for his work in radar; 
missile seekers, and sensor 
technology. His contributions to the 
design, development and current 
upgrading of the F-15 and F/A18 
radar and missile systems earned 
McDonnell Douglas high marks for 
these weapon systems. 

Dr. James B .  Blackmon has con­
ducted theoretical and experimental 
research on advanced power 
systems for terrestrial and space 
applications. The company has won 
major Air Force, NASA and DOE 
contracts thanks to his development 
of advanced space power and 
thermal management systems. 

Dr. William E Bozich is a nationally 
recognized expert on tactical and 
strategic missile vulnerability and 

hardening. He was elected an MDC 
Fellow in 1985, and since then has 
conducted laser vulnerability tests 
that were highlighted as major 
accomplishments in 1988 and 1989. 

Raymond E. (Gene) Brown has five 
patents in modem simulation tech­
nology and is recognized as one of its 
pioneers. He was elected an 
MDC Fellow in 1986 and has recently 
been responsible for applying 
microcomputers to the simulation 
field. 

Dr. John Hart-Smith specializes in 
adhesively bonded joints in metal 
and composite structures and 
mechanically fastened joints in 
advanced composites. His contribu­
tions in composite construction and 
analysis are used by aerospace 
manufacturers around the world. 

Robert E. Head has been awarded 
three patents for his innovations in 
helicopter design. His technical 
leadership and design supervision of 
several rotorcraft programs and his 
current work on the MDX helicopter 
have demonstrated his excellent 
technical judgment and ability. 

"Man Carving Out His Destiny" 

�CDONNELLDOUGLAS 
A company of leaders. 
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Aerospace Corporation in Titusville, 
Fla., hopes to piece together sections 
of Peacekeeper missiles. 

At the front of the pack is Orbit­
al Sciences Corporation in Fairfax , 
Va., with its Pegasus vehicle. Pegasus 
flaunts a triangular wing and an unusu­
al launch technique: it rides beneath 
the wing of a large aircraft such as a B-
52 or 747 to about 12,000 meters and 
takes off horizontally from there. In 
April, Pegasus lofted its first cargo into 
a polar orbit about 600 kilometers 
high-two experiments weighing 220 
kilograms in all. 

KOSMOS VOSTOK MOtNIVA SOYUZ PROTON 

Orbital Sciences adopted the strategy 
that has worked well for the major 
rocket companies; it has secured the 
U.S. government as an anchor client. 
The Defense Advanced Research Proj­
ects Agency largely sponsored that 
first flight and is also helping support 
Orbital Sciences' Taurus, scheduled for 
flight next summer. This vehicle, which 
will take off with only 72 hours of prep­
aration, will eventually loft more than 
1,360 kilograms into low earth orbit. 

For now, the start-ups are pinning 
their hopes on lightsats, a new class 
of small satellites that weigh only a 

ENERGIVA·BURAN ENERGIYA TSVKLQN 
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FOR MQR. INFORMATION Pl..aAB. CONTACTl 

JiCC 
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few hundred kilograms. From the van­
tage of the Defense Department, which 
is funding much of this work, light­
sats could quickly replace satellites de­
stroyed or jammed during a military 
crisis. Iightsats will augment large mil­
itary satellites, says Terry A .  Higbee, 
program manager for lightsats at the 
Ball Aerospace Systems Group, who 
predicts demand in the U.S. could 
reach 10 per year by the mid- to late 
1990's. The small launch companies 
hope there will be a commercial mar­
ket as well. Last February, Orbital Sci­
ences requested permission from the 

J ust call Alexander I. Dunayev. He pre· 
sides over Glavkosmos, the Soviet 
Union's civilian space organization, 

from a makeshift office lodged in a dingy, 
yellow·brick 1 2·story block of residential 
apartments in Moscow. Outside, pension· 
ers shuffle by as children play noisily. 

Why does Dunayev, who is spearhead­
ing one of the Soviet Union's most suc­
cessful endeavors, put up with these con­
ditions? "In the Soviet Union," a Glavkos­
mos official explains, "it is easier to build 
a launch pad than find suitable offices." 

For the past decade, the Soviet Union 
has launched about 90 rockets every year. 
Its factories crank out boosters with an ef­
ficiency that would make Henry Ford sigh. 
After more than 1,300 launches of its 
Soyuz-class rockets and 117 of the more 
powerful Protons, Soviet launchers are the 
cheapest and most reliable in the world. 
"The U .S.S.R. still makes the same boost· 
ers it used to launch the Sputnik in 1957," 
says Phillip S. Clark, a rocket specialist at 
Commercial Space Technologies in London. 

Soviet leaders are now hoping to capi­
talize on those rockets to bolster their 
sputtering economy. Glavkosmos began 
advertising its launching services to the 
West for as little as $25 million a shot in 
1986-a bargain compared with the $70-
to $1 �O-million rides on comparable West­
ern rockets. The Soviets calculate that 
they could devote at least 10 launches a 
year to foreign payloads. In addition, 

Glavkosmos offers the four-year-old Mir 
space station and cosmonauts with more 

than 16 man-years of experience in con­

ducting space experiments. 
But the Soviet Union faces significant 

obstacles before it can win many Western 
customers. U.S. trade restrictions prohibit 
most high technology from crossing the 
Soviet border. In 1987 Glavkosmos lost a 
contract to launch a Hughes satellite 
when the U.S. company was not granted 
an export license. Hughes will not com­
ment on the case. Negotiations with India 
recently broke down for similar reasons. 
Even though Glavkosmos has launched 
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Federal Communications Commission 
to construct its own constellation of 20 
lightsats for two-way commercial al­
phanumeric communications. 

Eventually those companies may be 
positioned to capitalize on renewed 
interest in rnicrogravity. "Some day 
there'll be a lot of commercial activity 
in space," says Laurence ] .  Adams, re­
tired president of Martin Marietta. "But 
we need to do a lot of experimentation 
with all the ideas that people have." 

Europe seems to be trying to do just 
that. ESA is devoting more of its money 
to rnicrogravity experiments than NASA 

several payloads of experiments for West­
ern companies, experts say that none but 
the technologically simplest devices would 
pass muster with current trade laws. 

Dunayev, leaning back in his chair with 
his hands clasped across his belly and his 
thin mouth drawn in a perpetual wry grin, 
blames the embargo on protectionism 
rather than on national security concerns. 
"It is clear," he says, "that U.s. manufac· 
turers of launch vehicles do not want to 
see the Soviet Union in the market ."  But 
Dunayev is optimistic that the trade re­
strictions will not tether the Soviets' vehi­
cles for long. The U.S. is under pressure 
from its allies to ease its restrictions, he 
points out. And Glavkosmos may circum· 
vent the trade imbroglio by launching its 
midsize Zenit rockets from Australia or 
Brazil. Both those nations are trying to de· 
velop commercial "spaceports."  

Ironically, the political upheaval under 
way in the Soviet Union may spell more 
problems for Glavkosmos at home. With 
the economy faltering, the Soviet Parlia­
ment has fiercely criticized the approxi­
mately 6.9 billion rubles ($ 1 2 billion at of­
ficial exchange rates) spent on the civilian 
and military space programs. Military cut· 
backs this year of 1 0  percent could trim 
funds for the space program. (In fact, the 
number of launches dropped to 74 last 
year.) More draconian cuts could increase 
Glavkosmos's vulnerability. 

To enable government agencies to reo 
duce their expenses, President Mikhail S. 
Gorbachev freed the organizations on Jan­
uary 1 to pursue contracts with foreign or 
Soviet groups outside the framework of 
central planning. That freedom is spurring 
the agencies to demand better service 
from one another. For instance, although 
the Institute for Space Research (IKI) al· 
ready uses Glavkosmos to arrange space 
flights for its scientific missions, IKI has 
sometimes been dissatisfied with the reo 
suits, says Vyacheslav Balibanov, deputy 
director of the institute. Now, he promises, 
"we would demand better service from 
Glavkosmos."  

is:  in 1988 the European agency spent 
$98 million, or 2.6 percent of its bud­
get, on rnicrogravity. By comparison, 
NASA spent $63 million ( . 7  percent). 
Japanese, West German and Italian 
companies are also investigating the 
effects of rnicrogravity on materials. 

Since the advent of the space shut­
tle, the U.S.  has offered limited op­
portunities for prolonged experimenta­
tion in rnicrogravity. One reason : NASA 
mothballed its 20-year program in re­
turnable reentry vehicles (space cap­
sules) and only recently began back­
ing this technology again. Western re-

The institute could turn to another 
launching service if Glavkosmos does not 
perform up to standard. Although there is 
no official Soviet alternative, rumors have 
circulated at international space·industry 
conferences that the factories, or design 
bureaus, that manufacture rockets are 
keen to sell the boosters as well. 

In spite of the capitalistic bravado, old 
habits die hard. Glavkosmos and other So­
viet agencies are, for instance, often reluc· 
tant to disclose details about their prod· 
ucts or operations. Consider Star City, the 
Soviets' training center for cosmonauts. 
General Yuri Nikolaevich Glazkov, a for­
mer cosmonaut and now a deputy direc· 
tor at Star City, gives an enthusiastic plug 
for the center's facilities. "We've got Amer­
icans, French, Canadians, and they all want 
to train their cosmonauts here," he boasts. 

Q: How much does it cost to train a 
cosmonaut ? 

A: That's a secret. 
Q: How can it be a secret if you're try­

ing to sell your services ? 
A: Oh. More than $10 million. [Then 

he adds:] My secrets are leaking 
out ! 

Q: What else are you doing to make 
money ? 

A: We've begun to let tourists onto 
the premises [about 1 8 months 
ago], and we charge them. 

Asked about the goals of Glavkosmos's 
commercial activities, Dunayev, too, laps­
es into bureaucrat-speak. "Glavkosmos is 
responsible for the whole civil space pro­
gram," he says. "We coordinate its many 
different facets and also try and channel 
in some Western currency." Anders Hans­
son, a senior space specialist at Commer­
cial Space Systems in London, puts it 
more succinctly. "Glavkosmos does not 
need to make a profit. It only needs to 
bring in enough Western currency to justi­
fy its existence. And that ,"  he adds, "is 
more a question of politics than eco­
nomics. "-Frederick Cuterl, Moscow 

searchers have made some use of the 
available alternatives, namely, return­
able Chinese and Soviet capsules. Pay­
load Systems has also flown materials 
experiments on board the Mir space 
station. But trade restrictions still limit 
these options. 

Small European and American com­
panies and university researchers are 
also trying to revive returnable capsule 
technology. To foster longer-term ex­
periments, ESA is building a free-float­
ing platform called Eureca and an au­
tonomous laboratory dubbed Colum­
bus that will be serviced by the Hermes 
spaceplane every six months. The pur­
pose: to "validate a large quantity of 
results in order to persuade industry 
to commit itself to operational uses," 
according to Euroconsult. ( Two other 
Columbus modules are in the works as 
well: a unit for the space station Free­
dom and an orbiting polar platform. 

In contrast, NASA is placing its bets 
on Freedom. Private industry schemes 
such as the Leasecraft, proposed by the 
Fairchild Space Company, or the Indus­
trial Space Facility, promoted by Space 
Industries, have been stranded in a po­
litical and financial no-man's-land. Any 
proposed platform would need a well­
heeled anchor tenant-most likely the 
government-to help recover costs and 
to convince other investors that the 
project is real. But because support­
ing a research platform could weaken 
NASA'S argument favoring a space sta­
tion, the agency has been skittish about 
funding platforms. 

Space is no longer a match between 
the U. S. and the Soviet Union. Neither 
has it become a commercial free-for-all. 
That will change only when entrepre­
neurs and researchers demonstrate the 
commercial potential of space. 

They cannot do so on their own, 
however. Governments must reduce 
the risks borne by space-bound entre­
preneurs-and can do so by support­
ing research and building accessible in­
frastructure in space. It is a challenge 
that has some urgency ; as the force of 
military necessity wanes, governments 
must prove their interest in commer­
cial space goes beyond rhetoric. Those 
nations that succeed will see their team 
pull ahead. Those that do not will be 
left in the dust. 

With reporting by Herve This ( Paris),  
Fred Guterl ( Moscow), Tom Koppel ( To­
kyo ), Wang Shide ( Sichuan) and contri­
butions from the editors of Pour la Sci­
ence (Paris), Spektrum der Wissenschaft 
( Heidelberg),  V Mire Nauki ( Moscow), 
Saiensu ( Tokyo) and Le Scienze ( Milan). 
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SCIENCE AND BUSINESS 
Driving While Automated 
Planning smart highways for 
tomorrow's smart cars 

l:st month 25 lucky commuters 
who travel the Santa Monica Free­
way in Los Angeles began receiv­

ing warning of traffic delays ahead via 
a screen mounted on the dashboard and 
a computer-synthesized voice. Thus 
alerted, they can exit to city streets and 
bypass a snarl, presumably arriving at 
the office ahead of their less fortunate 
colleagues. 

This small project, costing less than 
$1 million, is the first U.S. test of 
IVHS, an inelegant acronym for intel­
ligent vehicle/highway systems. IVHS 

is a battery of electronic technologies 
that allow car and road to communi­
cate. If its proponents are right, IVHS 

could unclog highways at least tem­
porarily, save lives and gasoline, and 
cut pollution. Smart roads and cars 
could save the U.S. tens of billions 
of dollars annually, advocates conclud-

Controlled cruising, 
distant diagnosis, 
synthetic speech, 

East bloc economics 

ed at a recent meeting in Dallas, Tex. 
The Los Angeles experiment, called 

Pathfinder, is crude compared with 
some navigation projects now under 
way in Europe and Japan. Toyota, Nis­
san and Mazda are already selling 
cars with navigation systems in Japan 
at premiums of up to $4,000. Com­
bined sales are estimated to be about 
1,000 units a month. In the U.S. such 
features will probably not be offered 
until the 1994 model year. Yet the U.S. 
is likely to step up the pace soon. 

ON THE ROAD TO SMART HIGHWAYS 

Road/Communications Systems, Tokyo 

Data on road conditions and navigation is transmitted to dashboard map displays 
by 91 roadside beacons covering a 350 kilometer area. Project, which began in 
1987, was set up by the Ministry of Construction with 25 Japanese companies. 

Advanced Mobile Traffic Information and Communication, Tokyo 

Similar to the above except that it uses central transmitters to communicate with 
vehicles. Sponsored by Japan's National Police Agency, the Ministry of Posts and 
Information and 59 companies. Plans call for expanding the project to 74 cities. 

leitung und Information System, West Berlin 

System started in June, 1989, with 700 cars transmitting and receiving data from 
240 beacons. The $ll-million cost is shared by government, Robert Bosch and 
Siemens. Drivers receive data on a dashboard display and by synthesized voice. 

Pathfinder, los Angeles 

Begun in June, 1990, the project involves 25 specially equipped Oldsmobiles 
that ply 12 miles of the Santa Monica Freeway. A map display highlights conges· 
tion ahead. Text displays and digitized voice offer alternative routes. 

Autoguide, london 

Beginning in 1991, the project will exploit technology similar to that used in Berlin 
and involve as many as 1,000 vehicles. The $16-million test is funded by a consor­
tium headed by General Electric Co., which aims to offer a commercial service. 

TravTek, Orlando 

The $8-million test will begin in 1992 with 100 cars equipped with display 
terminals and navigation systems. GM, the American Automobile Association, 
the Federal Highway Administration and state agencies are funding the project. 
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Driving the growing interest in IVHS 

is the stark fact that throwing concrete 
at traffic problems just is not possible 
anymore. Although travel in the U.S. 
has been growing at 5 percent a year, 
at the same time, highway budgets are 
being trimmed and vociferous resi­
dents frequently delay projects indefi­
nitely. ''In some places we have built 
our last mile of road," says G. Sadler 
Bridges, associate director of the Texas 
Transportation lnstitute, a university 
highway-research consortium. 

So transportation planners and au­
tomakers are eager to throw silicon at 
traffic congestion instead. Steady ad­
vances in semiconductor technology 
have made a remarkable array of driv­
ing aids not just possible but nearly 
affordable. Among the innovations: 

• Route guidance systems, which 
would direct drivers to their destina­
tion around the worst traffic jams. 

• Vision enhancement, which pierces 
fog with infrared sensors and shows 
the road ahead on a so-called heads-up 
windshield display. 

• Adaptive cruise control, which au­
tomatically cuts back on the gas when 
a car is closing too fast on the vehicle 
ahead. That's just a short step from 
collision avoidance-automatic braking 
and swerving. 

Still lacking, however, is a widely 
agreed on scenario for implementing 
IVHS technology. At a seemingly end­
less series of meetings in the past sev­
eral years, researchers from govern­
ment, universities and private industry 
have attempted, with little success, to 
devise a plan for the orderly introduc­
tion of IVHS. The imponderables in­
clude the level of federal government 
support for an IVHS infrastructure and 
adoption of standards. Agreement on 
such steps, IVHS boosters note ruefully, 
is easier in Europe and Japan, where 
government and industry work closely 
in centralized planning efforts. 

Yet some IVHS technology is already 
on U.S. roads. Thousands of long-haul 
trucks already have voice and data 
links to dispatchers. Navigation and 
route guidance are next. "Truckers 
can measure the savings, and they 
can be substantial," says David K. Wil­
lis, senior vice president of the Ameri­
can Trucking Associations Foundation. 
Among the benefits is reduction-by as 
much as 20 percent-in unnecessary 
mileage. Willis also says there is a 
ready market for devices that can help 
truckers avoid congestion. 

© 1990 SCIENTIFIC AMERICAN, INC



When Grace was just a kid, 
A1&T was just the phone company. 

Today AT&T has spawned a whole 
new generation of computer and 
communications technologies. 
AT&T Healthcare Solutions 

Thanks to AT&T's physician information 
network, a busy doctor like Grace 
can have immediate access to 
everything from lab results 
to ultrasound images. 
Giving her more time 
to do what she 
a1ways wanted to 
do. Take care 
of people. 

And 
that's just 
one of 
the ways 
AT&T can 
help you get '-
things done in 
today's world. And 
tomorrow's. 

llie wa � get done. 
Allal 
The right choice. 
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Other potential buyers for naviga­
tion systems include taxis, emergency 
vehicles and rental cars. Budget Rent 
a Car seems the most enthusiastic. 
The company is planning a major test 
of navigation-equipped cars, possibly 
next year. Budget is evaluating naviga­
tion systems made by Diesel Kiki, a 
Japanese parts maker, and by Ford 
Motor Company, which owns virtually 
all of Beech Holdings, Budget's parent. 

Although such navigation systems 
will show drivers the shortest route 
home, they will not be able to help 
avoid traffic jams until linked to real­
time communications. Traffic engineers 
favor the heavy use of sensors embed­
ded in the road to gauge traffic flow. 
The information would be collected in 
a central computer that would then re­
lay instructions back to vehicles via ra­
dio frequency or infrared signals. That 
scheme would be an extension of ex­
isting systems that use electronic signs 
to warn drivers of problems ahead. 

A less costly proposal would use the 
cars themselves to collect the traffic 
data. The cars would relay signals to 
the central computer, allowing it to 
calculate the time required to traverse 
stretches of road. This might dramati­
cally reduce the need for sensors and 
for computing power. "We shouldn't 
commit to heavy infrastructure spend­
ing until we've done enough testing," 
says Randy M. Doi, director of IVHS at 
Motorola. 

No one has dared put a number on 
the eventual size of the IVHS market­
place, but it clearly could be a bonanza 
for automakers and suppliers of both 
equipment and services. Automakers 
in the u.s. could sell a package that 
would include navigation and other 
advanced features for as much as 
$1,000 a car. That's a price General 
Motors says customers quizzed in 
clinics would be willing to pay. 

GM is by far the IVHS leader among 
u.s. automakers, spending an estimat­
ed $lO million a year. Some 65 GM sci­
entists and engineers are working on 
aspects of the technology. The com­
pany, which has licensed a route-plan­
ning system from Etak , is prOviding 
the 25 cars for Pathfinder. It is also a 
leading force in TravTek, a recently an­
nounced $8-million experiment in Or­
lando, Fla. 

IVHS proponents hope the technolo­
gy will get a boost when Congress be­
gins to work in earnest on the high­
way reauthorization bill, scheduled for 
next year. The IVHS "lobby," a loosely 
knit confederation that may constitute 
itself into a new trade group, has al­
ready picked up support in Congress, 
some of it unexpected. 
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Senator Daniel Patrick Moynihan of 
New York , a strong advocate of high­
speed magnetic levitation rail systems, 
recently introduced a bill that would 
appropriate $lO million for the Federal 
Highway Administration to come up 
with a comprehensive IVHS plan and 
an additional $10 million to fund a 
demonstration project. The adminis­
tration, particularly Department of 
Transportation Secretary Samuel K .  
Skinner, seems solidly behind IVHS. 

IVHS will face plenty of skeptics in 
Congress. The mass-transit and con­
crete lobbies are not on board. Rural 
legislators may balk at a program that 
will benefit mainly urban areas. In ad­
dition, there are doubts about whether 
IVHS will , in fact, clear traffic jams or 
make the highways safer. The Nation­
al Highway Traffic Safety Administra­
tion already is concerned that truck 
drivers could be distracted by the 
welter of information provided by in­
strumentation. And as drivers hand 
over more and more control of their 
vehicles to computers, the question 
of who is liable in an accident looms 
large. -Michael G. Sheldrick 

Do You See What I See? 
Pathologists lead the way 
for long-distance diagnosis 

F inal confirmation of many dis­
eases often comes from the path­
ologist. This type of scientist la­

boriously scans microscope slides of 
tissue samples, looking for cells ·with 
aberrant color, shape or arrangement. 
Pathologists frequently seek a second 

opinion before making the critical de­
cision; this consulting can be the most 
difficult part of the process. It can take 
precious days to send slides or tissue 
samples to other experts. 

With a new approach, however, that 
may change. Now pathologists can 
analyze tissue samples hundreds of 
miles away with a "telepathology" 
system that combines a robotically 
controlled microscope, custom soft­
ware and high-definition television 
(HDTV) cameras and monitors. The 
first such set-up in the u. S. was in­
stalled this past March by Corabi In­
ternational Telemetrics, located in Al­
exandria, Va. It connects the pathology 
departments of the Emory University 
Hospital and Grady Memorial Hospi­
tal in Atlanta, Ga. The interactive net­
work lets pathologists with individual 
areas of expertise make initial diag­
noses or render second opinions with­
out shuttling specimens or doctors in 
between. 

When a pathologist puts a slide on 
the microscope stage, the image is 
transmitted automatically. The reCip­
ient uses a keypad to control the fo­
cus, position and illumination of the 
enlarged image on a high-resolution 
screen. The real-time images, which 
are sent by broadband mlcrowave in 
the Atlanta installation, can be manip­
ulated as if the receiving pathologist 
were sitting directly over the transmit­
ting microscope. Images for a second 
planned telepathology installation, for 
a network of lO hospitals in the Wash­
ington, D.C. , area, will travel through 
fiber-optic cables. 

If telepathology catches on, remote 
areas around the world could have ex-

TELEPATHOLOGY SYSTEM sends high-resolution images of tissue samples from a 
remote-controlled microscope, enabling long-distance diagnosis_ 
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pert diagnoses in an instant. That is 
the hope of the system's developer, 
pathologist Ronald S. Weinstein. He 
founded Corabi in 1985 with his sister, 
Beth W. Newburger, "to do good as 
well as do well." The team is not alone 
in thinking about using telecommu­
nications to improve health care, al­
though it is the first to commercialize 
the concept of "telemedicine" for a 
field aside from radiology. Putting to­
gether the technology was no simple 
matter. "We knew what we were look­
ing for. The trouble was getting some­
one to build the equipment," Newburg­
er recalls. 

Corabi first approached four large 
and then half a dozen midsize U.S. 
companies, all working on some kind 
of video project. Weinstein and New­
burger explained pathologists' per­
snickety technological requirements: 
absolutely accurate color, high resolu­
tion and the ability to look at different 
areas of the image under varying mag­
nification and illumination-all live. 
They got a less than enthusiastic re­
sponse. "Everybody told us that if we 
could get anybody to build it, it would 
be a minimum of five, maybe eight, 
years before anything was delivered," 
Newburger says. 

The pair paid a visit to Japan in 
1986. But without introductions, they 
failed to win any interest. Then COM­
SAT, the U.S. satellite communica­
tions company, gave Corabi $1.5 mil­
lion in funding. COMSAT soon intro­
duced its new partner to Surnitomo 
ElectriC, with which it operates a joint 
office in Japan. Corabi returned to 
Japan in 1987 with a dance card ar­
ranged by Surnitomo; 32 companies 
stepped forward to woo it. The system 
was built and tested in less than two 
years. Nikon agreed to build a com­
puter-controlled microscope for Co­
rabi at their first meeting. The HDlV 

system was built to order by Ikegarni 
Tushinki. Unlike the Sony Corpora­
tion's broadcast-quality monitor, Co­
rabi's product does not compress data 
to give an unnaturally sharp appear­
ance. Pathologists want the ragged 
edges of cells to show. 

With its first project out the door, 
Corabi may soon find itself getting the 
squeeze from the likes of Du Pont, 
General Electric and Kodak, all of 
which already sell remote systems for 
reading X rays and other diagnostic 
data. Faced with giant competitors, Co­
rabi will have to rely on its head start. 
And so far the prognosis is good. 
Robert R. Pascal, Emory's director of 
anatomical pathology, says, "It had to 
have a pathologist's input to make it 
so easy to use." -Deborah Erickson 

HORIZONTAL SCANNER (SPINNING POLYGONAL MIRROR) 

ACOUSTO-OPTICAL 
CRYSTAL 

� 

-----=r 

� 
LASER 
BEAM 

� 

HOLOGRAM SIGNAL 
FROM COMPUTER 

MOVING HOLOGRAMS are created by computer at M.I. T.'s Media Lab. A laser 
beam and data converted into sound waves pass through a crystal. The light that 
emerges is organized by mirrors into a rapidly changing 3-D image. 

Move Over, Mr. Spock 
Sound-sensitive crystals bring 
computerized holograms to life 

I n Star Wars and other science-fic­
tion films, holograms are astonish­
ingly lifelike, mOving images that 

appear on computer screens and fu­
turistic videophones. In reality, most 
holograms are blurry, still pictures 
that look only a little bit three-dimen­
sional and appear on credit cards and 
costume jewelry. Yet investigators at 
the Media Laboratory of the Massa­
chusetts Institute of Technology are 
catching up with Hollywood: they have 
produced computer-generated moving 
holograms. 

A demonstration sequence prepared 
by the researchers shows a tiny star­
ship Enterprise from the television 
show Star Trek orbiting a planet. More 
advanced systems could one day serve 
as 3-D displays on workstations and 
other computers. Air-traffic control­
lers, for example, might be able to see 
the true relative positions of airplanes 
in crowded flight patterns. Physicians 
may base their diagnoses on three-di­
mensional images of organs scanned 
by computed tomography instead of 
relying on flat cross-sectional views. 

The holograms that Stephen A .  Ben­
ton, Pierre St. Hilaire, Mark Lucente 
and their colleagues have produced so 
far are small-about four centimeters 
on a side-and seem to hover in front 
of the 35-rnillimeter camera lens that 

focuses the image. The images exhib­
it parallax: as a viewer's head moves 
to the left or right, different parts of 
an image become visible. The moving 
hologram is animated at a speed of 15 
to 20 frames per second, which match­
es the animation quality of some car­
toons shown on television today. 

But turning computer data into a 
holographic display is tricky. Holo­
grams are usually made photographi­
cally by recording on film the interac­
tions between a laser beam and its re­
flection from an object. Although a 
computer can calculate how a holo­
gram should appear from different an­
gles, rendering that information as a 
visible image has been difficult. Benton 
and his colleagues have accomplished 
this task by first converting computer 
data into sound and then into light. 
The key to their success is an acous­
to-optic crystal, which responds to 
sounds by bending light in different 
directions. 

In the M.1. T. system, a crystal is si­
multaneously exposed to a laser beam 
and to sound waves that convey a 
computer's description of a hologram. 
The crystal refracts the laser beam in 
such a way that, at each instant, the 
beam takes on the appearance of a 
different part of the hologram. Mirrors 
then organize the beam into a still pic­
ture. By changing the picture slightly 
20 times per second, Benton's group 
creates the illusion of a moving image. 

Generating a hologram in this way 
requires vast number-crunching pow­
er. To keep the prototype system feasi-
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ble, the M.I. T. group keeps its holo­
grams small, narrowing the viewing 
angle and eliminating vertical paral­
lax. Still, two million bytes are needed 
to create a single holographic frame. 
Most computers would take hours or 
days to make the necessary calcula­
tions. Even the M.I.T. group's $4-mil­
lion supercomputer needs about five 
seconds. 

At this rate the system is about 100 
times too slow to create new frames 
fast enough for real-time moving dis­
plays. To show the Enterprise moving, 
the investigators must make all the 
calculations in advance and store the 
results. Because the computer can 
store only about 50 frames' worth of 
information, the moving hologram se­
quence can last only a few seconds. 

Within 10 years, Lucente guesses, 
technology may have advanced suffi­
ciently for holographic displays to be 
available on some business machines. 
There are $l-million parallel-process­
ing computers that could do the job 
now, he points out. But, laughing, Lu­
cente adds a disclaimer that could 
serve as the Media Lab's unofficial slo­
gan: "We're only inventing the future, 
not predicting it." -John Rennie 

Now Hear This 
Bellcore's speech synthesizer 
says something out of nothing 

W hen the voice on the tele­
phone sounds like a Midwest­
ern male robot, ORATOR is on 

the line. This new speech synthesiz­
er, developed by Bell Communica­
tions Research (Bellcore), pronounces 
words with a certain buzzing, staccato 
ring. The sound is even less pleasing 
than the perfectly bland digitized fe­
male voices that intone, "The new 
number is . . . .  " But ORATOR does have 
a special talent that current opera­
tor services lack-it can pronounce 
speech from computerized text. And 
ORATOR'S odd voice is nonetheless 
drawing praise from potential users. 

Until now, digitized voice has been 
the only speech technology to auto­
mate operator services. Such devic­
es take snippets of recorded speech 
and rearrange them as needed. The 
technology works fine for numbers 
and a few pat phrases. But it cannot 
provide information that has not been 
recorded previously by a human. 

ORATOR can. It is the first speech 
synthesizer for commercial use to 
break down words into demisyllables. 
Older synthesizers tried to glue to­
gether smaller portions of words-for 
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instance, discrete sounds like "e" or 
"a" or "ch." But "ORATOR looks at 
larger units, so it can incorporate the 
interacting effects that neighboring 
sounds have on each other," explains 
Murray Spiegel, who developed the 
technology with Marian Macchi. 

On the way to being pronounced 
by the computer, each word is first 

checked against a dictionary and, if 
not found there, whisked through a 
series of analyses. Ethnic classification 
is just one measure that makes ORA­

TOR particularly adept at pronouncing 
names. It says the "J" in "Jean-Claude" 
with a soft French "zh" and the Ameri­
can "Jean" as in blue jeans. "But the 
real guts of the system are the letter-

HOW BEllCORE'S ORATOR PRONOUNCES NAMES 
TEXT 

0 
TEXT NORMALIZATION 
"100 Dr. King Dr." -+ "one hundred doctor king drive" 
Abbreviations and numbers are translated into words. Some 
translations (e.g., Dr., St., LA) are context-dependent. 

., 
EXCEPTION DICTIONARY I� Beethoven -+ 11 bet20vOAni 
If input matches an entry, pronunciation passes straight through. 

�� 
ETHNIC CLASSIFICATION 
Letorneaux -+ "french" 
Name spelling is evaluated to identify ethnic origin. 
Used by later pronunciation and stress assignment rules. 

V 
AFFIXES STRIPPED 
Lovings -+ love·ing·s � Endings such as "ed," "er," "s," "ing" are split off. If remainder 
not contained in dictionary, it is pronounced by rules. 

�7 
COMPOUND-NAME DECOMPOSITION 
Mothershead -+ mothers· head 

� Name is analyzed for component words in English 
(west·more·land) or other languages (e.g., wein·heimer). 
Any part not matching dictionary is pronounced by rules. 

V 
LETTER-TO·SOUND RULES 
ough -+ 101 
Letters, recognized by context·sensitive rules specific to' 
names, are translated into phonemes. 

V 
SYLLABICATION and STRESS ASSIGNMENT 
IErlksAnl -+ 11 ErOlkOsAnl 
Phonemes are grouped into syllables. Stress is assigned to 
each syllable (primary, secondary, unstressed). 

I 

PRONU�IATION 
The computer now takes the phonemes (pronunciation) for the text and as-
signs intonation to each phrase. It retrieves demisyllables (approximately half· 
syllables) from speech inventory and assembles each phrase with modifications 

for duration and fundamental frequency. Finally, the computer smooths coded 
parameters at the boundaries between demisyllables and synthesizes speech. 

SPEECH 
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to-sound rules," Spiegel notes. These 
are complete enough to let ORATOR 
pronounce most names accurately but 
not to read random text. 

After ORATOR retrieves the demi­
syllables from an extensive invento­
ry of computerized speech, it then 
puts them back together and smooths 
the boundaries between sounds. But 
not too much. The staccato rhythm en­
hances clarity, Spiegel explains. 

Telephone companies hope to have 
ORATOR on the job in the near future. 
When customers call up to question a 
bill, the computer-instead of a hu­
man operator-could tell them the 
name and address that match a given 
number. It could also dispatch repair 
crews. Workers could simply call in to 
a central number and with proper ac­
cess codes receive instructions to "Go 
to Joe's house on St. John's Place in 
Brooklyn." ( ORATOR knows to pro­
nounce "St." before a word as "saint," 
not "street.") 

Eventually ORATOR'S developers pre­
dict that the system will provide a 
range of new services to telephone 
customers. It might allow business­
es to personalize their information 
listings. For example: "Henry's Hard­
ware has moved, and you can reach it 
at 345-9276," one customer's message 
might say. "The phone companies are 
not now allowed to offer Henry the 
option of saying 'Our hours are this, 
and our special today is nails,' '' says 
Jeanne Canteen, general manager of 
operator services at New York Tele­
phone. "But we will be looking at that." 

In a similar fashion, medical insur­
ers might provide customers with a 
number to hear a list of approved 
doctors in a region. A voice synthe­
sizer could also personalize messag­
es given by voice mail-or even au­
tomated-teller machines-by reacting 
to user codes. Spiegel says: "Every­
one is complaining about society 
becoming numerized. This way, if 
it pronounces your name correctly, 
you're able to be treated as a hu­
man again." 

In some applications, however, ORA­
TOR raises questions. "You can't de­
ploy technology just because it's there. 
We have to find out the impact on the 
employee, the user, the regulatory cli­
mate and the cost," Canteen observes. 
Yet Spiegel is convinced that more ad­
vanced versions of ORATOR will one 
day see widespread use. "With each in­
cremental improvement to the tech­
nology, more applications will be 
found," he declares. Thoughtful com­
panies will consider the implications 
of this technology before it becomes 
pervasive. -D.E. 

THE ANALYTICAL ECONOMIST 
On the eve of the East hloc's morning after 

I n Berlin, the border between Eastern 
and Western Europe brings to mind 

nothing quite so strongly as a tutorial 
in basic economics. After so many 
years of controlled markets, the laws 
of supply and demand are now reign­
ing sovereign. 

Buses from Poland stretch for a kilo­
meter along the West Berlin avenue 
that leads to the Brandenburg Gate and 
to the East bloc. Young Polish men 
stream from the Kurffustendamm, 
Berlin's main shopping district, and 
crowd onto the buses, carrying boxes 
labeled "Aiwa" and "Casio." Older men 
and women push shopping carts laden 
with canned apricots, orange juice or 
beer. This is inelastic demand in ac­
tion: almost without regard for price, 
Poles are buying Western goods. Many 
hope to sell the products back home at 
even higher prices. 

The inelastic supply of ostmarks, 
meanwhile, is advertised on every 
street comer near the center of town. 
At almost any price, East Germans are 
trying to sell their currency. To them, 
one deutsche mark may be worth three 
ostmarks-maybe even four or six. 
Fueling their eagerness to sell is the 
knowledge that ostmarks will soon 
have little value. As of July 2, banks 
will swap deutsche marks for ost­
marks-but the one-for-one exchange 
is guaranteed only for the first 4,000 
ostmarks an adult converts. (Senior cit­
izens can trade in 6,000 ostmarks at 
the favorable rate.) 

The lust for Western goods has a flip 
side: few Easterners buy goods from 
the East. In some cases, the superior 
quality of Western goods clearly war­
rants the higher prices. Eastern Eu­
ropeans are no longer interested in 
the noxious little two-cycle Trabant 
cars. In other cases, the faltering de­
mand is less logical . The director 
of an East German agricultural com­
mune near Berlin complains there is 
no point in sending pigs or cattle to 
the slaughterhouse. No one will spend 
their ostmarks to buy the meat. The 
commune's dilemma may be tempo­
rary, however. This year export restric­
tions between East and West will fall, 
allowing the commune to sell its ani­
mals to West German slaughterhouses. 

East Germany is also struggling with 
the economic lesson of marginal return 
on investment. Will a deutsche mark 
spent renovating an old factory there 
return as much to investors as money 
spent expanding a plant in West Ger-

many? Probably not. Throughout the 
East bloc, factories are crumbling, of­
ten saddled with ancient equipment 
and dumps of hazardous wastes. Even 
the air in the brown-coal district near 
Leipzig smells of bumt flint and sulfur. 
East German industry may be inflicting 
as much as 30 billion deutsche marks 
of damage on the environment every 
year, according to a West Berlin re­
search institute. It may cost the coun­
try about 100 billion deutsche marks 
just to clean up fouled groundwater. 
That figure could double if the govern­
ment tries to bring the energy-produc­
ing plants up to the environmental 
standards of the West. 

Finding funds to rebuild the indus­
trial infrastructure will be difficult. The 
East German government estimates 
private national savings to be 167 
billion ostmarks-roughly 10,000 ost­
marks per person. Although some of 
that will be converted to deutsche 
marks at a favorable rate, the rest may 
be exchanged for far fewer deutsche 
marks or spent on Western goods, thus 
depleting the country's pool of savings. 

There is little to draw Western mon­
ey now. Not only are the dilapidat­
ed factories riddled with environmen­
tal liabilities, many employ unnecessar­
ily large work forces. When ostmarks 
are changed to deutsche marks, East 
German salaries will be converted one­
for-one into deutsche marks. Food 
and shelter, which have been heavily 
subsidized, are likely to rise about 
threefold in price as the government 
withdraws its support from the now 
free market. Western producers may 
consequently decide to serve the East 
from their established plants in West 
Germany. 

Some Westerners nonetheless speak 
with hope of "market forces" that will 

eventually force salaries and prices 
in the East into a proper equilibrium. 
Other Westerners grumble that they 
will have to pay-through higher taxes 
and inflation-to support their poor 
cousins. Along with the flood of new 
goods, Easterners are faCing the possi­
ble demise of their extensive social wel­
fare system and the likelihood that un­
employment will befall four million of 
them in the wake of unification. 

Centrally planned economies have 
clearly succumbed in Eastern Europe. 
But it may be some time before the 
abrupt change to capitalism in East 
Germany begins to improve the lives of 
people there. -Paul Wallich, Berlin 
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Pyrotechnics 
The secrets behind dazzling fireworks displays are yielding 

to scientific snooping. Similar principles are at work in 
devices ranging from the space shuttle to safety matches 

A:distant, muffled "whoomp" re­
sounds, and a trail of yellow­
orange sparks tumbles into 

the night sky, c ulminating in a circu­
lar burst of brilliant blue and green 
streaks. Another explosion shoots out 
a ragged arc of red streamers, followed 
by a shower of white and gold sparks. 
A third firework produces a staccato 
barrage of bright flashes of white light 
and thunderous noise. 

These effects have been a f amiliar 
part of major celebrations for centu­
ries. For most of that time, the design 
and composition of fireworks was a 
craft, not a science. Only in recent 
decades have researchers begun to un­
ravel the physical processes that un­
derlie the production of dramatic col­
ors and special effects. As a result of 
these investigations, a true diSCipline 
of pyrotechnics-the "science of fire"­
has emerged. Pyrotechnics embraces 
not only fireworks but a whole range of 
devices that use similar materials, in­
cluding hazard flares, safety matches 
and even the solid-fuel rocket boosters 
of the space shuttle. 

One of the oldest pyrotechnic com­
positions, black powder, serves as both 
the propellant and explosive charge in 
modern firework shells. The Chinese 
developed black powder (the original 

JOHN A. CO NKLING is executive direc· 
tor of the American Pyrotechnics Asso­
ciation and adjunct professor of chem­
istry at Washington College in Chester­
town, Md. Every summer he teaches 
several one-week seminars on pyrotech· 
nics at the college; these are the only py. 
rotechnics courses offered in the U.S. 
Conkling received a Ph.D. in chemistry 
from Johns Hopkins University in 1969. 
He has written extensively on the chem­
istry of pyrotechnics and on fireworks 
safety, and he serves on both the explo· 
sives and pyrotechnics technical com· 
mittees of the National Fire Protection 
Association. In his more peaceful mo· 
ments, Co nkling enjoys fishing. 
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gunpowder) more than 1 ,000 years ago 
for use in crude missiles and firecrack­
ers. Awareness of black powder trav­
eled west during the Middle Ages. The 
English monk Roger Bacon disclosed a 
formula for the explosive mixture in 
1 242 as part of his defense against ac­
cusations of witchcraft. He considered 
it such a dangerous material that he 
wrote about it in code. As the formu­
la became more widely known, black 
powder revolutionized quarrying and 
construction. Weapons such as mus­
kets and cannons, developed during 
the 14th century, exploited black pow­
der as a propellant. 

The basic formula for black powder 
has persisted essentially unchanged 
throughout the centuries: an intimate 
blend of potassium nitrate (common­
ly known as saltpeter), charcoal and 
sulfur in a 75 : 1 5 : 1 0 ratio by weight. 
It may in fact be the only chemical 
product that is produced today using 
the same ingredients, the same pro­
portions and the same manufacturing 
process as were used in the time of 
Columbus. This constancy reflects the 
fact that black powder is a nearly ideal 
pyrotechnic substance. It consists of 
abundant, inexpensive chemicals that 
are relatively nontoxic and environ­
mentally safe. The mixture is so stable 
that it can be stored for decades with­
out deteriorating, if kept dry. Black 
powder is easily ignited by means of 
a moderate jolt of energy, such as a 
spark or a small b urning fuse. 

Historically, only a handful of fami­
lies have dominated the fireworks in­
dustry in the West. Details such as 
chemical recipes and mixing proce­
dures were cloaked in secrecy and 
passed down from one generation to 
the next. Families remain an important 
force in the industry. In the U.S., for in­
stance, there are the Gruccis of Bell­
port, N.Y., the Zambellis of New Castle, 
Pa., the Rozzis of Loveland, Ohio, and 
the Souzas of Rialto, Calif. One effect 
of f amilial secretiveness is that, until 
recent decades, basic pyrotechnic re-

search was rarely performed, and even 
when it was, the results were not gen­
erally reported in scientific jo urnals. 

I n prinCiple, the pyrotechnic process 
is not unlike normal combustion. A 
pyrotechnic composition contains 

an oxygen source (oxidizer) and a re­
ducing agent (fuel). They are usually 
separate, solid chemicals that must 
be physically mixed together. When 
heat is applied, an electron-transfer, or 
oxidation-reduction (redox), reaction 
takes place. 

Atoms in the fuel lose electrons to 
atoms in the oxidizer. In the process 
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the fuel atoms bond to the oxygen 
atoms that are liberated from the oxi­
dizer and form stable reaction prod­
ucts. The new chemical bonds are more 
stable, and so energy is released in the 
form of heat; the same process occurs 
in combustion. In combustion, howev­
er, the oxygen comes from the air. In a 
pyrotechnic mixture the oxygen is self­
contained, and the heat is much more 
closely confined. 

As long as a pyrotechnic mixture re­
mains cool and dry, it is generally quite 
stable. A solid mixture experiences 
only a very slow surface reaction con­
trolled by diffusion. When the composi­
tion is ignited, it begins to liquefy and 
vaporize in the resulting pyrotechnic 
flame, and the fuel and oxidizer close­
ly intermingle. This proximity leads to 
faster chemical reactions and, in turn, 
still more rapid energy release. 

Pyrotechnics makes use of a varie­
ty of fuels. Many mixtures incorporate 
organic (carbon-containing) materials, 
such as charcoal (used in fireworks and 
gunpowder) or sugar (in smoke gre­
nades). Other common fuels include 
nonmetallic elements, such as sulfur, 
silicon and boron. Silicon and boron re­
lease a large amount of energy when 
oxidized, and they do not produce gas 

in the process. They are used in delay 
fuses to ignite other compositions at a 
desired time. Chemically active metal 
fuels-most often aluminum, magne­
sium and titanium-burn at high tem­
peratures and emit bright light. They 
came into use in the 19th century and 
dramatically improved the brilliance of 
pyrotechnic explosions. 

The spectacular splashes of light 
produced by fireworks are the most fa­
mous pyrotechnic phenomenon. The 
color of the light depends on its wave­
length. Visible light consists of electro­
magnetic radiation having wavelengths 
between 380 and 780 nanometers (a 
nanometer is one billionth of a meter). 
The longest visible rays appear red, the 
shortest, violet. A glowing object ap­
pears white if it radiates throughout 
the visible spectrum. If most of the 
light is emitted in a narrow portion of 
the spectrum, it takes on the color of 
that portion. 

Pyrotechnic compositions emit light 
by three basic processes: incandescence 
(blackbody radiation), atomic emission 
and molecular emission. Incandescence 
occurs when solid or liquid particles in 
the pyrotechnic flame are heated to 
a high temperature. The hot particles 
emit a broad spectrum of radiation as 

they attempt to shed their excess en­
ergy. The higher the temperature, the 
shorter the wavelength at which the 
most radiation is emitted. The intensity 
of the emission is proportional to the 
fourth power of the flame temperature, 
so a moderate increase in temperature 
drastically brightens the flame. 

White-light flares contain a reactive 
metal, such as magnesium, as a fuel. 
Solid metal oxide particles, created 
when the fuel is oxidized, are heated to 
more than 3, 000 degrees Celsius; at 
these temperatures, their incandescent 
glow is white-hot. A mixture of potassi­
um perchlorate and fine aluminum or 
magnesium powder produces a power­
ful explosion along with a burst of 

SPLENDOR OF FIREWORKS bursts forth 
in this photograph taken of New York 
Harbor during the centennial celebra­
tion of the Statue of Uberty. Crude fire­
works have existed for more than a mil­
lennium, but vivid color·emitting com­
pounds were not developed until the 
19th century. Firework compositions 
were often closely held family secrets; 
only in recent decades have researchers 
begun to decipher the chemical proc­
esses behind the flashes and booms. 
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white light. Such "photoflash" or "flash 
and sound" compositions have a wide 
range of uses, from firecrackers to spe­
cial effects for rock concerts to bursts 
of light for nighttime photography. 
These compositions produce the bright 
flash that traditionally terminates a 
firework explosion. 

Larger metal particles retain their 
heat longer than powders and can con­
tinue to burn by drawing on the oxy­
gen in the air. They create white sparks 
rather than an instantaneous flash. The 
bigger the particles, the longer the 
sparks last. Charcoal and iron particles 
do not become as hot as active metal 
particles-only about 1,500 degrees 
C-and so they produce dimmer, gold­
colored sparks. 

The brilliant colors seen in modern 
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DESIGN OF FIREWORK shells con­
trols their visual effect. All contain 
black-powder propellant and a quick 
fuse that ignites the powder, ex­
pelling the shell from a launch tube. 
A time-delay fuse sets off a bursting 
charge after the shell is far above 
the ground. The charge activates 
pellets (stars) of light-emitting com­
pounds. American-European-style 
shells contain a random mixture of 
stars and bursting charge (top left). 
They produce irregular splashes of 
color. In Japanese-style chrysanthe­
mum shells, the stars surround the 
charge (top right), creating symmet­
ric explosions. Multiple-burst shells 
have several compartments, each 
containing a different composition, 
that are joined by time-delay fuses 
(left). The loud bang that traditional­
ly ends a firework is produced by a 
compartment containing aluminum­
powder mixture instead of stars and 
black powder. 

fireworks displays are generated either 
by atoms or by molecules present in a 
vapor form in the pyrotechnic flame. In 
the former case, the heat of the flame 
excites an electron in an atom and 
bumps it from its normal, ground-state 
orbital to a higher-energy one. The elec­
tron rapidly returns to its ground state 
and emits the excess energy as a pho­
ton (a single particle, or unit, of radia­
tion) of a specific wavelength. 

Sodium is one of the most potent 
atomic light emitters. Sodium atoms 
heated above 1,800 degrees C give 
off yellow-orange light having a wave­
length of 589 nanometers. The process 
is so efficient that it tends to over­
whelm any other atomic or molecular 
light sources in a pyrotechnic flame. 
Even small amounts of sodium-con-

taining impurities can ruin efforts to 
produce a flame of any other color. 

In other applications, sodium's pro­
digious light emission can be helpful. 
Sodium nitrate oxidizer combined with 
magnesium metal fuel is the principal 
composition used by the U.S. military 
to illuminate nighttime operations. The 
magnesium is oxidized by the sodi­
um nitrate when the mixture is ignit­
ed; the resulting hot magnesium oxide 
particles shine with a white incandes­
cent glow. High temperatures (3,600 
degrees C) in the magnesium flame 
also broaden the range of wavelengths 
emitted by the sodium atoms. The re­
sult is an intense white light. 

As with atomic emission, molecular 
emission involves a transition from a 
ground state to an excited one. The 
molecule must be in gaseous form in 
the pyrotechnic flame, and it must be 
heated to a temperature high enough 
to reach the excited state that causes it 
to radiate. If the flame is too hot, how­
ever, the molecule disintegrates into its 
constituent atoms and no light is emit­
ted. Moreover, the molecules must be 
suffiCiently concentrated in the flame 
to generate intensely colored light, but 
the production of solid or liqUid parti­
cles must be kept to a minimum be­
cause they give off incandescent radia­
tion that washes out the color. 

I n the absence of theoretical under­
standing, colors were generated in 
fireworks by a trial-and-error proc­

ess. Over the past several decades 
Bernard E. Douda and Henry A .  Web­
ster III of the Naval Weapons Support 
Center in Crane, Ind. , and David R. 
Dillehay of the Longhorn Division of 
the Thiokol Corporation in Marshall, 
Tex. ,  have conducted research that has 
helped identify the principal colored 
emitters in pyrotechnics. Takeo Shi­
mizu of the Koa Fireworks Company in 
Japan also has contributed to this area. 

A few groups of molecules are re­
sponsible for nearly all the colors in 
fireworks. Compounds of the element 
strontium produce the reds: stronti-um 
hydroxide (SrOH) and strontium chlo­
ride (SrCl) emit red light at wavelengths 
between 605 and 682 nanometers. Mol­
ecules containing barium create the 
greens. Barium chloride (BaCl), for in­
stance, emits green light at wavelengths 
between 507 and 532 nanometers. 

These molecules are so fragile that 
they are unstable at room tempera­
ture; consequently, they cannot be 
packed directly into a firework. Instead 
they are synthesized in rapid reactions 
in the flame. Manufacturers add such 
compounds as chlorinated rubber, poly­
vinyl chloride (a chlorine-containing 
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plastic) or perchlorate or chlorate ox­
idizers (containing a chlorine atom 
and four or three atoms of oxygen, re­
spectively). These compounds decom­
pose at high temperatures and release 
free chlorine. The chlorine atoms com­
bine with barium or strontium, briefly 
creating the desired light-producing 
molecules. 

A rich blue flame is perhaps the ulti­
mate challenge to the pyrotechnician. 
The best blue emitter yet identified­
copper chloride (CuCl)-is unstable at 
the elevated temperatures needed to 

produce intense light in fireworks. If 
the flame temperature exceeds that 
necessary for optimal molecular emis­
sion, the molecules disintegrate rapid­
ly. Distinctly blue fireworks therefore 
demand especially precise control over 
the relative proportions and particle 
size of the necessary chemicals. The 
same holds true for purple or violet 
colors, which are created by combined 
emission from strontium chloride and 
copper chloride formed in the flame. 
I pay close attention to flame colors 
when I view a fireworks display; if a de-

cent blue color appears, I am always 
impressed and curious to know what 
chemical mixture was used. 

Color-generating compounds com­
bined with the appropriate fuels and 
oxidizers can produce special effects. 
Red sparklers derive their color from 
the combination of strontium carbon­
ate (which emits red light) and alu­
minum granules (which provide the 
sparks). These ingredients are mixed 
with fuels, binders and an oxidizer to 
create a thick slurry; wires are dipped 
into the slurry and allowed to harden 

SHAPES AND COLORS of firework bursts reflect the type of 
shell and the composition of the stars. A ragged spray 
of light is the signature of an American-European shell (top 
left). Round, flower-shaped explosions result from the aptly 

named chrysanthemum shell (top right). Multiple-burst shells 
or volleys of single-burst shells can produce dramatic ef­
fects by incorporating a variety of pyrotechnic compositions 
that emit different colors and sounds when ignited (bottom). 
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FIREWORKS GLOW by incandescent, atomic, and molecular 
emission. The color depends on where the emission falls on 
the visible spectrum (top). Atoms and molecules become 
excited at the high temperatures in a pyrotechnic flame and 
release their excess energy as light. Atomic sodium is an in­
tense yellow-orange emitter. Fragile compounds containing 

copper, barium and strontium produce blue, green and red 
colors, respectively (middle). These unstable molecules are 
created only briefly in the hot flame. Aluminum or mag­
nesium particles appear as white-hot incandescent sparks 
when ignited; iron or charcoal particles do not become so 
hot and therefore radiate dimmer, gold-tinged light (bottom). 

to create sparklers. Another strontium 
compound, strontium nitrate, is blend­
ed with potassium perchlorate (an oxi­
dizer and chlorine source) and various 
fuels to create the distinctive red glow 
of roadside hazard flares. 

The structure of a firework is also 
an intricate brew of craft and engineer­
ing. There are two kinds of firework 
"shells." Cylindrical American-Europe­
an-style shells, typically seven to 30 
centimeters in diameter, are launched 
from metal, cardboard or plastic mor­
tar tubes. A portion of black powder in 
the bottom of the shell is ignited, 
which propels the tube a few hundred 
meters into the air. A time-delay fuse 
begins burning when the shell is set 
off; some seconds later, when the shell 
is far above the ground, a bursting 
charge of black powder breaks the 
shell open and ignites pellets of color 
composition (called stars), which are ir­
regularly packed into the shell. The 
stars are expelled in a random pattern 
of light and color. This type of firework 
may also contain several ounces of 
flash-and-sound powder rather than 
stars and a bursting charge. Such a 
shell, called a salute, produces a flash 
of light and a loud boom instead of a 
burst of colors. 

Round Japanese-style chrysanthe­
mum shells are similar in diameter to 
American-European shells, and they, 
too, are launched from mortar tubes. In 
chrysanthemum shells the stars are 
arranged in a sphere about a central 
black-powder bursting charge. When 
the charge explodes, it ignites the nu­
merous stars and distributes them in a 
round, symmetric pattern. Depending 
on the size and chemical composition 
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of the stars, the result can vary from a 
quick flash to an extended trail. The 
trail may even change color if the stars 
contain more than one layer of color­
producing composition. 

Some American-E�opean shells con­
tain several compartments, each with 
its own bursting charge and stars (or 
flash-and-sound powder). When one 
compartment explodes, it ignites a 
time-delay fuse that leads to the next 
compartment. In this way, a single shell 
can produce multiple bursts. Incredi­
bly, the protective barriers that sepa­
rate the explosive compartments are 
fabricated from nothing more exotic 
than cardboard. 

I n addition to light, pyrotechnics is 
often exploited for its production 
of heat. The best-known heat-gener­

ating pyrotechnic-the safety match­
contains an energetic blend of potassi­
um chlorate oxidizer and sulfur, along 
with a gluelike fuel and binder. 

Calcium silicide fuel mixed with iron 
oxide generates a moderate amount of 
heat but no gas. During World War II 
small pyrotechnic devices containing 
this composition and a fuse were built 
into cans of rations so that they could 
be warmed in the absence of a stove. 
Time-delay mixtures, usually pressed 
columns containing boron, tungsten or 
silicon fuel, produce a controlled dose 
of heat for a speCific length of time 
that can then set off a larger reaction. 
Such mixtures are used to control the 
timing sequence in various aerospace 
devices, including the exploding bolts 
that rapidly jettison emergency-exit 
hatches and spent rocket stages; simi­
lar time delays prevent hand grenades 

from exploding as soon as the pin is 
pulled and the lever released. Decoy 
compositions have been developed to 
protect aircraft from enemy heat-seek­
ing missiles. These compositions emit 
infrared radiation that emulates the 
thermal signature of a jet engine. 

Heat production is often associated 
with the emission of smoke and gas. 
Colored smoke grenades, used for sig­
naling and for daytime displays, con­
tain a mixture of potassium chlorate 
oxidizer and sugar fuel that, when acti­
vated, vaporizes organic dyes to create 
a richly hued smoke cloud. Sugar is 
used because it burns at a low temper­
ature; a hotter flame would disinte­
grate the dyes. 

Solid-fuel rockets are in essence gi­
ant pyrotechnic devices designed to 
optimize gas production. Each space­
shuttle booster rocket contains half a 
million kilograms of a propellant con­
sisting of energetic pulverized alu­
minum fuel and ammonium perchlo­
rate Oxidizer ; the mixture also includes 
a special fuel and binder called poly­
butadiene-acrylic acid-acrylonitrile ter­
polymer (PBAN). When oxidized, PBAN 
releases copious quantities of carbon 
monoxide and carbon dioxide gas and 
steam that help loft the shuttle into 
space. Ammonium perchlorate is well 
suited for this application because its 
decomposition products are all gases, 
and so it enhances the rockets' thrust. 

Gas generation on a smaller scale 
creates the whistle effect heard in 
some fireworks. Compositions contain­
ing potassium perchlorate oxidizer and 
an organic acid salt (such as sodium 
salicylate-a chemical cousin of aspi­
rin) burn one layer at a time and emit 
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gas in spurts. When such compositions 
are pressed into narrow tubes, the 
rapid pulses of escaping gas create a 
whistling sound. 

The most appropriate application for 
a particular pyrotechnic mixture is 
largely determined by the reactivity of 
its oxidizer and its fuel. The reactivity 
of the fuel is closely related to the 
amount of energy (heat of combustion) 
liberated when it combines with oxy­
gen. Metals release large amounts of 
energy when oxidized; sugar releases 
relatively little. Charcoal and natural 
materials such as red gum-a tree se­
cretion-produce the moderate heat 
needed to activate the color-producing 
compounds in a firework. 

The reactivity of an oxidizer depends 
on two main factors: decomposition 
temperature and heat of decomposi­
tion. At decomposition temperature, 
the oxidizer begins to release oxygen at 
a significant rate. Heat of decomposi­
tion, as the term implies, is the amount 
of heat required to decompose the oxi­
dizer in order to release the oxygen. 
This amount can be positive (endother­
mic), in which case decomposition ab­
sorbs heat, or negative (exothermic), in 
which case it generates heat. 

Potassium chlorate decomposes at a 
low 36 0 degrees C and is exothermic; it 
is used in smoke grenades and house­
hold matches because it is energetic 
and easily activated. At the other ex­
treme, iron oxide decomposes at near­
ly 1, 500 degrees C and is strongly 
endothermic. It can be activated only 
by an energetic metallic fuel such as 
aluminum. 

P ackaging and the homogeneity of 
a pyrotechnic mixture also affect 
its reaction rate. As every maker 

of a pipe bomb knows, confinement 
significantly speeds up the pyrotechnic 
process by concentrating heat and hot 
gas near the reaction site. A mixture 
that burns at a controlled rate in the 
open can explode violently if confined. 
In general, the greater the homogeneity 
of the fuel and oxidizer, the faster the 
burning rate. 

Once, while conducting a seminar, 
I was asked why liquids are not wide­
ly used as pyrotechnics, since they 
should mix more thoroughly and so 
produce more reactive compositions 
than solids. The answer, I realized, is 
that liquids intermingle too well. liquid 
compositions would be extremely ho­
mogeneous and therefore highly reac­
tive and sensitive to ignition. liquids 
also could settle out during storage, 
thereby upsetting the chemical balance. 
Early versions of dynamite, which con­
sisted of porous materials (such as 

sawdust) soaked in liquid nitroglycerin, 
were extremely unstable precisely for 
this reason. 

Reactivity is greatest when the oxi­
dizer and fuel are blended at the atom­
ic level and the electron-accepting oxi­
dizer is located immediately adjacent 
to the atom or ion of fuel that donates 
the electrons when the pyrotechnic re­
action is initiated. Such energetic atom­
ic mixtures are, strictly speaking, ex­
plosives not pyrotechnics, but the prin­
ciples underlying their behavior are 
similar. Nitroglycerin, for instance, has 
the molecular formula C3N3Hs09. A 
small disturbance (heat or impact, for 
instance) causes it to decompose into 
carbon dioxide (C02), water (H20), ni­
trogen (N2) and a little excess oxygen 
(02). In the process, nitrogen-oxygen 
atomic bonds are replaced by far more 
stable carbon-oxygen, hydrogen-oxy­
gen and nitrogen-nitrogen bonds; the 
result is a violent release of energy. 

A less familiar, but increasingly im­
portant, material of this kind is sodium 
azide, the active component in automo­
tive airbags. This compound consists 
of interpenetrating lattices of ions of 
sodium and azide (a group of three 
chemically bound nitrogen atoms). An 
energetic impact disrupts the lattice 
structure. The sodium combines with 
oxygen while the nitrogen atoms re­
group into pairs to form a large quanti­
ty of nitrogen gas. 

T he history of the pyrotechnics 
industry, both in the U.S. and 
abroad, has been filled with trag­

ic accidents that have occurred during 
the manufacturing process, such as the 
devastating explosion that destroyed 
the Grucci plant in Long Island, N.Y., in 
1983. lmproving safety demands a de­
tailed understanding of the phenom­
enon of ignition. 

Ignition begins when energy from 

HOUSEHOLD MATCH is a specialized pyrotechnic device. A reaction between 
potassium chlorate oxidizer in the match and red phosphorus in the striker pro­
duces a flame that ignites the mixture of potassium chlorate and gluelike fuel 
in the match head. All the pyrotechnic effects-heat, smoke, light, gas and 
sound-are present. Some early matches were lit by dipping a potassium chlo­
rate composition in sulfuric acid. The combination of sulfur and potassium chlo­
rate is so sensitive to ignition that mixtures of the two were outlawed in Eng­
land in 1875. Use of potassium chlorate is also restricted in fireworks in the U.S. 
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some source-a flame, friction, impact, 
spark, elevated temperature or even la­
ser beam-breaks the chemical bonds 
in a pyrotechnic mixture. As a result, 
more stable bonds are formed and en­
ergy is released. If the energy is ade­
quate to activate the next layer of the 
mixture, the reaction continues; if the 
energy is absorbed by the surrounding 
material or is insufficient to activate 
the next layer, the reaction dies out. 

Fred L. McIntyre and his co-workers 
at the John C. Stennis Space Center's 
Hazard Test Range in Mississippi have 
analyzed a series of pyrotechnic com­
positions to determine how sensitive 
each is to ignition by various energy 
sources. These studies demonstrated 
that critical factors controlling sensitiv­
ity are the amount of heat generated by 

the reaction and the ignition tempera­
ture-the minimum temperature nec­
essary to induce a rapid, self-propagat­
ing reaction. Ignition sensitivity is also 
affected by the particle size of the chem­
ical components and by the grain size 
of the blended composition; fine grains 
ignite more readily than large ones. 
Ease of ignition by friction depends on 
the presence of abrasive materials in 
the mixture. Adding a lubricant, such 
as wax, can Significantly reduce the 
likelihood of friction-induced ignition. 

Safety is also important for the users 
of pyrotechnics-often children cele­
brating Independence Day, Bastille Day, 
Guy Fawkes Day, New Year's or oth­
er holidays traditionally accompanied 
by fireworks. In 1976 the U.S. Consum­
er Product Safety Commission enacted 

CELEBRA nONS have made use of fireworks for centuries. A chromolithograph 
of the opening in 1883 of the Brooklyn Bridge spanning the East River record­
ed a particularly imaginative display (top). The bridge's centennial was greeted 
by another dazzling demonstration of pyrotechnic art (bottom). The 1983 dis­
play was arranged by the Gruccis, a major fireworks-producing family in the U.S. 
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strict federal standards for consumer 
fireworks. The European Community 
nations have a wide range of safety 
standards that they are attempting to 
incorporate into a single code as part 
of their legal and economic unification. 

T here is no question-based on nu­
merous conversations I have had 
with researchers in many fields­

that many science careers were stimu­
lated by early experiments in pyrotech­
nics. The need to come up with a quick 
explanation to parents concerning a 
basement filled with smoke from a suc­
cessful experiment probably has also 
sparked more than a few legal careers. 

The family-business nature of the 
civilian pyrotechnics industry and the 
classified nature of much defense-re­
lated work have made academic train­
ing in the field difficult to acquire. The 
only academic pyrotechnics courses in 
the U.S. that I am aware of are sever­
al annual, one-week seminars at Wash­
ington College in Maryland, taught by 
several colleagues and me. Fortunate­
ly, a number of organizations active­
ly encourage treating pyrotechnics as 
a science and publish research in the 
field. These groups include the Interna­
tional Pyrotechnics Society and the 
more amateur-oriented Pyrotechnics 
Guild International. An occasional jour­
nal called Pyrotechnica also contains 
articles on current work. 

The most active supporter of the 
civilian industry continues to be the 
viewing public. Since 1976 the annual 
consumption of fireworks in the U.S. by 
private individuals for family and 
neighborhood celebrations has dou­
bled. The centuries-old tradition of fire­
works displays is still fascinating, de­
spite competition from rock concerts, 
music videos and other eye-dazzling 
and ear-filling forms of entertainment. 
Evidently modern technology has yet 
to find a match for the excitement one 
feels when the work of a master py­
rotechnician explodes in the night sky 
with a clap of thunder and a brilliant 
shower of color. 
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a new wetland. 
There's a saltwater wetland in 

Mississippi at the edge of a pine 
forest. It's the kind of place nature 
might have made. But it actually was 

created a few years ago by people 
who work in the nearby refinery. 
They not only agreed to replace an 

existing wetland but made it even 
more valuable as a wildlife habitat. 
Now herons and whimbrels, egrets 
and plovers are among more than 
a dozen kinds of birds that congregate 
there to rest and feed. Do people 
need to create new places so that 
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Chestnut Blight 
A fungus that has ravaged the American chestnut is 

itself coming under biological attack. Plant pathologists 
hope the new parasite will eventually control the old one 

�undred years ago the Ameri­
can chestnut (Castanea dentata) 

could have been called the all­
American tree. The tall, regal species 
made up a quarter of the hardwood 
trees in its natural range, a nearly 
unbroken chain of forests stretching 
from Maine to Georgia. It grew faster 
than most other hardwoods, some­
times reaching a stature of 100 feet 
and a girth of seven feet. Its straight­
grained timber split easily, burned al­
most smokelessly and resisted rot by 
virtue of a generous endowment of 
tannin, a bitter substance also found 
in tea leaves. Such resistance made the 
wood ideal for fence posts, telegraph 
poles, ship masts and railroad ties; the 
tannin supported a thriving tanning 
industry wherever the tree was abun­
dant. The nuts-far more flavorful 
than those of other chestnut species­
were a staple of many animals and an 
ingredient in many confections. 

Today the chestnut survives mainly 
as a minor understory shrub sprout­
ing from the root systems of declin­
ing and dead trees. Most mature chest­
nut trees-from three to four billion­
were killed during the first half of this 
century by a fungal disease thought to 
have been introduced around 1900 
with the importation of chestnut spec­
imens from Asia. Oaks and other hard­
woods have filled the considerable 
gaps left by the chestnut's demise. 

Persistent efforts to breed more re­
sistant varieties of the tree have so 
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by Joseph R. Newhouse 

far been disappointing. Recent ad­
vances in biotechnology, however, of­
fer hope that other weapons may be 
turned against the fungus. Some fun­
gal strains are known to be too weak 
to kill their host, and the genetic 
mechanism responsible for the weak­
ness has been partially unraveled. If 
plant pathologists learn to transmit 
such weakness to all the other strains, 
then mature chestnuts may once 
again adorn the American landscape. 

The blight was first noticed in 1904 
by Herman W. Merkel of the New York 
Zoological Park in the Bronx. Alarmed 
by the appearance of cankers-necrot­
ic depressions-on the park's trees, he 
asked for and received an appropria­
tion to prune the diseased branches. 
But within a year-despite a valiant 
effort-most of the trees became in­
fected, and many of the smaller speci­
mens died. Although the larger trees 
lingered as long as a decade, they, too, 
eventually succumbed. 

In 1906 William A. Murrill of the 
New York Botanical Garden, having es­
tablished that the fungus enters the 
chestnut through wounds in the bark, 
called the pathogen Diaporthe parasit­
ica.In 1912 taxonomic considerations 
led mycologists to rename it Endothia 
parasitica, the designation by which 
the pathogen became widely known. 
In 1978, again for taxonomic reasons, 
the fungus received its current name, 
Cryphoneetria parasitica. 

Unimpeded by natural barriers 
and faced with a completely de­
fenseless and relatively homog­

enous host population, C. parasitiea 
spread rapidly. By 1950 it occupied 
the entire natural range of the chest­
nut [see illustration on page 108]. How 
was it able to spread so rapidly? Like 
most fungi, it reproduces sexually 
and asexually. First it scatters sexual 
spores, called ascospores, on the wind 
to establish distant colonies. Then the 
colonies fan out by producing sticky 
masses of asexual spores, called co-

nidia, which can be splashed about by 
rain or dispersed from tree to tree on 
the feet of birds and insects. 

Foresters tried to slow the blight's 
advance by cutting swaths as wide as 
a mile in forests not yet affected by 
the blight and by destroying diseased 
trees, but to no avail. Attempts to re­
plant a region after the dead chestnuts 
had been removed also failed: the fun­
gus can survive the death of its host 
by subsisting as a weak parasite on 
other tree species or as a saprophyte 
on dead organic matter. 

Many plant scientists felt the Amer­
ican chestnut was doomed, but the 
tree's capacity to sprout repeated­
ly from the roots has saved it from 
extinction. Although the sprouts, too, 
eventually fall to the blight, usually 
before reproductive age, they provide 
cuttings by which the breeding stock 
can be maintained in sheltered envi­
ronments. Another ray of hope is of­
fered by the stands of mature chest­
nut trees planted west of the tree's 
natural range. 

The first step toward a cure was to 
reconstruct the history of the epidem­
ic. If researchers knew the host on 
which the fungus had originally lived, 
they might discover how the host had 
defended itself. The suspicion of earli­
er investigators that the fungus had 
entered the U.S. on imported Asian 
chestnut trees found confirmation in 
several developments. First, in 1938, 
blight attacked the European chestnut 
(Castanea sativa) in regions of Italy 
where experimental nurseries of the 
Japanese chestnut (Castanea ere nata) 
had been established about a decade 
earlier. Second, cultured isolates of 
fungus taken from chestnuts in China, 

AMERICAN CHESTNUT, 75 feet tall, es­
caped the blight's attack because it 
was planted in Lake County, Mich., some 
200 miles west of the species' natural 
range. Such rare survivors are a nation­
al treasure, valuable as breeding stock. 
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Japan, Europe and the U.S. resembled 
one another in their virulence and in 
the morphologies they displayed in 
artificial culture. Third, as fossil evi­
dence showed, Castanea grew in Chi­
na and Japan long before it appeared 
elsewhere in the world. Finally, the 
Asian species proved to be resistant to 
the fungus. This finding suggests that 
the Asian trees coevolved with the 
blight fungus and that resistant trees 
were favored by natural selection. 

The disease progressed more slowly 
in Europe than in the U.S., partly be­
cause the European species is more 
resistant to the fungus. Moreover, the 
European chestnut is a small, orchard 

tree that normally grows in widely 
separated clumps. The separations­
together with such barriers as the 
Alps-slowed the spread of the blight. 
Nevertheless, within 2 5  years the Eu­
ropean tree was decimated in Italy and 
coming under attack in France. 

Then, in 1 950, an encouraging sign 
appeared: a number of European 
chestnuts growing near Genoa were 
found to possess cankers that had 
stopped enlarging [see illustration on 
page 111]. Antonio Biraghi of the For­
estry Institute of Florence found the 
trees had walled off some diseased 
areas with callus tissue, a form of 
bark. Yet the same trees had other 

cankers that continued to spread. How 
could this be? Biraghi suggested that 
some fungal strains might have lost 
their virulence. Strangely, more than a 
dozen years passed before anyone at­
tempted to test his hypothesis. Finally, 
in 1 964, Jean Grente of the National 
Institute for Agricultural Research in 
Clermont-Ferrand confirmed that Bira­
ghi had been right. 

Grente extracted the fungus from 
closing cankers and noticed it lacked 
the orange pigment and most of the 
pycnidia, or asexual fruiting struc­
tures, that characterize the fungus in 
spreading cankers. Although the un­
pigmented strains could produce a 
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canker when inoculated into a Europe­
an chestnut, the canker grew so slow­
ly that the tree had time to contain 
it. Because the new strains could not 
sustain an effective infection, Grente 
termed them hypovirulent. 

Most remarkable of all, Grente and 
his colleagues discovered that the 
trait for hypovirulence was transmis­
sible. They found that when agar plugs 
from hypovirulent and virulent cul­
tures were placed next to one another 
in petri dishes, the resulting colonies 
initially resembled those from which 
the plugs had been taken. After sev­
eral days, however, new growth of 
the virulent colony resembled the hy­
povirulent colony. This discovery en­
couraged the workers to treat cankers 
with hypovirulent strains, which quick­
ly stopped the cankers' spread. These 
and other experiments showed that 
the determinant of hypovirulence re­
sided in the intracellular flUid, or cyto­
plasm, of the fungus and was passed 
from hypovirulent to virulent strains 
during hyphal anastomosis. (In anas­
tomosis a bridge forms between the 
threadlike stalks, or hyphae, of neigh­
boring fungi, enabling cytoplasm to 
flow from one hypha to another.) 

Hypovirulence had triumphed over 
virulence both in the laboratory and in 
the field. Grente began a biocontrol 
program in France in 1966 that has 
since met with great success. In Ita­
ly, on the other hand, naturally occur­
ring hypovirulence has led to the 
chestnut's recovery without human 
intervention. 

R esearchers thought it would 
be possible to reproduce these 
splendid results in the U.S., 

and indeed, early successes generated 
great excitement. In 1972 Richard A.  
Jaynes, Neal K.  Van Alfen and their 
colleagues at the Connecticut Agri­
cultural Experiment Station in New 
Haven impeded the growth of cankers 
in greenhouse seedlings by inoculat­
ing them with European hypovirulent 

strains supplied by Grente. A year lat­
er, after receiving permission from the 
U.S. Department of Agriculture to un­
dertake field studies, they inoculated 
a number of trees with European hy­
povirulent strains and again stopped 
the growth of cankers. The inocula­
tions had successfully converted most 
fungi to the hypovirulent form. 

But further studies showed inocula­
tion did not always prevent a canker 
from spreading. An unknown factor 
was preventing some of the hypoviru­
lent strains from passing their benign 
traits to virulent strains during hyphal 
anastomosis. Such selective blockages 
were the result of what is called vege­
tative incompatibility. Sandra L. Anag­
nostakis of the Connecticut station 
identified the genes that mediate veg­
etative compatibility in C. parasitica 
and then showed that the greater the 
genetic variation between two strains, 
the less likely it is that hyphal anasto­
mosis will occur. Her finding led to the 
use of compatibility testing to classify 
virulent fungi into vegetatively com­
patible groups. Hypovirulent strains 
known to undergo anastomosis with 
strains in those groups were then ap-

��------�------) 
3 
INFECTION SPREADS 

UNDER BARK 

DISEASE CYCLE of chestnut blight begins when a spore of 
Cryphonectria parasitica lands on the bark of an American 
chestnut (1). The spore extends a tube, or hypha, into holes in 
the bark (2), creating an infection that spreads through the 
cambium (3) and manifests itself externally as a sunken can­
ker. Reproduction (4-6) proceeds in sexual and asexual stages: 
sexual spores (ascospores) are scattered on the wind, which 
carries them great distances (7), and masses of asexual spores 
(conidia) are secreted in a sticky matrix, which is borne to 
nearby trees on the feet of insects and birds (8). Rain may also 
wash conidia down the tree, triggering multiple infections. 
Cankers finally kill the host by blocking the exchange of water 
and nutrients between leaves and roots (9). C. parasitica occu­
pied the chestnut's entire natural range within 50 years (map). 
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plied to the cankers, a treatment that 
usually produced better results. 

Meanwhile, in 1976, indigenous hy­
povirulent strains were discovered in 
a stand of American chestnuts in 
western Michigan, outside the tree's 
natural range, and later in states in­
side the range. Many plant patholo­
gists wondered if the American chest­
nut would recover on its own, as the 
European species had done in Italy. 
But neither inoculation nor natural 
hypovirulence ended the blight. No 

American chestnut tree has yet been 
nursed to maturity in regions infested 
by C. parasitica. 

Why has the American chestnut 
fared worse than the European chest­
nut? It may be a question of timing: 
whereas hypovirulence appeared in It­
aly 12 years after the blight was first 
noticed there, it did not emerge in the 
U. S. until 72 years had passed, during 
which time the American fungus dif­
ferentiated into more than 100 vegeta­
tively compatible groups. Italy, on the 
other hand, had only a handful of such 
groups, which probably allowed hypo­
virulence to spread more quickly. 

Although the fungus has eluded all 
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attempts at eradication thus far, re­
cent advances in biotechnology sug­
gest the war may yet be won. The first 
breakthrough came in 1975, when Van 
Alfen and his colleagues proved that 
nuclear material is not passed from a 
hypovirulent to a virulent strain dur­
ing hyphal anastomosis and conclud­
ed that the agent responsible for hy­
povirulence must therefore reside in 
the cytoplasm. 

Their finding was followed by an­
other important discovery later 
the same year. Richard M. Lister 

of Purdue University and his graduate 
student Eileen M. Moffitt detected dou­
ble-strand RNA (dsRNA) ,  a nucleic acid 
that encodes genetic information in 
many fungal viruses, in the cytoplasm 
of two hypovirulent strains from Eu­
rope, but they failed to find it in viru­
lent strains from Europe or the U.s. 
Two years later Peter R. Day and his 
co- workers at the Connecticut station 
confirmed the results of Lister and 
Moffitt and found dsRNA in North 
American hypovirulent strains. They 
also showed that some hypovirulent 
strains had more than one segment of 

5 �UAlSTAGE 

6 
ASEXUAL STAGE 

'---------

dsRNA. Since then, workers have iden­
tified hypovirulent strains possessing 
as many as 10 segments of different 
lengths, but no one has yet linked any 
segment to hypovirulence. 

Nevertheless, the role of dsRNA in 
causing hypovirulence is clear: the 
transmission of hypovirulence always 
involves the transfer of dsRNA, and 
the removal of dsRNA always causes 
hypovirulent strains to revert to viru­
lence. The cause and effect were clear, 
but the mechanism by which they 
were linked was not. 

As the first step in identifying the 
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mechanism, plant pathologists sought 
the origins of the dsRNA. Viruses were 
the most likely source of the dsRNA, 
because most viruses known to infect 
fungi have their genetic information 
encoded on dsRNA. In 1978 James A .  
Dodds, then at  the Connecticut sta-
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tion, first presented evidence for the 
existence of a viruslike particle (VLP ) 
in a hypovirulent strain. He extracted 
club-shaped particles 100 nanometers 
long from a European hypovirulent 
strain and found dsRNA associated 
with them. 

Similar particles were later taken 
from other European hypovirulent 
strains. None, however, has been ex­
tracted from virulent strains from ei­
ther the U. S. or Europe or from North 
American hypovirulent strains. Yet, as 
I shall presently show, there is evi­
dence that VLP's are always present 
wherever hypovirulence is found. 

Clearly, much could be learned 
about VLP's from their position inside 
the fungal cytoplasm, but for many 
years efforts to observe them in situ 
were fruitless because delicate subcel­
lular structures were poorly preserved 
by conventional chemical fixation. In 
1981 it occurred to me that snapshots 
of microscopic portions of the fungus 
could be taken with the help of freeze 
substitution. The technique enables 
one to fix cellular structures perma­
nently by first flash-freezing and then 
soaking them in chemicals that leach 
out their water and stabilize the cyto-

plasm and its contents. The tissue is 
then embedded in plastic, sectioned, 
stained and imaged by a transmission 
electron microscope. 

I found VLP's in the hyphae and co­
nidia (asexual spores) of European 
and North American hypovirulent 

strains but not in genetically identi­
cal virulent strains that were free of 
dsRNA. Although the spherical, mem­
brane-bounded particles were small­
er than those Dodds had isolated and 
of a different shape, they probably 
are identical. To begin with, the trans­
mission electron microscope always 
makes particles appear larger in isola­
tion than they do in a tissue section. 
Second, cytochemical tests found that 
the particles contain nucleic acid and 
are surrounded by a lipid membrane, 
a membrane highly susceptible to dis­
tortion. Thus, the shape of the par­
ticles could have been distorted by 
Dodds's extraction procedure. 

In European hypovirulent strains, 
VLP's formed aggregates surrounded 
by rough endoplasmic reticulum and 
other elements of the cell's machin­
ery of synthesis. In North American 
strains, VLP's were sparsely scattered 
throughout the cytoplasm, which may 
account for previous failures to ex­
tract them from hyphae. 

VLP's resemble only one cellular 
component normally found in C. para­
sitica- the apical vesicles, which help 
to produce cell membranes and walls 
at the growing tips of hyphae. This 
resemblance leads me to suspect that 
the mechanism of growth has been 
turned here to another purpose-that 
of protecting the fungal cell against 

foreign nucleic acid, that is, dsRNA . 
In this scenario, VLP's are end prod­

ucts, formed when foreign nucleic ac­
ids are sealed in structures made from 
cell-wall precursors. In the final phase, 
VLP's would migrate to the cell mem­
brane and fuse with it, thus depositing 
their contents in the cell wall. In this 
way, dsRNA is purged from the cell. 

Yet if the dsRNA in VLP's is in fact 
neutralized, then what causes the mor­
phological aberrations in strains of C. 
parasitica infected with dsRNA? Per­
haps most of the dsRNA in hypovir­
ulent strains never gets trapped in 
VLP's but rather floats freely in the 
cytoplasm, as viroids do. Van Alfen 
suggests the dsRNA may represent the 
genome of a defective virus, one that 
has lost the ability to produce a cap­
sid, or protein coat. In any case, the 
dsRNA associated with hypovirulence 
is unique among the biological agents 
known to infect fungi. 

The freeze- substitution technique 
also allowed me to study hyphal anas­
tomosis between various strains of C. 
parasitica. I was able to confirm, for 
the first time, that cytoplasmic conti­
nuity does exist between vegetative­
ly compatible strains. In addition, I 
found VLP's in the anastomosis bridge 
and in the virulent strain only four 
hours after anastomosis began [see 
illustration below J. Although incom­
patible strains also start anastomosis, 
their cytoplasm degenerates soon af­
ter fusion, preventing the passage of 
dsRNA, and hence the trait for hypo­
virulence, from one strain to another. 

The tools of molecular biology have 
enabled workers to discover some se­
crets of hypovirulence. A group led 

'. 

ANASTOMOSIS, four hours after it began, is seen in this 
transmission electron micrograph of two fungal strains whose 
structures were flash-frozen and chemically fixed. Hyphae 
from each strain, one virulent and the other hypovirulent, have 

formed a bridge through which they can exchange cellular 
fluid (drawing). Viruslike particles (close-up) are present in the 
bridge and the virulent strain's hypha, indicating that double­
strand RNA has already been passed into the virulent strain. 
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by Robert E. Rhoads of the University 
of Kentucky used a technique called 
hybridization, by which they tried to 
bind radioactively labeled dsRNA from 
a hypovirulent strain to dsRNA from 
other hypovirulent strains. Successful 
binding indicates that the probe and 
its target are closely related. Rhoads's 
group found, however, that hybridiza­
tion occurs only when the probe and 
its target come from strains that origi­
nated on the same continent-either 
Europe or North America. This result 
proved that hypovirulence arose inde­
pendently in the two continents and 
that it involves two distinct groups 
of dsRNA. �ditional hybridization studies 

found two hypovirulent strains 
in Michigan whose dsRNA 

would not bind with dsRNA from 
many other strains around the coun­
try. There may therefore be many 
unrelated species of dsRNA in hypo­
virulent C. parasitica, at least in the 
U.S. But other hybridization studies 
have shown that in some hypoviru­
lent strains, the multiple segments of 
dsRNA are related to one another. This 
finding led Donald L. Nuss of the 
Roche Institute of Molecular Biology 
in Nutley, N.J., to speculate that the 
dsRNA may be genetically less compli­
cated than it appears. If so, identifica­
tion of the genes responsible for hy­
povirulence could be Simplified. 

To pinpoint the dsRNA segment or 
combination of segments that cause 
hypovirulence, one must first deter­
mine how dsRNA affects the cell. Mo­
lecular biologists at the Roche In­
stitute have begun to study this prob­
lem by sequencing one strand of 
dsRNA from a European hypovirulent 
strain. They translated a portion of the 
strand in vitro to produce a protein 
having a molecular weight of 29 kil­
odaltons. This protein was the first 
product synthesized from dsRNA as­
sociated with hypovirulence. 

To determine how dsRNA's protein 
products induce hypovirulence in C. 
parasitica, researchers are now using 
an enzyme called reverse transcript­
ase to make a DNA copy of dsRNA 
genes that specify the production of 
individual proteins. The workers then 
insert the DNA into virulent strains, a 
process called transformation, in an 
attempt to discover what each protein 
does to the fungus. 

Armed with this information, plant 
pathologists will be able to determine 
whether the mechanisms responsible 
for hypovirulence necessarily doom 
the fungus to reproductive weakness. 
If not, then genetic engineering may 

SPREADING CANKER caused by virulent C. parasitica girdles a chestnut and will kill 
it (left). When such a canker is treated with hypovirulent strains, the virulent fun­
gus weakens, allowing the tree to wall off the infection with callus tissue (right). 

be able to create strains too weak to 
kill chestnut trees but robust enough 
to compete with virulent strains in the 
forest. Or perhaps the genetic deter­
minants of vegetative incompatibility 
may be unraveled, so that hypoviru­
lence can be passed on to all strains of 
C. parasitica. That objective may be 
achieved by studying recently discov­
ered hypovirulent strains called multi­
converters, which can pass hypoviru­
lence to members of several vegeta­
tively compatible groups. 

Biologists have another way to try 
to save the American chestnut: they 
can breed a more resistant tree even 
as they work to debilitate its para­
site. Plant geneticists are crossing the 
chestnut with its more resistant rel­
atives in Asia, then breeding the re­
sulting hybrids with pure American 
stock in an effort to retain the desired 
qualities: the beauty of the American 
tree and the blight resistance of the 
Asian tree. Other geneticists have fol­
lowed countless leads to find chestnut 
trees that survived the blight, notably 
in North Carolina and Virginia. They 
graft cuttings taken from the survi­
vors onto rootstock of blight-resistant 
specimens. Even so, such breeding is 
slow and its results uncertain. 

Here, too, molecular biology may 
one day make a contribution. If the 
genes that confer resistance can be 
identified, then eventually it may be 
possible to incorporate them into 
gerrnlings from which blight-resistant 
American chestnuts might grow. Nei­
ther breeding nor gene-splicing can 

return the chestnut to its former glory 
overnight, for other species have long 
since filled the ecological gaps created 
by the tree's destruction. But restora­
tion of the chestnut to the yards of 
those who love it would be a sweet 
victory. Then might Robert Frost's 
prophecy come true: 

Will the blight end the chestnut? 
The farmers rather guess not. 
It keeps smoldering at the roots 
And sending up new shoots 
Till another parasite 
Shall come to end the blight. 
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Ramsey Theory 
The brilliant mathematician Frank Plumpton Ramsey proved 

that complete disorder is an impossibility. Every large set of numbers, 
points or objects necessarily contains a highly regular pattern 

by Ronald L. Graham and Joel H. Spencer 

Acording to a 3,500-year-old cu­
neiform text, an ancient Sumeri­
an scholar once looked to the 

stars in the heavens and saw a lion, a 
bull and a scorpion. A modern astron­
omer would be more likely to describe 
a constellation as a temporary collec­
tion of stars, which we earthlings ob­
serve from the edge of an ordinary gal-

axy. Yet most stargazers would agree 
that the night sky appears to be filled 
with constellations in the shape of 
straight lines, rectangles and penta­
gons. Could it be that such geometric 
patterns arise from unknown forces in 
the cosmos? 

Mathematics provides a much more 
plausible explanation. In 1928 Frank 

PARTY PUZZLE typifies the problems that Ramsey theory addresses. How many 
people does it take to form a group that always contains either four mutual ac­
quaintances or four mutual strangers? In the diagram, points represent people. A 
red edge connects people who are mutual acquaintances, and a blue edge joins 
people who are mutual strangers. In the group of 17 points above, there are no 
four points whose network of edges are either completely red or completely blue. 
Therefore, it takes more than 17 people to guarantee that there will always be four 
people who are either acquaintances or strangers. In fact, in any group of 18 peo­
ple, there are always either four mutual acquaintances or four mutual strangers. 
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Plumpton Ramsey, an English mathe­
matician, philosopher and economist, 
proved that such patterns are actually 
impliCit in any large structure, whether 
it is a group of stars, an array of peb­
bles or a series of numbers generated 
by throws of a die. Given enough stars, 
for instance, one can always find a 
group that very nearly forms a particu­
lar pattern: a straight line, a rectangle 
or, for that matter, a big dipper. In fact, 
Ramsey theory states that any struc­
ture will necessarily contain an order­
ly substructure. As the late American 
mathematician Theodore S. Motzkin 
first proclaimed some 25 years ago, 
Ramsey theory implies that complete 
disorder is an impossibility. 

Ramsey theorists struggle to figure 
out just how many stars, numbers or 
figures are required to guarantee a cer­
tain desired substructure. Such prob­
lems often take decades to solve and 
yield to only the most ingenious and 
delicate reasoning. As Ramsey theo­
rists search for solutions, they assist 
engineers attempting to build better 
communications netWorks as well as 
information transmission and retrieval 
systems. Ramsey theorists have also 
discovered some of the mathematical 
tools that will guide scientists in the 
next century. Perhaps most important, 
Ramsey theorists are probing the ulti­
mate structure of mathematics, a struc­
ture that transcends the universe. 

U nlike many branches of math­
ematics that interest profession­
als today, Ramsey theory can 

be presented intuitively. Indeed, the 
charm of Ramsey theory is derived in 
part from the simplicity with which the 
problems can be stated. For example, if 
six people are chosen at random (say, 
Alfred, Betty, Calvin, Deborah, Edward 
and Frances), is it true that either three 
of them mutually know one another or 
three of them mutually do not know 
one another? 

We can solve the "party puzzle" in 
many ways. We could list all conceiv-
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able combinations and check each one 
for an acquainted or unacquainted 
group of three. But because we would 
have to check 32,768 (or 215) combina­
tions, this brute-force method is nei­
ther practical nor insightful. 

Fortunately, we can find the answer 
by considering two simple cases. In the 
first case, suppose Alfred knows three 
(or more) of the others, say, Betty, 
Calvin and Deborah. If either Betty and 
Calvin or Betty and Deborah or Calvin 
and Deborah are mutual acquaintanc­
es, then Alfred and the acquainted pair 
make three people who know one an­
other. Otherwise Betty, Calvin and Deb­
orah are mutual strangers. In the sec­
ond case, suppose Alfred knows only 
two (or fewer) of the others, say, Betty 
and Calvin. If either Deborah and Ed­
ward or Deborah and Frances or Ed­
ward and Frances are strangers, then 
Alfred and the unacquainted pair make 
three people who do not know one an­
other. Otherwise Deborah, Edward and 
Frances are mutual acquaintances. In 
just six sentences, we have shown why 
any party of six people must include 
at least three mutual acquaintances 
or three mutual strangers. More to the 
point, the solution to the party puzzle 
is a special case of Ramsey theory. 

By generalizing this special case, 
we can give the full theorem. Instead 
of considering six people in the prob­
lem, we can have any number of peo­
ple or, for that matter, any number 
of objects. We need not restrict our­
selves to two relationships, acquain­
tances and strangers. We can have any 
number of mutually exclusive relation­
ships-for instance, friends, foes and 
neutral parties. 

We can then describe the full Ramsey 
theorem. If the number of objects in a 
set is sufficiently large and each pair of 

RAMSEY NUMBERS are defined as the smallest value of n such ,that in a group of n 

points either a group of j points forms a complete network of red edges or a group 
of k points forms a complete network of blue edges. The diagrams above indicate 
how large a particular Ramsey number should be. The first diagram shows five 
points connected by red and blue edges in such a way that no three points form 
either a red or a blue complete network. Hence, the first diagram implies that the 
Ramsey number for red three and blue three must be greater than five. In a simi­
lar manner, one can argue that the second diagram suggests that the Ramsey num­
ber for red three and blue four is greater than eight. By other more complicat­
ed techniques, it can be demonstrated that the Ramsey number for red three and 
blue three is six and that the number for red three and blue four is nine. All of 
the exact Ramsey numbers that are known are given above, except the Ramsey 
number for red four and blue four, whose diagram is shown on the opposite page. 
(In some of the diagrams the blue edges are omitted for simplicity.) The Ramsey 
number for red three and blue eight has been proved to be greater than 27 and 
less than or equal to 29. Recently it was shown (but not yet verified) to be 28. 
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CASE 1 CASE 2 CASE 3 

A A A 

B 

D E C 

CONVEX 
C HULL 

CONVEX 
D 

C QUADRILATERAL B 

RAMSEY THEORY was rediscovered in 1933 when a young student, Esther Klein, 
introduced a geometric problem: if five points lie in a plane so that no three points 
form a straight line, prove that four of the points will always form a convex 
quadrilateral. All cases of the problem are variations of the three above. The sim­
plest case occurs when the convex hull-the convex polygon enclosing all the 
points-is a quadrilateral. If the convex hull is a pentagon, then any four points 
can be connected to form a quadrilateral. A triangular convex hull will always con­
tain two points, here D and E. The line DE splits the triangle so that two points, A 
and B, are on one side. The four points ABDE must form a convex quadrilateral. 

objects has one of a number of rela­
tions, then there is always a subset 
containing a certain number of objects 
where each pair has the same relation. 

Frank Ramsey, who first proved this 
statement in 1928, grew up in Cam­
bridge, England. His father, Arthur S. 
Ramsey, was professor of mathematics 
and president of Magdalene College 
at Cambridge. In 1925 young Ramsey 
graduated as the university's top math­
ematics student. Although philosophy 
and mathematical logic chiefly engaged 
him, he also contributed to economics, 
probability, decision theory, cognitive 
psychology and semantics. 

Shortly after graduation, he joined a 
group of economists headed by John 
Maynard Keynes. Ramsey wrote only 
two papers on mathematical econom­
ics, but both are still widely cited. In 
philosophy his inspiration came from 
George E. Moore, Ludwig Wittgenstein 
and Bertrand RusselL Moore wrote, "He 
was an extraordinarily clear thinker: 
no one could avoid more easily than 
he the sort of confusions of thought 
to which even the best philosophers 
are liable." Then, tragically, in 1930, 
at the age of 26, Ramsey took ill and 
died of complications from abdominal 
surgery. 

An irony is attached to the story of 
how, two years before his death, Ram­
sey derived his eponymous theory. He 
came on the central idea while attempt­
ing to prove a premise put forward by 
Russell and Alfred North Whitehead in 
their masterwork, Principia Mathemati­
ca. They proposed that all mathemati­
cal truths can be deduced from a con­
cise set of axioms. Expanding on their 
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idea, the German mathematician David 
Hilbert had suggested that there must 
be a procedure to decide whether or 
not a given proposition follows from 
a particular set of axioms. Ramsey 
showed that there was such a decision 
procedure for a special case. (A few 
years later Kurt Gtidel, followed by the 
English mathematician Alan M. Turing 
and others, showed conclusively that 
for the general case, there was no such 
decision procedure.) 

Ramsey proved his theorem as a first 
step in his attempt to demonstrate the 
special case. As it turned out, he could 
have accomplished the same task by 
other means. Ramsey had proved a the­
orem that was superfluous to an ar­
gument, which he could never have 
proved in the general case. 

T here matters lay until 1933, 
when two Hungarian mathema­
ticians, Paul Erdos and George 

Szekeres, rediscovered Ramsey theo­
ry. They are largely responsible for its 
popularization in the mathematics 
community. At the time, Erdos was a 
19-year-old student at the University of 
Budapest, and Szekeres had recently 
earned a degree in chemical engineer­
ing from the Technical University of 
Budapest. They and a group of fellow 
students would meet almost every Sun­
day in a park or at school, mainly to 
discuss mathematics. 

At a meeting during the winter of 
1933, one of the students, Esther Klein, 
challenged the group to solve a curious 
problem: if five points lie in a plane so 
that no three points form a straight 
line, prove that four of the points will 

always form a convex quadrilateral. 
(The term convex suggests a bulging 
geometric figure such as a hexagon but 
not a five-pointed star. More specifical­
ly, a polygon is convex if every line seg­
ment drawn between its vertices lies in­
side the polygon.) 

After allowing her friends to contem­
plate the problem, Klein presented a 
proof [see illustration at leftl. Erdos and 
Klein quickly came up with a general­
ization of the problem. They realized 
that five of nine points in a plane will 
always form a convex pentagon. They 
then offered a new problem: if the 
number of points that lie in a plane is 
equal to 1 + 2 k-2 where k is 3 or 4 or 5 
and so on, can one always select k 
points so that they form a convex k­
sided polygon? 

In a memoir Szekeres recalled the 
scene: "We soon realized that a simple­
minded argument would not do and 
there was a feeling of excitement that 
a new type of geometrical problem 
emerged from our circle." Szekeres ea­
gerly demonstrated that there always 
exists a number n such that if n points 
lie in the plane so that no three form 
a straight line, it is possible to select 
k points that form a convex k-sided 
polygon. In other words, given enough 
points, one can always find a set that 
will form a particular polygon. In prov­
ing this, Szekeres had rediscovered 
Ramsey's theorem, although no one in 
the group knew it at the time. 

In 1934 Erdos and Szekeres reported 
their results, but neither they nor any­
one else to this day has been able to 
prove Erdos's conjecture that precisely 
n = 1 + 2 k -2 points suffice. Erdos often 
refers to their joint publication as the 
"Happy End Paper," because soon after 
publication Szekeres and Klein mar­
ried. Erdos became the most prolific 
mathematician of this century. 

Erdos was intrigued by Ramsey's 
idea that any sufficiently large struc­
ture must contain a regular substruc­
ture of a given size. But he wondered 
exactly how large the structure must be 
to guarantee a certain substructure. So 
Erdos began work on a version of the 
party puzzle. 

In this version the six people are rep­
resented as six points. For convenience, 
the points are drawn on a plane so that 
no three are in a line. The points are 
connected by an edge, which is colored 
to represent the relationship of the 
corresponding two people. A red edge 
means the people mutually know one 
another, and a blue edge means they 
do not know one another. 

Hence, if three people are mutual 
acquaintances, the edges between the 
points will form a red triangle, and if 
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three people are mutual strangers, a 
blue triangle will be formed. The party 
puzzle can be rephrased as follows: Is 
it true that if each edge between six 
points is arbitrarily colored either red 
or blue, there will always be either a 
red or a blue triangle? 

The problem that Erdos studied is a 
general version of this one. He defined 
a complete network as a number of 
points that are all connected by edges. 
He then asked what the smallest com­
plete network is that when arbitrarily 
colored red and blue will guarantee ei­
ther a red or a blue complete network 
of three points. The answer is a com­
plete network of six points. The prob­
lem and solution can be more conve­
niently expressed as follows: the Ram­
sey number for red three and blue 
three is equal to six. 

But what about the Ramsey number 
for red five and blue three? In other 
words, what is the smallest complete 
network that when arbitrarily colored 
red and blue will guarantee either a 
red network of five points or a blue 
network of three points? The Ramsey 
number for red five and blue three is 
14, which was not proved until 1955 by 
Robert E. Greenwood of the Universi­
ty of Texas at Austin and Andrew M. 
Gleason of Harvard University. 

Ramsey numbers are notoriously 
difficult to calculate. The efforts of gen­
erations of mathematicians and com­
puters have succeeded in finding only 
seven Ramsey numbers, which are giv­
en in the illustration on page 113. 

To express the difficulty of calculat­
ing Ramsey numbers, Erdos often tells 
the following anecdote. Aliens invade 
the earth and threaten to obliterate it 
in a year's time unless human beings 
can find the Ramsey number for red 
five and blue five. We could marshall 
the world's best minds and fastest 
computers, and within a year we could 
probably calculate the value. If the 
aliens demanded the Ramsey number 
for red six and blue six, however, we 
would have no choice but to launch a 
preemptive attack. 

Erdos did find a way, however, to 
get some idea of how large a Ram­
sey number must be. What if he could 
find a red and blue coloring of a large 
complete network that did not form 
either a red or a blue network of three 
points? Such a coloring of the com­
plete network of five points is shown 
on page 113. It follows that the Ramsey 
number for red three and blue three 
must be greater than five. Five is a low­
er bound for that Ramsey number. 

In 1947 Erdos proposed an unusu­
al method for finding the lower bound 
of any Ramsey number: flip a coin. He 

performed a thought experiment in 
which each edge of a complete network 
of, say, a million points was colored ac­
cording to the flip of a fair coin. The 
edge would be red for "tails" or blue 
for "heads." He then tried to show that 
the Ramsey number for, say, red 34 
and blue 34 is greater than a million. 
The experiment was a success if there 
was neither a red nor a blue network 
of 34 points. 

How could he ensure success? Any 
34 points must have 561 edges be­
tween them. If the first coin flip 
specifies blue for the first edge, then 
the next 560 flips must also specify 
blue in order to produce a blue 
network. The probability of this occur­
ring is one half to the power of 561. A 
red network has an equal probability of 
occurring so the total probability is 
double, or approximately 2.6 x 10 -169. 

Now the number of sets of 34 points 
in a million points is equal to (1,000,-
000 x 999,999 x ... x 999,967) divided 
by (34 x 33 x ... x 2 x 1), which is about 
3.4 x 10165. Out of all possible com­
plete networks of 34 points, therefore, 
one would expect (3.4 Xl0165)X (2.6 x 

10-169), or roughly .001, to be mono­
chromatic. Thus, 99.9 percent of the 
time the thought experiment is a suc­
cess with no 34-point monochromatic 
sets created. 

Erdos then employed a subtle reduc-

tio ad absurdum. He hypothesized that 
no coloring scheme was successful. 
Then the thought experiment would 
have zero probability of success, which 
he knew was not the case. The hypoth­
esis must be incorrect; there must be a 
successful coloring (not just with 99.9 
percent certainty but with absolute cer­
tainty). The existence of a coloring im­
plies that one million is a lower bound 
for the Ramsey number for red 34 and 
blue 34. 

This argument, which is known as 
the probabilistic method, has given the 
best available lower bounds for Ram­
sey numbers. The probabilistic method 
gives no clues, however, concerning the 
actual "construction" of the desired 
coloring. In an attempt to produce 
these colorings, workers have applied 
a range of techniques from number 
theory, set theory and other branches 
of mathematics. The results, although 
interesting, do not yet approach the 
bounds obtained by flipping a coin. �thOUgh much of the early work in 

Ramsey theory focused on sets 
of points and lines, many of the 

first problems involved sets of num­
bers. In fact, the Dutch mathemati­
cian Bartel L. van der Waerden began 
solving such problems before Ramsey 
proved his theorem. 

In 1926 van der Waerden learned 

Ramsey Theory and Arithmetic Progressions 
An arithmetic progression is a sequence of numbers in which the difference 

between successive terms remains constant. For instance, 7, 10, 13, 16 is an 
arithmetic progression in which the difference between successive terms is three. 
The following statement about arithmetic progressions follows from Ramsey the­
ory: if each number 1 through 9 is colored either red or blue, either three red or 
three blue numbers will form an arithmetic progression. 

To prove the conjecture, we might check every one of the 512 ways that nine 
numbers can be colored. Yet we can prove the conjecture by considering only two 
cases. We start with the case in which 4 and 6 are the same color, say, blue. 

1 2 3 4 5 6 7 8 9  
To avoid the red arithmetic progression 4, 5, 6, we color 5 red. 

1 2 3 4 5 6 7 8 9  
To avoid the blue arithmetic progressions 2, 4, 6 and 4, 6, 8, we color 2 and 8 red. 

1 2 3 4 5 6 7 8 9 
But that leaves the red arithmetic progression 2, 5, 8. Hence, if 4 and 6 are the same 
color, there is always either a red or a blue arithmetic progression. Next we con­
sider the case in which 4 and 6 are different colors. We can color 5 either red or 
blue without forming an arithmetic progression, so we arbitrarily choose to color 
5 red. 

2 3 4 5 6 7 8 9 
We continue to color the numbers as follows: 

3 to avoid 3 4 5 9 to avoid 3 6 9 
7 to avoid 5 7 9 8 to avoid 6 7 8 
2 to avoid 2 5 8 1 to avoid 1 2 3 

T his coloring yields the sequence 

1 2 3 4 5 6 7 8 9 
Yet we are still left with the red arithmetic progression 1, 5, 9. Therefore, regard­
less of whether 4 and 6 are the same color or different, there is always either a 
red or a blue arithmetic progression. 
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about a curious problem involving 
arithmetic progressions. As the phrase 
implies, an arithmetic progression is 
a sequence of numbers in which the 
difference between successive terms 
remains constant. For example, the se­
quence 3, 5, 7 is a three-term arith­
metic progression in which the differ­
ence between successive terms is two. 
A special case of the problem that 
caught van der Waerden's interest was 
the following: If each integer from 1 

through 9 is printed on a page in one 
of two colors, either red or blue, is it al­
ways true that either red three or blue 
three numbers will form an arithmetic 
progression? The answer is given in 
the box on the preceding page. 

Van der Waerden challenged himself 
with the following generalization: if n 
is a sufficiently large integer and if 
each integer from 1 through n is print­
ed arbitrarily in one of two colors, then 
there is always a monochromatic arith­
metic progression with a certain num­
ber of terms. One can think of this 
statement as Ramsey's theorem for 
arithmetic progressions, although it is 
generally known as van der Waerden's 
theorem. 

Van der Waerden enlisted the help 
of his colleagues Emil Artin and Otto 
Schreier. He later wrote: "We went into 
Artin's office in the Mathematics De­
partment of the University of Ham­
burg, and tried to find a proof. We 

drew some diagrams on the black­
board. We had what the Germans call 
'Einfalle': sudden ideas that flash into 
one's mind. Several times such new 
ideas gave the discussion a new turn, 
and one of the ideas finally led to the 
solution." It turned out, however, that 
van der Waerden could not demon­
strate the result for two colors without 
simultaneously demonstrating it for an 
arbitrary number of colors. 

For his proof, van der Waerden em­
ployed a special form of mathematical 
induction. The usual form, known as 
single induction, has two steps. First, 
one shows that the result holds for 
some small value, such as two. Second, 
one proves that if the result holds for 
any value then it holds for the next 
larger value. This implies that it holds 
for three, four and so on. The results 
faIl like an infinite set of dominoes. 

Van der Waerden employed a more 
subtle, double induction to prove Ram­
sey's theorem for arithmetic progres­
sions. He assumed that for any fixed 
number of colors there was a number 
n such that if each integer from 1 

through n were printed in one of these 
colors, then there would be a mono­
chromatic arithmetic progression of, 
say, 10 terms. He could then deduce 
that for any fixed number of colors, 
there was a number m such that if each 
integer from 1 through m were print­
ed in one of these colors, then there 

Ramsey Theory and Tic-Tac-Toe 
In 1926 Bartel L. van der Waerden proved that if n is a sufficiently large integer 

and if each integer 1 through n is printed arbitrarily in one of two colors, then 
there is always a monochromatic progression with a certain number of terms. In 
1 963 Alfred W. Hales and Robert I. Jewett found what has proved to be the 
essence of van der Waerden's theorem while investigating the game tic·tac·toe. 
Although the classic three·on·a-side tic·tac-toe can get tiresome, four-on-a·side tic· 
tac·toe in three dimensions is quite challenging. T he board for the three· 
dimensional game has 64 cells arranged in a cube. Players alternately fill the cells 
with naughts and crosses until one player wins by occupying four cells in a line. 
Two· and three·dimensional tic-tac-toe sometimes end in a tie. But what about 
higher·dimensional games7 Is a player ever guaranteed to win in some n· 
dimensional k·in·a·row version of tic·tac·toe7 

Hales and Jewett showed that if the dimension n is large enough, one can 
always find a k·in·a·row version that never ends in a tie. For instance, no matter 
how the naughts and crosses are arranged on a three·dimensional three·in·a-row 
version, either three naughts will occupy a line or three crosses will occupy a line. 

Van der Waerden's theorem can be derived from the Hales·Jewett result by 
employing a transformation that converts lines of tic·tac·toe into arithmetic pro· 
gressions. Consider a game of three·in·a-row tic·tac-toe in three dimensions. 

1 2 3 

:# : # :# 
2 3 2 3 2 3 

The coordinates for the crosses in this winning combination are 121,222 and 323, 
which form ar arithmetic progression. It can be shown that any winning combination 
transformed by this method will yield an arithmetic progression. 
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would be a monochromatic arithmetic 
progression of 11 terms. In general, he 
showed that knowing the result for k 

terms and all numbers of colors im­
plies the result for k + 1 terms and all 
numbers of colors. 

Once van der Waerden had arrived at 
that stage in the proof, he had only to 
demonstrate that the result does hold 
for some small value of k. If the num­
ber of integers is one more than the 
number of colors, then there are al­
ways two integers that have the same 
color. These two integers form an 
arithmetic progression of two terms. 
Thus, if the number of integers is one 
more than the number of colors, there 
is always a monochromatic arithmetic 
progression of two terms. The infinite 
set of dominoes with two terms now 
pushes over the infinite set with three 
terms, which in turn pushes over the 
infinite set with four terms and so on 
[see box on this page). 

Having proved Ramsey's theorem 
for arithmetic progressions, van 
der Waerden applied his knowl­

edge to the following problem: What 
is the smallest value of n that will guar­
antee a monochromatic arithmetic pro­
gression of, say, 10 terms if each inte­
ger from 1 through n is printed arbi­
trarily in one of two colors? The best 
answer that van der Waerden could 
find was so large that it cannot be writ­
ten in conventional notation. It was 
larger than a billion, larger than 10 to 
the power of a billion. 

In fact, in order to express his result, 
mathematicians rely on a sequence of 
functions known as the Ackermann hi­
erarchy. The first function in the hier­
archy is simply called DOUBLE (x). As 
the name implies, the function doubles 
the number x. Therefore, DOUBLE(l) 

equals 2, and DOUBLE(50) equals 100. 

The second function, EXPONENT (x), can 
be expressed as 2 to the power of x, 
and therefore, EXPONENT(3) equals 8. 
We also can describe EXPONENT in 
terms of DOUBLE. To find EXPONENT 

(3), for instance, we double 1, then dou­
ble the result, then double the result 
again. In fact, each function in the Ack­
ermann hierarchy is defined' in terms 
of its predecessor. 

Hence, the third function in the hier­
archy, TOWER (x), can be expressed us­
ing EXPONENT. TOWER(3), for example, 
is 2 to the power of 2 to power of 2, 
which equals 2 to the power of 4, or 
16. TOWER (x) is sometimes written as a 
tower of exponents 

• 2 
222 . 

where there are x number of 2's in the 
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tower. Yet even the TOWER (x) function 
does not increase rapidly enough to de­
scribe van der Waerden's result. 

The next function, informally known 
as WOW (x), is found by beginning at 
1 and applying the TOWER function x 
times. Therefore, 

WOW (1) = TOWER (1) = 2 

WOW (2) = TOWER (2) = 4 
WOW (3) = TOWER (4) = 65,536 

To find wow (4), we need to compute 
TOWER (65,536). To do this, we begin at 
1 and apply EXPONENT 65,536 times. 
Even applying EXPONENT just five times 
gives 265.536, a number whose digits 
would fill two pages of this magazine. 
In fact, if a number filled every page of 
every book and every memory bank of 
every computer, it would still be in­
comparable to wow (4). 

Yet to give van der Waerden's result, 
we must define a function that grows 
even faster. The function ACKERMANN 

(x) is defined by the sequence DOUBLE 

(1), EXPONENT (2), TOWER (3), wow(4) 
and so on. ACKERMANN (x) eventually 
dominates all of the functions of the 
hierarchy. Van der Waerden's proof 
gave the following quantitative result: 
if the integers 1, 2, ... ,ACKERMANN(k) 

are two-colored, then there is always a 
monochromatic arithmetic progression 
of k terms. 

It seemed preposterous that such 
enormous numbers could come out of 
such an innocent statement involving 
only arithmetic progressions. Over the 
years many mathematicians attempt­
ed to improve the proof of van der 
Waerden. As the failures mounted, the 
idea began to gain support that a dou­
ble induction and the corresponding 
ACKERMANN function were necessary 
features in any proof of van der Waer­
den's theorem. Increasingly, logicians 
tried to supply arguments that this in­
deed was so. 

In 1987, however, Israeli logician Sa­
haron Shelah of the Hebrew University 
in Jerusalem achieved a major break­
through. Shelah is widely regarded as 
one of the most powerful problem 
solvers in modern mathematics. He 
broke through the ACKERMANN barri­
er to show the following: if the integers 
1, 2, ... , wow (k) are two-colored, then 
there must always be a monochromatic 
arithmetic progression of k terms. 

Despite his background, Shelah's 
proof uses no tools from mathematical 
logic whatsoever. His proof employs 
only elementary (but highly ingenious) 
mathematical ideas. Written out in full, 
the proof is perhaps four pages long, 
and most experts consider it clearer 
than van der Waerden's original proof. 

CONCEPTS in Ramsey theory can be applied to problems in geometry such as this 
hexagon puzzle. If the sides of the hexagons are all .45 unit long (the unit is arbi­
trary), then two points within a hexagon are at most .9 unit apart. Each hexagon is 
shaded with one of seven colors so that no two hexagons of the same color are 
less than 1.19 units apart. No two points of the same color are precisely one unit 
apart. No one has been able to determine whether or not the plane can be shaded 
with six colors so that no two points of the same color are precisely one unit apart. 

Most important, he avoids the double 
induction. He fixes the number of col­
ors at two (or any particular number) 
and then proves a simple induction: if 
the result holds for progressions of k 

terms then it also holds for progres­
sions of (k+ 1) terms. 

Mathematicians are now poring over 
Shelah's proof to see if it can in fact be 
further improved to give a TOWER or 
even an EXPONENT function for van der 
Waerden's theorem. One of us (Gra­
ham) has offered a reward of $1,000 
for a proof (or disproof ) that for each 
number k, if the numbers 1, 2, ... ,TOW­

ER (k) are two-colored, then a mono­
chromatic arithmetic progression of k 

terms must be formed. 

T he work of Ramsey, Erdos, van 
der Waerden and many others 
established the fundamentals of 

Ramsey theory. Yet workers have only 
begun to explore the implications of 
the theory. It suggests that much of 
the essential structure of mathemat­
ics consists of extremely large num­
bers and sets, objects so huge that 
they are difficult to express, much less 
understand. 

As we learn to handle these large 
numbers, we may find mathematical 
relations that help engineers to build 
large communications networks or 

help scientists to recognize patterns in 
large-scale physical systems. Today we 
can easily recognize the constellations 
in the night sky as a consequence of 
Ramsey theory. What patterns may we 
find in sets that are ACKERMANN (9) 
times larger? 
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MATHEMATICAL 
RECREATIONS 

An odd journey along even roads 
leads to home in Golygon City 

D1 
by A. K. Dewdney 

"A journey of a thousand miles must 
begin with a single step." 

-LAO-TZU, 
The Way of Lao-tzu �ow me to start you on a journey 

in Golygon City. You can take a 
similar trip in New York, Kyoto 

or almost any large city whose streets 
form a grid of squares. Here are your 
directions. Stroll down a city block, and 
at the end turn left or right. Walk two 
more blocks, turn left or right, then 
walk another three blocks, turn once 
more and so on. Each time you turn, 
you must walk straight one block far­
ther than before. If after a number of 
turns you arrive at your starting point, 
you have traced a golygon. If you do 
not need the physical exercise, you can 

easily simulate the journey by moving 
a pencil along a piece of graph paper 
with a square grid. If you become lost, 
you may refer to the map below. 

A golygon consists of straight-line 
segments that have lengths (measured 
in miles, meters or whatever unit you 
prefer) of one, two, three and so on, up 
to some finite number. Every segment 
connects at a right angle to the seg­
ment that is one unit larger-except 
the longest segment, which meets the 
shortest segment at a right angle. Goly­
gons are more than just a geometric 
curiosity. They have inspired some de­
lightful puzzles as well as some in­
triguing problems for research. What 
better way to develop insight into the 
research process than to take a recre­
ational journey? 
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A map of Golygon City 
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It seems that golygons were first 
conceived by Lee Sallows, a redoubt­
able engineer of the Catholic University 
Nijmegen in the Netherlands. I last fea­
tured Sallows's work in October, 1984, 
when I described his search for pan­
grams, sentences containing each letter 
of the alphabet. Since then Sallows has 
invented many new recreations but 
none so engaging, as far as this depart­
ment is concerned, as golygons. 

In the fall of 1988 Sallows began his 
search for golygons. It did not take him 
long to find an eight-sided golygon. Yet 
he could find no such objects that had 
fewer than eight sides. Nor did he dis­
cover a golygon with nine sides, nor 10, 
nor 11, . . .  until at last he stumbled on a 
16-sided golygon. 

Wondering whether he had Inissed 
any, Sallows wrote a computer pro­
gram to automate the search. It spewed 
out no less than 28 different 16-sided 
golygons [see illustration on opposite 
page] before moving on to higher or­
ders. The program did not find goly­
gons with from 17 up to 23 sides, but 
it generated numerous 24-sided goly­
gons-2,108 to be exact. 

By then Sallows had a hunch that the 
number of sides in a golygon must be 
a multiple of eight. Yet his program, 
which was already laboring in the 20's, 
was unequal to the task of discovering 
any 32-sided golygons. Frustrated, Sal­
lows appealed to Martin Gardner, the 
supreme authority in matters of recre­
ational mathematics. Could Gardner 
prove that the number of sides in a 
golygon must be a multiple of eight? 

We can creep up on Gardner's proof 
by starting with the simpler task of 
proving that the number of sides must 
be a multiple of two. To explain, allow 
me to take you back to Golygon City. 
We start our journey by walking one 
block to the north. (I choose north only 
for convenience.) Hence, the first side 
of the golygon will run north for one 
block. Next we can turn either left or 
right, that is, west or east. Therefore, 
the second side of the golygon will run 
either two blocks to the west or two 
blocks to the east. It follows that all 
odd sides in the golygon (the first, 
third, fifth, etc.) are an odd number of 
blocks long and run north or south; all 
even sides (the second, fourth, sixth, 
etc.) are an even number of blocks long 
and run east or west. Because the last 
side of the golygon meets the first at 
right angles, the last side must run east 
or west. Therefore, the last block is an 
even side of the golygon, and the num­
ber of sides in a golygon must be a 
multiple of two. 

To show that the number of sides 
must be a multiple of four, we begin by 
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calculating the total distance we trav­
eled to the north of the starting point. 
To do this, we simply add the number 
of blocks we walked to the north and 
subtract the number of blocks we trav­
eled to the south. (A net negative dis­
tance to the north simply means that 
we are south of the starting point.) 

Because all north and south sides are 
an odd number of blocks long, we are 
essentially adding and subtracting con­
secutive odd numbers. It takes only a 
little tinkering to convince ourselves 
that the result is always even when we 
add or subtract an even number of odd 
lengths-for example, 1 + 3 - 5 + 7 = 6. 
By the same token, an odd number of 
odd lengths always gives an odd sum. 
Therefore, the distance walked north is 
an even number of blocks if and only if 
we have walked along an even number 
of north and south sides. 

Now if we walk from the starting 
point around Golygon City and return, 
the distance to the north of the starting 
point equals zero. Because zero is an 
even number, the golygon must have 
an even number of north and south 
sides. The total number of sides is 
twice the number of north and south 
sides, because for every north or south 
side there must be an east or west side. 
Therefore, the number of sides in a 
golygon is a multiple of four. 

How on earth did Gardner show that 
the number of sides must be a multiple 
of eight? Let us accompany the master 
on his journey. We already know that 
the number of north and south sides 
in the golygon is even. We also know 
that the distance traveled to the north 
must equal the distance traveled to the 
south. Therefore, the distance north 
must equal half the total distance that 
we have walked in both directions, 
north and south. Hence, the total dis­
tance is equal to the sum of an even 
number of consecutive odd numbers. 
For instance, 

1+3=4 
1+3+5+7=16 
1 +3+5+ 7+9+11 = 36 
1+3+5+7+9+11+13+15=64 

The result always seems to be a mul­
tiple of four. 

If the total distance north and south 
is equal to a multiple of four, then half 
that distance must be a multiple of 
two. Therefore, the distance we trav­
eled north must be a multiple of two, 
and the number of north sides must 
also be a multiple of two because all 
north sides are an odd number of 
blocks long. It follows that the number 
of south sides is a multiple of two and 
that the total number of north and One go/ygon snake that has 32 sides and all 28 go/ygons that have 16 sides 
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The smallest golygon tiles the plane 

south sides is a multiple of four. Final­
ly, after we include the east and west 
sides, the total number of sides in a 
golygon must be a multiple of eight. 

Gardner's proof may seem rather pe­
culiar because odd numbers played a 
major role and even numbers hardly 
entered into the discussion. The same 
conclusion can be reached, however, 
by making a similar argument on be­
half of the even lengths. In fact, the 
two kinds of lengths play independent 
roles in the construction of any goly­
gon. One may obtain, for example, a 
new golygon from two others of the 
same size by using the even lengths 
from the first golygon and the odd 
lengths from the second. 

Our recreational path has so far tak­
en us from the question of existence to 
the question of conditions on that exis­
tence; the number of sides in a golygon 
must definitely be a multiple of eight. 
For convenience I will call this theorem 
the 8k condition for two-dimensional 
golygons. It is what mathematicians 
call a necessary condition. If a golygon 
exists, the number of its sides is neces­
sarily a multiple of eight. But is this 
condition sufficient? In other words, if 
we merely ask that the number of 
sides, n, be a multiple of eight, is that 
sufficient to guarantee the existence of 
a golygon? 

We can find a golygon that has eight 
times any number of sides by applying 
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a set of simple instructions. The first 
step is to decide how large a value of n 
one wants. To illustrate the method, I 
will choose a 16-sided golygon. The 
second step is to write down consecu­
tive numbers from 1 to n, in this case, 
from 1 to 16. 

The third step would have us place 
plus and minus signs in front of the 
numbers. The first quarter and the last 
quarter of the numbers will receive 
plus signs, and all the numbers in be­
tween will receive minus signs: +1, +2, 

+3,+4,-5, -6,-7, -8,-9, -10,-11,-12, 
+13, +14, +15, +16. To translate this se­
quence of numbers into a tour of Goly­
gon City, you need only know that pos­
itive odd numbers run to the north, 
negative odd numbers to the south, 
positive even numbers to the east and 
negative even numbers to the west. 
The golygon that corresponds to these 
numbers looks like a snake. A 32-sided 
"snake" is shown in the illustration on 
the preceding page. 

Having settled the question of suf­
ficiency of the 8k condition, Gardner 
and Sallows began to wonder just how 
many golygons should exist. They had 
found one of order eight, 28 of order 
16 and 2,108 of order 24. How many 
would there be of higher orders? Such 
questions are most frequently asked by 
mathematicians who specialize in com­
binatorics, the study of discrete mathe­
matical objects such as sets and graphs 

[see "Ramsey Theory," by Ronald L. 
Graham and Joel H. Spencer, page 112]. 
Gardner decided to check with some 
experts. He wrote letters to computer 
scientist Donald E. Knuth of Stanford 
University and to mathematician Rich­
ard K. Guy of the University of Calgary 
in Alberta. Could either of them assist 
in the matter of enumerating golygons? 

Before long, Knuth had written a 
computer program that counted all 
the golygons up to 64 sides. The total 
number of 64-sided golygons, for in­
stance, is 127,674,038,970,623. Unfor­
tunately, Knuth's program became un­
wieldy at larger sizes. 

Meanwhile Guy was able to develop 
a formula that expressed the approx­
imate number of golygons for each 
possible value of k, where k equals the 
number of sides divided by eight. The 
formula consists of a fraction, the prin­
cipal parts of which are 2 raised to the 
power 8k - 6 in the numerator and k 
cubed in the denominator. Because, as 
k increases, the exponential term in­
creases much more rapidly than the 
cubed term, the growth in the number 
of golygons is basically exponential. 
Guy's formula has the further impor­
tant property of being asymptotic, that 
is, it gives a value that, expressed as a 
percentage of the true value, comes in­
creasingly close to 100 percent as k 
gets larger and larger. 

Sallows, Gardner, Knuth and Guy de­
cided to report their various results in 
a paper. The word "golygon" does not 
appear in the title. Instead it is called 
"Serial Isogons of 90 Degrees," a name 
that rings more solemnly than "goly­
gons." The reference to 90 degrees 
implies that other kinds of golygons 
might be assembled. Indeed, some of 
the authors have looked at golygons 
in which every angle is not 90 degrees 
but 60 or 120 degrees. To construct 
such golygons, readers may need hex­
agonal-grid paper, which can be found 
in most graphics-supply stores. 

Would this have been a good place to 
stop? Research (like recreation) never 
stops. Often, as research in one ques­
tion progresses, other questions sug­
gest themselves. Sometimes it is very 
hard to decide just what question to 
work on. 

Research problems are no sooner 
solved than the recreationist in us 
thinks of new avenues of inquiry: Can 
we find prime-sided golygons? The 
lengths of consecutive sides here in­
crease by the sequence of odd primes: 
1, 3, 5, 7, 11, 13 and so on. 

Another offshoot of golygons de­
serves mention. Readers are urged to 
look at the eight-sided golygon once 
again. It is unique, the only member of 
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its class. Eight-sided golygons will fit 
together very nicely to make tiling pat­
terns. They will, as the professionals 
say, "tile the plane." The illustration 
on the opposite page shows an attrac­
tive tiling. 

Properly speaking, the region bound­
ed by an eight-sided golygon should 
be called a polyomino. Not all golygons 
produce polyominoes because some 
golygons intersect themselves in their 
meandering march around the plane. 
In fact, polyominid golygons (a formid­
able expression by which readers can 
lose friends and influence people) are 
probably increasingly rare in relative 
terms as n gets large. Only four of the 
29 golygons shown on page 119 are 
the boundaries of polyominoes. None 
of these appears to tile the plane. 

But in the matter of tiling, Sallows 
has a challenge for readers: suppose 
the eight-sided golygon represents the 
boundary of one's kitchen floor. Given 
13 L-shaped tiles, can readers cover the 
kitchen floor exactly with these eccen­
tric tiles? For the purpose of this ques­
tion, the floor may be thought of as di­
vided into 52 squares, like the squares 
of the special paper on which this en­
quiry started. Each square is one step 
on a side. The L-shaped tiles consist of 
three squares in a row and an addition­
al square comprising the foot of the L. 
Anyone who finds the task impossible 
must, of course, prove it to be so. 

I close with some final words from 
Sallows, the engineer who started all 
this. The "words" are ZERO, ONE , TWO 
and so on, up to FIFTEEN. They can 
be arranged in a special golygon all 
their own in which the letters of these 
words determine the sides of what can 
only'be called a logolygon [see illustra­
tion below]. 
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A logolygon created by Sallow 

Reader Response 
The Emperor's New Mind 
and wireworld 

The Pandora's box of minds, ma­
chines and metaphysics, which I 
opened last December, gave me 

a ringside seat to a battle between ti­
tans. In one corner stood Roger Pen­
rose, whose recent book , The Emper­
or's New Mind, has given new heart to 
those who feel that the human brain is 
more than a computer. In the opposing 
corner were members of the artificial­
intelligence and computing community 
who find nothing particularly new or 
incisive in the book. 

The philosopher John R. Searle was 
called to defend Penrose [see "Is the 
Brain's Mind a Computer Program?" 
SCIENTIFIC AMERICAN, January]. Searle 
put forward the "Chinese room" argu­
ment: a computer program that can 
read and write Chinese does not under­
stand Chinese anymore than a person 
who imitates the action of the program. 

Among the champions of the artifi­
Cial-intelligence community was Hans 
P. Moravec, a robotics expert at Car­
negie-Mellon University, who sent me 
an open letter that he had mailed to 
Penrose. Moravec, whose gung ho atti­
tude is abundantly evident in his book, 
Mind Children, calls Penrose's argu­
ment "wildly wrongheaded." 

Would Penrose grant the same intelli­
gence to a certain robot as he would to 
the dog that looks up at him with soft 
brown eyes and whines? The robot 
Moravec has in mind is at present more 
imaginary than real. It says, "Please, 
Roger, it bothers me that you don't 
think of me as a real person. What can 
I do to convince you? I am aware of 
you, and I am aware of myself. And I 
tell you, your reaction is almost un­
bearable." The robot's reaction is the 
result of a special program designed to 
convince the master that some caring 
is in order-perhaps like the whining 
of a dog. 

I can only begin to sample the many 
readers who responded to this column. 
Jef Raskin of Pacifica, Calif., states that 
Searle's Chinese room argument is 
"tantamount to defining intelligence by 
stating, 'Intelligence is a nonalgorith­
mic process that .. .' '' Paul Preuss, a 
computer aficionado and noted sci­
ence-fiction writer from San Francisco, 
claims that the Chinese room is not a 
true thought experiment. It should be 
performed, Preuss says, "by Dr. Searle 
himself. If he succeeds in convincing a 
Chinese speaker that he, inside the 
room, really can read and write Chi-

nese, he should then report on his sub­
jective feelings as to whether or not he 
has learned Chinese in the process." 

The famous incompleteness theorem 
of German mathematician Kurt Gbdel 
is often cited as evidence that there are 
thoughts beyond the reach of algo­
rithms. My query as to whether the the­
orem enjoys extra-algorithmic status 
brought a hail of "nays" from a variety 
of seeming experts, including Greg Ray, 
who studies the logic and methodolo­
gy of science at the University of Cal­
ifornia at Berkeley, and from Robert 
Wilensky, director of the Berkeley Ar­
tificial Intelligence Project. Peter Kugel 
of the department of computer science 
at Boston College opined that Gbdel's 
proof is itself an algorithm. 

The final "Computer Recreations" 
column, appearing this past January, 
featured two cellular-automaton soft­
ware packages created by Brian Silver­
man of Montreal and by Rudy Rucker 
of Los Gatos, Calif. 

Wireworld, a two-dimensional cellu­
lar space in which home experimenters 
can set up simple computing circuits, 
inspired a number of readers to exper­
iment on their own. Nyles Heise of 
Houston, Tex ., shared Silverman's en­
thusiasm for simulated circuits to the 
point of writing a program that du­
plicated many features of wireworld. 
Written in the compact language APL in 
a single evening, the program enabled 
Heise to construct memory elements 
that surpassed my own in speed. Us­
ing wireworld, I constructed a circular 
path that would hold a single live pulse 
that could be sampled every 13 ticks 
of the cellular clock. Heise's most ef­
ficient memory element has a cycle 
time of only four ticks. To build such 
a speedy device, however, he had to 
invent a new way to transmit pulses 
along wires. 

Other creative souls included Oliver 
Springauf of Wfuzburg, West Germany, 
and Davide P. Cervone of Providence, 
R .1. FollOwing my more conservative 
technology, Springauf succeeded in im­
proving my memory loop from 13 to 
12 ticks. Cervone built an amazing va­
riety of devices, including a four-bit 
adder. The layouts sent in by all read­
ers looked like nothing on earth, so al­
ien is the notion of cellular computing 
to the continuous physics employed by 
actual computing microcomponents. 

FURTHER READING 

SERIAL ISOGONS OF 90 DEGREES. Lee Sal­
lows, Martin Gardner, Richard Guy and 
Donald Knuth in Mathematics Maga­
zine. Edited by G. L .  Alexanderson (in 
press). 
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BOOKS 
A chemical classic, creative minds, 

sexual liaisons, an extraordinary design team 

by Philip Morrison 

THE MERCK INDEX: AN ENCYCLOPEDIA 

OF CHEMICAlS, DRUGS, AND BIOLOGI­

CAlS, edited by Susan Budavari, Mary­
adele j. O'Neil, Ann Smith and Patricia 
E. Heckelman. Eleventh edition. Merck 
& Co., Inc., 1989 ($35). 

In 1889 a chemical manufacturing 
firm published an annotated catalogue 
of drugs and chemicals available for 
sale. Over the decades their catalogue, 
now a book, has grown edition after 
edition; this 300-page centennial ver­
sion is fifteenfold longer than the first 
and physically resembles the bulky dic­
tionary that is found on so many read­
ers' shelves. Today the Index is viewed 
as a standard reference work, a concise 
encyclopedia of significant substanc­
es-animal, vegetable and mineral­
each of which is described succinctly in 
terms of its nature, history and uses. 
Although the book covers much more 
than just mediCine, it retains "a strong 
medical character." 

As is the case for a big dictionary, it 
is the sheer number of words that has 
the most immediate impact on a gener­
al reader. The grand cross-index lists 
about 80,000 names, including all the 
synonyms in use for the 10,100 alpha­
betized entries that occupy the bulk 
of the volume. A million or more com­
pounds are now known to the chemical 
world; selection of one among 100 is a 
process too complex to be neatly algo­
rithmic. Prepared foodstuffs and me­
tallic alloys cannot be found, for exam­
ple, nor can one expect to find listings 
for Boston cream pie, Alka-Seltzer or 
bronze. Some 6,000 entries are accom­
panied by spatial structural formulae 
(the rings and chains of organic sub­
stances); another 2,000 bear symbolic 
formulae for the inorganics and sim­
pler organics of the laboratory world. 

Chemical elements are few in num­
ber and superbly defined, and so the 
Index generously includes all of them, 
even unstable and unused astatine, 
which has little commercial value. Only 

from 100 to 200 minerals are listed 
(out of the thousands that are formal­
ly recognized), but the list includes the 
more familiar ones: galena, realgar, dia­
mond and lapis lazuli. Spinel and py­
rite have been dropped in the present 
edition . 

The reader can also probe a layer 
laid down long ago: the apothecary's 
shop with its ranked bottles and dusty 
drawers, their contents prescribed ac­
cording to law. Remedies include the 
balm of Gilead (not to be confused with 
balsam Canada), the flowers of antimo­
ny, mandrake root and yogurt. 

Not so different in age and ambience 
are the stocks of the perfumer and the 
many flavors of the spice dealer. Eight 
pages are devoted to 50 distinctive oils, 
including the oils of bergamot, cajaput, 
hyssop, wormwood and ylang-ylang. 
One can also read about ambergris, 
beeswax and myrrh; simpler winter­
green and vanilla no longer reside in 
this section; they now appear as car­
vone and vanillin (mainly) in the world 
of synthetic formulae. 

The more or less modern chemicals 
of factory and laboratory, which in­
clude products as well as reagents, 
are not very numerous. listed are aliz­
arin dyes (red, blue, green and yel­
low ), ethylene, gallium arsenide, the 
ferrites found in portable transistors, 
blue ozone, Teflon, fishy and ammoni­
acal trimethylamine and vitamins, es­
tablished and tentative ones side by 
side. The material is, for the most part, 
up-to-date. 

The heart of the book is its phar­
maceutical coverage. Structures bedeck 
most of the pages in this category­
half a dozen to a spread-from aspirin 
to zidovudine (the latter, which is a 
reverse transcriptase inhibitor known 
as AZ T, is a recent weapon in the fight 
against AIDs). The jagged names of 
geometric precision are also present: 
the alphanumeric strings, like 2- (4-iso­
butylphenyl )-propionic acid, that snake 
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so mysteriously across the fine print. 
They are matched with trade names 
familiar to most Americans through 
television commercials. Ibuprofen (the 
common name of the anti-inflammato­
ry compound spelled out above) is sold 
under no less than 59 brand names; if 
not quite overkill, surely this is over­
help! The newest drugs, which include 
interferons, hormones, monoclonal an­
tibodies and other products of biotech­
nology, are as yet skimpily present; 
they surely will flower in later editions. 

Controlled substances, both natural 
and synthetic, are gloomily numerous; 
there is little hope reading down the 
list that the problem of American drug 
addiction, whose roots can be found 
high in the green fields of the South 
American altiplano, will be readily 
solved. Many auxiliary tables are pro­
vided, including one that is devoted to 
the various drugs used in today's can­
cer chemotherapy; 20 pages of com­
pany codes, names and addresses are 
also provided. 

The volume is good for browsing; 
it is also more or less a necessity for 
those seriously concerned about the 
contents of labeled bottles that are nei­
ther food nor drink; indeed, attentive 
people have welcomed its forebears for 
a long time. Any reader will admire the 
current Index, an impressive testimoni­
al to the growth of chemical sciences, a 
bargain book for writers, teachers and 
libraries and a ready tool that can be 
consulted by modem; an on-line ser­
vice is now provided by four computer 
data bases! 

CREATIVE PEoPLE AT WORIC TwELVE 

COGNfIlVE CAsE STIJDIES, edited by 
Doris B. Wallace and Howard E. Gruber. 
Oxford University Press, 1989 ($29.95). 

This attempt to grasp "how creative 
people do what they do" provides a de­
tailed and fascinating look at the lives 
of individuals of unusual creative dis­
tinction. Each of the dozen authors has 
selected one of eight scientists, from 
Albert Einstein to Jean Piaget, or one of 
four artists, from William Wordsworth 
to the contemporary sculptor Melissa 
Zink, in order to find lifelong themes 
within their well-documented careers. 

The editors' preface sharpens the 
point of the authors' collective effort. A 
person who is the subject of too much 
psychological research, they hold, be­
comes little more than an object, an 
unperson called S. Instead they define 
their subject as "a person to be reck­
oned with, a full-blooded force in the 
real world and a long-term resident in 
the investigator's mind." 

Creativity is more likely to be unique 

QUESTAR® 
Remote Measurement Systems 

Monitor Document Analyze 
As we and our customers put our Long Distance Microscopes to 
work, we extend their performance and versatility in several major 
ways. These include additional lenses for variable optical perfor­
mance; filtering and lighting for difficult photographic subjects 
(iridescent, highly reflective, or dynamic); and integrated fixturing 
for maximum stability and ease of use. 

Taken together they make possible our manual and video remote 
measurement systems, the QRMS-M and I. 

Now we introduce the QRMS-II, a completely integrated computer 
based optical system. It allows control over timing and positioning 

of images; digital image and data storage and retrieval; several 
modes of both measurement and image synchronization. All are 
supported by an extensive project management and data analysis 
capability. 

The software of this system will provide: 
• unattended operation of all lighting, positioning, timing and 

storage of images; 

• menu-driven routines for simulated slow motion imaging of 
periodic events, analysis of long-term dynamic processes, and 
precise timing of the capture of high speed events; 

• area scanning in several modes, by making and storing adjacent 
images or monitoring several specific but separate areas of 
interest. 

With the QRMS-II you move to a new level of vision, in the 
laboratory or on the production floor. 

For further information write or call 

Questar Corporation 
P.o. Box 59, Route 202, Dept. 124, New Hope, PA 18938 

215-862-5277 • FAX 215-862-0512 

SCIENTIFIC AMERICAN July 1990 123 

© 1990 SCIENTIFIC AMERICAN, INC



than reproducible, yet the task set 
forth in these pages is not mere de­
scription but scientific understanding. 
No grand epiphany is expected to unite 
the creative prowess of Albert Einstein, 
William James and Anals Nin. Instead 
most of 

' 
the volume's contributors have 

sought to establish an enduring "net­
work of enterprise," a set of evolving 
personal projects that together entwine 
a lifetime of internal and contextual 
change yet remain recognizably direct­
ed toward a goal. 

The lives of these individuals might 
be cut apart, to be patched into coher­
ent, perhaps surprisingly parallel, ac­
counts of, say, their social influenc­
es, early childhood experiences or even 
the moment when the cry "Eureka! " 
sounded in the bathtub or omnibus. Or 
they can be examined as they are here, 
each life woven into one textured nar-

rative that describes the ebb and flow 
of failure and fruitfulness. There is no 
way to summarize the dozen accounts 
presented, most of them resonant with 
events that many readers will recog­
nize, each one tentative, yet in its own 
way bold. I shall display a few samples 
in lieu of the indispensable whole. 

One essay is explicitly comparative: 
Frederic L .  Holmes of Yale Univer­
sity examines two chemists, Antoine 
Lavoisier and Hans Krebs, and makes 
one unexpected factual finding. Krebs 
was able to spend five times as many 
hours per week on research in the 
1930's as Lavoisier could in the 1780's 
under the reign of Louis XVI, and 
the results Krebs obtained with the 
help of modern techniques were indi­
vidually far more reliable than those 
obtained by Lavoisier. All the same, 
Holmes concludes that both men fol-

ALBERT EINSTEIN was employed as a patent clerk in Bern, Switzerland, {rom 1902 un· 
til 1907; the period is said to have been the most creative of his life. 
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lowed paths that were equally demand­
ing and sequential. 

Lavoisier pondered respiration for 
17 years before finally concluding that 
oxygen is taken in and carbon dioxide 
is given off during the overall process. 
At first he thought the redness of

' 
ox­

ygenated blood was analogous to the 
red oxidized calx of metallic mercury 
and simply ignored the presence of 
carbon dioxide in exhaled breath. By 
the end of his career he was able to 
draw parallels between respiration and 
the combustion of charcoal in air. Al­
though his experiments along the way 
were few, they were at once difficult 
and deeply insightful. 

In contrast, Krebs's experiments were 
many, deft and varied. He improvised 
along several lines of biochemical in­
quiry, although in retrospect his career 
path looks strikingly continuous. Un­
like Lavoisier, Krebs spent only a few 
weeks in a quandary over his first cel­
ebrated result. At that time he won­
dered how ornithine, an invariable in­
put for the production of urea from 
ammonia, could also be a product of 
the same reaction. He was puzzled 
by the contradiction, and by his own 
account the explanation did not come 
to him in a flash. Instead the reali­
zation that the product gives rise to 
its own source material through a sec­
ond reaction came to him via a series 
of small insights, not one of them bril­
liant enough to have left a lasting trace 
in his memory. The supposed "single 
flash of insight" that led to the four­
spoke urea cycle and then beyond it 
to the famous Krebs cycle of oxidative 
reactions was in fact a protracted and 
blustery summer storm. 

Another remarkable history is that 
of the organic chemist Robert Burns 
Woodward, who is sensitively present­
ed by his daughter, Crystal. Before he 
was 10 years old, Woodward (like many 
another kid in 1927) had built a chem­
istry laboratory in the basement of his 
home in Quincy, Mass. Legend holds 
that by the age of 12 he had performed 
all the experiments in a classic German 
organic-chemistry manual; his daugh­
ter confirms that the legend is "sub­
stantially true." 

Woodward's extraordinary success 
included the ability to deliver electrify­
ing public explanations of science to 
his peers and his possession of a deep 
and refined sense of aesthetics, not 
only in the laboratory but out of it. Ulti­
mately, however, his success rested on 
his ability to journey past the long ex­
acting syntheses of quinine and peni­
cillin to formulate a powerful extension 
of quantum orbital theory, which arose 
from his careful orchestration of the 

© 1990 SCIENTIFIC AMERICAN, INC



molecular dance, ring by ring, in a se­
ries of linked experiments that so de­
lighted him. 

His career plainly evolved as it un­
folded, arising from and then in turn 
forming a unique personality. The rid­
dle of Woodward's precocious start 
owes less to any fanciful gene than it 
does to the good fortune of natural se­
lection. He not only was adept at three­
dimensional visualization, but he also 
had a mind that was at once imagina­
tive and tirelessly logical and nour­
ished a devoted enthusiasm. 

It is arbitrary that my comments 
should be directed to three chemists; 
the reader need not fear monotony 
among a dozen fascinating subjects, 
each one visible face to face, diverse 
witnesses to the protean development 
of human potential. 

SEX AND DEATH IN PROTOZOA: THE 

HISTORY OF AN OBSESSION, by Graham 
Bell. Cambridge University Press, 1988 
($44.50). 

Witty, literate and penetrating, this 
brief book by a McGill biologist is not 
a history of protozoology at all but an 
intriguing general theory of sexuality, 
which looks along the way at multi­
cellular organisms, cancers, aging and 
death. (On the subject of taxes, the bi­
ologist is silent.) 

The first half is a critical survey of 
century-old literature on the life cycle 
of protozoa, which describes a pro­
tracted watch over the long run of a 
laboratory clone. ("Eleven thousand 
generations of Paramecium" runs one 
memorable title of 1926.) The rest of 
the book provides a sophisticated jour­
ney toward a more theoretical goal: the 
evolution of sex, which is provided 
within the context of general evolution­
ary theory and explicated through the 
ideas, mathematics and experiments of 
population genetics. 

The goal can be put in the form of a 
fine old metaphor. A self-replicating 
machine is a contrivance that can as­
semble any finite arrangement it is 
instructed to build, regardless of the 
number of individual parts. Detailed in­
structions for assembly are provided in 
the form of a long tape, which must be 
copied and reloaded periodically into 
the machine. Yet every copying proc­
ess introduces errors, rare though they 
may be, which accumulate even when 
error-correction routines are applied. 
Indeed, most damaging are errors in­
troduced by the copying and error­
correcting routines themselves. Even 
if a second error-correction system is 
installed, it must be replicated and 
passed on, and thus, it too cannot be 
error-free. It follows that a finite, self-

replicating machine cannot be both un­
changing and immortal. 

Life has resources far more intricate 
than our machine model, and so the 
two are not exactly comparable. H. J. 
Muller drew an analogy between natu­
ral selection and a great Ratchet in life 
that turns inexorably-always in the 
same direction-as a population per­
sists through time. Mutation pressure 
and natural selection act slowly, bring­
ing the population to genetic equilib­
rium over many generations. Although 
every organism has more than one 
gene that may be adaptive in a giv­
en environment, not every gene can be 
considered optimal. 

As a consequence of random chance, 
the best lines inevitably vanish. Over 
time the Ratchet continues to turn 
slowly, bringing the gamble of life to 
ruin and causing the population to die 
out slowly. Suppose that a perfect (er­
ror-free) population exists and each 
member in the population is allowed 
to produce just one offspring before 
death. By the author's calculations, the 
population will not last more than 
1,000 generations against the Ratchet 
(assuming standard values for muta­
tion rates and selective advantage). 

In real life, however, it is possible to 
evade the clicking Ratchet. The easiest 
way is to increase in number; a popula­
tion that multiplies, prospers. We are 
talking large numbers here; cell popu­
lations that contain more than lO-to­
the- 12 cells can beat the Ratchet by 
fruitfulness. Surely this is one explana­
tion for the dominance of the tiny, self­
replicating biochemical wonders, the 
single-celled organisms that were the 
first organisms to appear on the earth 
and that have flourished for four fifths 
of the geologic past. 

The machine model demonstrates 
that vulnerability prevails during two 
stages of replication: when the instruc­
tion tapes are copied and corrected 
and when the individual parts are as­
sembled. Replication in multicellular 
organisms is similarly divided: the 
germ-cell and the somatic-cell lines are 
sharply distinguished-in little nema­
todes as well as in human beings. Bell 
emphasizes the difference between the 
two cell lines throughout his book, sug­
gesting that correction of somatic-cell 
lines differs from that of the germ line. 
The latter, he thinks, ages as the Ratch­
et turns, slowly accumulating mildly 
harmful errors. 

In contrast, somatic senescence pre­
sents a conflict of interest for the or­
ganism. Developmental patterns that 
lead to early reproduction (although re­
lated to functional loss later in life) are 
favored by natural selection. Multiple 

organs fail as we age, not by a chance 
accumulation of somatic mutations 
here and there but more probably by a 
slow decline in the efficiency of our 
overall repair mechanisms. 

The longevity of tissue cultures from 
multicellular organisms is an old topic. 
Indeed, early investigators thought that 
isolated cells might be immortal, but 
they were proved wrong in the 1960's 
when it was demonstrated that hu­
man tissue cells only replicate from 
40 to 60 times during development. 
( The adult human being undergoes a 
total of about 37 cell divisions from 
the time of fertilization.) The striking 
exception is the human tumor cell, 
many forms of which seem to divide 
indefinitely. These cells almost always 
have an unusual karyotype (chromo­
some pattern), and the author writes, 
"It is abundantly clear that there is 
some link between karyotype and clon­
al lifespan, but the mechanism in­
volved is entirely obscure." 

Life's answer to clonal aging is sex, 
which need have no connection with 
gender or even with reproduction. In 
ciliates, "two cells enter sexual conju­
gation, and two cells emerge from it." 
The goal is the creation of information­
al diversity by mingling two separate 
lines of descent. At the most funda­
mental level, sex permits a damaged 
genetic tape to be repaired, which can 
be accomplished because the elaborate 
machinery for shifting tape segments 
among strands of DNA exists. At the 
next level, sex outpaces the Ratchet by 
adding an independent source of ge­
netic variation, which can erase delete­
rious mutations. 

Yet it is puzzling that sex persists 
(given its high cost) among organisms 
that live in old, complex and stable 
environments and already have abun­
dant genetic diversity. Bell suspects 
that sexuality is adaptive in such envi­
ronments, where the degree of compe­
tition between organisms is high. Con­
sider, for example, the arms race that 
has been under way for so long be­
tween parasite and host and between 
predator and prey. 

This original, provocative and wide­
ranging book is bound to stimulate a 
general reader, although it must be 
said that economic metaphors are the 
responsibility of the reader alone. 

EAMES DESIGN: THE WORK OF THE OF­

FICE OF CHARLES AND RAy EAMES, by 
John and Marilyn Neuhart with Ray 
Eames. Harry N. Abrams, Inc., 1989 
($95.50). 

The Office was three blocks inland 
from the beautiful and then unfashion­
able Venice beach in westernmost Los 
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Angeles. For more than 40 years its 
industrial floor and windowless bays 
enclosed the tools and everyday work 
of an untiring pair of American artists. 
Charles Eames, architect-"for us, the 
name is synonymous with the word 
'designer '" the book begins-died in 
1978, Ray Eames, his wife and partner, 
died 1 0 years after him. 

During the glowing decades of their 
Office, an atelier that would fit into 
the pages of Vasari, dozens of the 
most talented artists worked for and 
with the Eameses. Among them were 
John and Marilyn Neuhart, now facul­
ty members at U.C.L.A. Theirs is the 
devoted authorship of this volume, al­
though Ray's sensibilities can be found 
throughout the book in every image 
and in most phrases. It was her deter­
mination to turn the resourceS of the 
studio into a legacy for those who fol­
lowed that has so endowed this rich 
view of the Eames enterprise; it offers 
by count 3,504 illustrations, 2,107 of 
them in color! 

After all, the Office was once home 
to some 40,000 35-millimeter slides 
from around the world, most of them 
images taken by Charles. The wide, win­
dowless bays were filled with a slowly 
moving parade of toy ships and trains, 
an intricate furniture lathe, computer­
controlled animation cameras, an octo­
pus holding tank, carved duck decoys, 
quaint clockwork calculators, dry tum­
bleweed and a plywood radar dome 
that had been hot-molded during war­
time right in the studio. Everything had 
its place and purpose, even beyond 
the aesthetic pleasure provided by its 
presence. Most of what the Eameses 
considered to be "good stuff " can be 
glimpsed somewhere in the images 
that crowd these 450 big pages" ar­
ranged in order of maturation over the 
passing years. 

At first glance, a dozen of these pag­
es look like contact sheets back from 
the film processor, arrayed as they are 
in a grid of 18 to 24 images. Yet the 
prints are no mere run of the spool but 
rather the select catch of an artist's 
ubiquitous eye: one grid consists en­
tirely of images of the circus-from 
carved wagon hubs to painted clown 
faces-another juxtaposes the patterns 
within a digital computer, discrete tran­
sistors and magnetic cores; another 
portrays the satisfying textures of dec­
orated papers and master weavings 
from Florence to Kyoto. 

The great themes of this lifework are 
sounded with enchanting variations. 
The Eames House is presented, in mul­
tiple gatefold, standing in its meadow 
high above the sea. It is the Case Study 

EAMES stacking chair is a design classic. 

they built and lived in from 1949 until 
their deaths. Both intimate and dramat­
ic, its industrial warehouse appearance 
becomes domestic; its elegant interi­
or is as diverse and personal as was 
their Office a few miles south. The fa­
mous Eames chairs are here, model af­
ter model over the decades, of molded 
form, adorned with novel fastenings so 
painstakingly developed, in styles from 
chaises deluxe to frugal shells. So, too, 
are the multiple tandem sling assem­
blages, the chairs that first emerged in 
1962 and that now decorate the long 
corridors of so many airports around 
the world. 

The entire collection of Eames films 
are annotated and sampled by chosen 
frames. Eighty films make up the list, 
among them the celebrated 1952 study 
of white suds washing across a black­
top schoolyard, the nine precisely ani­
mated minutes that deal so rigorously 
with the relative sizes of objects in the 
universe (the film was produced in two 
versions a decade apart) and the three 
animated minutes that magnify the 
posturing actors of the commedia dell' 
arte, which Jacques Callot engraved in 
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17th-century Tuscany. ln another film 
the viewer looks directly into the eyes 
of famous circus clowns, each one 
painstakingly applying his distinctive 
makeup in the dressing tent, while out­
side the band plays on, cuing each per­
former to the moment of his appear­
ance in the ring. 

The gamut of subjects is broad: one 
film looks at the Victorian cast-iron 
wheels and brass gears of lick Obser­
vatory; others act as instructive prim­
ers for feedback and communication 
theory; still others give light-hearted vi­
sual treatments of symmetry or map 
Roman imperial expansion. One film 
celebrates bread, one the brushwork 
in the late works of Paul Cezanne. ln 
another film a score of varied tops, 
among them a thumbtack on the draw­
ing board, spin to inevitable stillness. 
And there are 50 more films. 

Those films, like the exhibitions the 
Office made for clients both great 
and small, are marked by plenitude: 
images, examples, memorabilia, juxta­
positions flood past-often on many 
screens at once-or on long walls set 
intricately with text, image and object. 
Yet, however playful the feast of imag­
es might seem, nothing passes by with­
out meaning. Ray insisted on mastery 
of color and form; Charles was stub­
bornly determined to gain clarity for 
himself before capturing a subject, ex­
hausting many a consultant's little bag 
of expository devices. Their corpus is 
free of any taint of the cynicism that 
prevails on today's screens. 

One 1972 film is about as self-reflec­
tive as anything the Eameses made. It 
was called Design Q & A; the exchange 
owes much to the innocent gravity of 
the French interviewer: " Q .  What is 
your definition of 'design '? A. A plan 
for arranging elements in such a way 
as to best accomplish a particular pur­
pose . .. Q. Is it a method of expression? 
A. No-it is a method of action ... 
Q. Does the creation of design admit 
constraint? A. Design depends large­
ly on constraints. Q. What constraints? 
A. The sum of all constraints ... each 
problem has its own peculiar list. Q. 
Does design obey laws? A. Aren't con­
straints enough? .. Q .  To whom does 
design address itself: to the ... mass­
es ... the specialists ... to a privileged so­
cial class? A. To the need." 

Possibly the most welcome line in 
this bright treasury is the final note 
that tells the reader where to go to get 
the Eames films now available (Pyr­
amid Films in Santa Monica, Calif.) 
and happily promises us more "Eames 
films ... on video cassette," to address 
the need. 

CAN YOUR GRAPIDCS SOFTWARE 
DOALLTIDS? 

Geographic Data Included 
For 2-D and 3-D Maps 

. . .  " .. � " " " . 
____ (031) 

"Graftool has the potential 
to be the ultimate graphics 
package, fulfilling every­
body's needs." 

-Ehud Kaplan 

PC Magazine 

Integrated 20&30 graphics 
Menu-driven user interface 
Scientific spreadsheet 
Presentation-quality fonts 
Import from 1-2-3, Excel 
Export to desktop publishers 
Full zooming and panning 

L 
-,r 

GRAFTOOL $495 • Interactive Demo Available. Academic Discounts 
CallI (800) SAY -GRAF • 1 (213) 540-8818 • FAX 1 (213) 540-3492 

3-D UISI8NS 
412 S. Pacific Coast Highway, Second Floor, Redondo Beach, CA 90277 

*Reprinled with pennission from PC Magazine, March 14th, Copyright Cll989 Ziff Communications Co. 

Why it takes legwork 
to flatten your stom.ach 

You can't reduce stomach fat 
by exercising abdominal 
muscles alone. 

Research has 
that exercises that 
work only the 
abdominal region 
are not effective. 
They simply don't 
involve enough muscle 
mass to burn the calories 
necessary to trim fat. 
Instead of flattening, they 
merely strengthen 
underlying muscles, 
providing no reduction in 
girth, fatfolds, or total 

body fat percentage. 

The 
exclusive 
NordicTrack® 
total-body 
aerobic 
exerciser is the most eft'ectivff 
to flatten your stomach. 

The total-body motion involves all major 
body muscles. Which means you burn more 
body fat in less time than with any other in­
home exercise machine. And while you're at it, 
you're toning and defining those muscle 
groups, as well. So you feel as good as you look. 

Free information. 

Call today. Or fill out 
the coupon below. We'll 

send you a free brochure 
and video that describe 

how NordicTrack can 
flatten your stomach and make 

you look and feel your best. 

FREE BROCHURE 
AND VIDEO 

And Weight-Loss Test Results 

N ord.c I lIe!:!! 
,---------""1 
I Free Brochure & Video I Call Toll Free in U.s. and Canada 

1-800-328-5888 I 
o Please send me a free 

brochure 
o Also a free video tape 

OVHS OBETA 

I 
I 
I 
I 

I Street __________ I 
I City State _ Zip __ I 
I Phone ( ) I 

141 Jonathan Blvd.N . •  Chaska, MN 55318 

�2OGQ.. _______ .J 
SCIENTIFIC AMERICAN July 1990 127 

© 1990 SCIENTIFIC AMERICAN, INC



ESSAY 
The genome initiative: 
how to spell ((human" 

by Norton D. Zinder 

T
he beginning of the human ge­
nome initiative harbors a strange 
irony. In 1984 Robert Sinsheimer, 

as chancellor of the University of Cal­
ifornia at Santa Cruz, was thinking 
about large telescopes and the large 
amounts of money they cost; he was 
also thinking of putting Santa Cruz on 
the map biologically. He came up with 
the idea of sequencing the nucleotides 
of all of the human genes. So in 1985 
he called together a group of scientists 
for a workshop. His account of the 
meeting raises many major points that 
still occupy us today. This is the same 
Robert Sinsheimer who in 1977, by 
suggesting that there should be limits 
to inquiry, caused the molecular biolo­
gists fits over their plans to do recom­
binant-DNA experiments. Had we lis­
tened to him then, the human genome 
initiative would be impossible now. 

Initially almost all the scientists at 
the 1985 meeting were highly skep­
tical. Two almost diametrically op­
posed positions were formulated. One 
was that we would not learn enough to 
make the large and expensive effort 
worthwhile. This feeling was in part 
based on the fact that about 90 percent 
of the human genome may have no 
function (for one, it does not code for 
protein). Some call it junk (but it is not 
garbage). A related idea held that a 
large applied-research program would 
distort the workings of science. 

On the other side were those who 
felt we would learn far too much. Hav­
ing the human genome at hand might 
provide an infinite number of new rea­
sons for genetic discrimination by em­
ployers and insurance companies; it 
might even inspire Nazi-like eugenic 
measures. At a minimum, the number 
of genes known would increase many­
fold, and there would still be a long 
lag between the time a disease gene 
is identified and the time treatment 
might be available. 

Still, as the meeting ended, almost all 
those attending were if not enthusias­
tic about the project at least approving 
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of it. This pattern of skepticism evolv­
ing into enthusiasm has repeated itself 
over and over in subsequent meetings 
and workshops. The consensus has 
spread outward, concentrically. A ro­
tating core of some dozen well-known 
molecular biologists attended each 
meeting. At each new event an equal 
number of newcomers were added to 
expand the pool for future meetings. 

The next gathering was at Santa Fe, 
N. M., sponsored by the Department of 
Energy. The DOE was used to expen­
sive, large projects, and needing some 
new ones to maintain the national labo­
ratories, it had picked up the genome 
initiative. The DOE was not without 
portfolio: it had been doing some ra­
dioactivity-related genetic work for a 
long time. Other meetings were held 
at Cold Spring Harbor in New York 
and then came studies by the Office 
of Technology Assessment and the Na­
tional Research Council. 

The spring of 1988 saw a quantum 
jump in the program's credibility when 
james D. Watson, of DNA-structure 
fame, agreed to be an assistant director 
at the National Institutes of Health for 
the human genome program. An NIH 
conference at Reston, Va., focused in 
an operational sense on what should 
be done. Again, the recommendation 
was to proceed, and following the lead 
of the NRC report, the conferees set 
forth programmatic goals. There was 
to be a five-year effort to map the hu­
man genome by both genetic and phys­
ical means. So that more detailed in­
formation on human evolutionary and 
developmental questions could be ob­
tained, similar efforts to map the ge­
nome of several animal models were to 
proceed simultaneously. The conferees 
also saw that the price of sequencing 
must be reduced to less than 50 cents 
per base-amounting to a fivefold im­
provement in the technology. 

The project finally got under way on 
january 3, 1989, when the first meeting 
of the Program Advisory COmmittee of 
the NIH took place. It is a talented com­
mittee of biologists chaired by the au­
thor. Since then, grants have been giv­
en, workshops on chromosomes have 
been organized and, most important, 
the Human Genome Office has been 
staffed and turned into an independent 
unit of the NIH. This center now con­
trols the distribution of monies. The 
DOE carries out its program, mostly in­
house at the national laboratories. 

A joint task force on information 
technology (JITF) has been established 
with the DOE. Ultimately the JITF may 
join with its European and japanese 
counterparts to create a single infor­
matics advisory group. A strong pro-

gram has been established in collabora­
tion with the DOE on ethical and legal 
matters. It will both provide grants-in­
aid for studies and organize, for pub­
lic information and diSCUSSion, town 
meetings throughout the country. 

Last summer at a retreat at Cold 
Spring Harbor, representatives of the 
NIH, DOE and other invited experts de­
veloped a five-year program. We sub­
mitted a report to Congress that will be 
revised yearly. We have estimated that 
$ 200 million per year for about 15 
years will be needed; the clock would 
start in the 199 1 fiscal year. 

In sum, after about three years of 
discussions and one year of activity, a 
strong, broadly popular program has 
been created that is sensitive to criti­
cism from public and scientific sour­
ces. Let us then ask what it is that has 
caused the initiative to carry the day at 
each of the meetings at which the plan 
was discussed. We must also consider 
that the program has captured the 
imagination of many all over the world 
from politicians to laypeople. 

The answer is often phrased in terms 
of expected medical advance. Other ar­
guments rest on important findings to 
be made in human biology, particular­
ly in evolution, development and neu­
robiology. Perhaps there is also a sub­
tle sense that as we gain the ability to 
identify the 100 or so genes that distin­
guish one individual from another, the 
desire to discriminate on the basis of a 
few genes might be mitigated. 

No, I think the answer is both more 
simple and yet more profound. Deter­
mining the map and sequence of the 
human genome is about us. And we are 
greatly interested in us. We can only 
consider these efforts as a form of 
human anatomy: the beginnings of a 
great adventure in human biology. We 
have to do the sequence only once, and 
for all time we shall have for study the 
human genetic dictionary. 

With the map and sequence of our 
genome, everyone will be able to see 
and participate. We have brains, we 
have hearts, we have legs and we have 
nucleotides. The last is what makes us 
us, and that is exciting. No wonder, 
then, that whenever groups of people 
considered whether to go forward, they 
came down on the side of "go." 

Still, the two types of opposition per­
sist: learning too little and learning too 
much. They will force us to question 
continually what we do. 

NORTON D. ZINDER is professor of mo­
lecular genetics at Rockefeller University. 
He chairs the Program Advisory Commit­
tee for the NIH human genome project. 
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