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Solid acid catalysts can be cleverly designed to 

shape thousands of products in their pores. 
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HAVE YOU 
D RIVEN 
A FORD 
lATELY? 
THE 24-VALVE, 220 HORSEPOWER 
FORD TAURUS SHOo 

It's a wake-up call in a world of sleepy 
sedans. The 24-valve, 220 horsepower shot 
of adrenal in called Ford Taurus SHOo 

When its Super High Output V-6 comes 
alive, a special sport-tuned suspension 
and anti-lock brakes sync up with a ne� improved five-speed shifter to create a 
responsive and invigorating performance. 

The SHO's new dash flows into the 
doors in a seemingly seamless manner. 
SHO also has performance gauges and 
articulated sport seats with optional 
leather trim. 

Outside, ground effects enhance a new 
shape to create a dramatic look. One to 
be noticed both coming and going. 

NEWS ABOUT SAFETY. 

All it takes is some rapid eye movement 
around the cockpit to see what's new. 
For safety's sake, there's a newly available front passenger-side air bag. A driver
side air bag comes standard. Both 
supplemental restraint systems should 
be used with your safety belt. 

Take your daily routine down a new 
route. The 1992 Ford Taurus SHOo 

FORD. THE BEST-BUILT AMERICAN 
CARS ... EL EVEN YEARS RUNNING. 

Based on an average of consumer
reported problems in a series of surveys 
of all Ford and competitive '81-'91 models 
designed and built in North America. 

NEW TAURUS 
"'---1 1 » 
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It takes lots of screaming fans 
Eleven million, 

to be exact. 

And in the math 

coprocessor 

business, that's definitely a record. 

It just goes to show that Intel 

is the de facto standard in math 

coprocessors. And has been for the 

last ten years. 

Not surprisingly, a whopping 

nine out of ten math coprocessors 

in use today carry the Intel name. 

And you can bet almost every 

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

to an Intel CPU. 

Get the connection? It's as 

perfect a match as you can get. 

Intel Math CoProcessors are 100% 

compatible with your Intel CPU, 

not to mention more than 2,100 

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

Intel's commitment 

to providing poweIfuI 

solutions today, like 

the world's fastest 

microprocessors, plus the 

enhancements for even greater 

performance. Today and 

down the road. 

To receive a detailed 

information packet about 

the complete family of 

Intel Math CoProcessors, 

call 1-800-538-3373. 

You'11 see why Intel Math 

CoProcessors have topped the 

charts for ten years running. 

int:el. 
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DEBATE: WHERE DID MODERN HUMANS ORIGINATE? 

The Recent African Genesis of Humans 
Allan C. Wilson and Rebecca L. Cann 

By tracing DNA that is transmitted to successive generations only by mothers, 

these geneticists argue that everyone is descended from a single "Eve" who lived 

in Africa just 200,000 years ago. If they are right, modern humans must have re

cently emerged from Africa to populate the other continents. 

The Multiregional Evolution of Humans 
Alan G. Thome and Milford H Wolpoff 

The reasoning behind a molecular clock is flawed, these paleoanthropologists 

assert. Fossil remains and artifacts speak eloquently of a web of interconnected 

lineages that gave rise to modern humans. Africans, Asians, Australian Aborig

ines and Europeans evolved roughly where they are found today. 

Mountain Belts and the Supercontinent Cycle 
J Brendan Murphy and R. Damian Nance 

When German meteorologist Alfred L. Wegener proposed the idea of continental 

drift in 1912, he claimed that all the continents were fragments of a single, an

cient landmass called Pangaea. The authors believe such supercontinents have 

formed repeatedly in a tectonic cycle that lasts about 500 million years. They 

cite as evidence the location and structure of folded and volcanic mountain belts. 

Superantigens in Human Disease 
Howard M Johnson, Jeffry K. Russell and Carol H Pontzer 

Most antigens trigger an orderly attack on an invader. But some proteins arouse 

the immune system to a destructive frenzy-just a few hundred molecules stimu

late a response that would require a billion copies of a normal antigen. These su

perantigens have been implicated in the toxic shock syndrome and food poison

ing. Recent studies suggest they may also explain the lethality of AIDS. 

The International Thennonuclear Experimental Reactor 
Robert W. Conn, Valery A. Chuyanov, Nobuyuki Inoue and Donald R. Sweetman 

Forty years after scientists first began pursuing the controlled release of energy 

by forcing hydrogen atoms to merge in magnetic vises, nuclear fusion is still the 

fuel of the future. Now researchers' hopes are resting on ITER, an international 

fusion reactor planned for completion in 2005. The most powerful tokamak de

signed, its goal is ignition-achieving a self-sustaining fusion reaction 
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Solid Acid Catalysts 
Sir John Meurig Thomas 

By careful design, the tiny pores and cavities of solid acid catalysts shape many of 

the products made by the chemical industry, from drugs to fuel additives. Com

pared with traditional liquid catalysts, these compounds are safer to handle. They 

also minimize toxic by-products and are easier to keep out of the environment. 

Phantom limbs 
Ronald Melzack 

For many amputees, the missing limb remains frighteningly real. These invisible 

appendages often seem to move and feel sensations of pressure, warmth or wet

ness. Some 70 percent of them are also a source of intractable pain. A new expla

nation of the cause of phantom limbs is stimulating research into treatments. 

TRENDs IN GENETICS 

Hacking the Genome 
Deborah Erickson, staff writer 

Parsing the three billion nucleotides that make up the genetic totality of a hu

man is one of the most ambitious scientific efforts ever undertaken. The infor

mation will be useless unless it is entered into data bases that provide answers 

to questions scientists have not yet thought of. Translating the code of DNA into 

the digital language of computers falls to a group of "informatics" workers. 
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A VERY SPECIAL EVENT IN 
SCIENTIFIC AMERICAN 

(--n ppearing in the June 1992 issue of 

� Scientific American will be Meeting the 

Challenge of Sustainable Development, a special 

advertising supplement produced in conjunction 

with the United Nations Conference on Environment 

and Development. The supplement will promote the 

1992 Earth Summit in Rio de Janeiro and the 

emerging concept of sustainable development. It 

will open with a special introductory message from 

UNCED Secretary-General Maurice Strong, whose 

office is collaborating with the producers of the 

special supplement, World Communication Works, 

of Stamford, CT, and Chuck Wilhelm & Associates, 

of San Jose, CA. 

Sponsoring firms will receive 50% of committed 

display ad space for executive commentaries to 

highlight how they are advancing corporate environ

mental responsibility and sustainable development. 

World Communication Works will assist sponsors to 

produce their executive commentaries. 

Ad Closing Date: March 31, 1992 

For more in/ormation, please contact Robert F Gregory 

at Scienti/zc American at 212-754-0522, or Ken Smal�er, 

President of World Communication Works, at 203-356-1931. 

SCIENTIFIC 
AMERICAN 
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It's not a car. 
It's an aphrodisiac. 

You know that car you've always wanted? Really, 

really wanted? It's here. The new Infiniti ]30 

personal luxury sedan. 

And its looks aren' t all that will entice you. 

For $33,400· the]30 is sure to impress you on 

a purely emotional level. With luxury details like 

the Bose audio system with a standard compact 

disc player. Soft gathered leather. Tasteful walnut 

trim. And a 24-hour Roadside Assistance Program 

that's standing by to do whatever it takes to keep 

you on the road. 

Of course, the 130 is also equipped with a 

long list of impressive technological features. 

like the variable valve timing system and the 

double isolated multi-link rear suspension. 

Three-sensor, three-channel A B S braking. And 

both driver's and passenger's side airbags. 

But, in the end, what's really appealing about 

the new ]30 is something far more than all its 

individual parts. Something indefinable. It's what 

happens when you cross sheet metal and desire. 

QV 
INFINITI® 

For Gu�Jt Drivt� Information. (0111-800-816-6500. � 19911nfinirl Di�isl"n oiNissan Motor Corp. in U.S.A. 
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LETTERS TO THE EDITORS 

Targeting Gun Control 

In reference to "Firearms, Violence 
and Public Policy," by Franklin E. Zim
ring [SCIENTIFIC AMERICAN, November 
1991], seldom have I seen such flawed, 
misleading and patently false propa
ganda passed off as a balanced study. 
Nowhere does Zimring mention cur
rent public policy regarding the private 
ownership of firearms, which is clearly 
stated in the Second and Fourteenth 
Amendments to the u.S. Constitution. 
Judicial research and Supreme Court 
decisions have established that the 
right to keep and bear arms is granted 
to each citizen. 

Although Zimring states that areas in 
the Northeast with strict gun laws had 
lower handgun crime rates, just the op
posite is true. Crime rates rose in areas 
with strict gun laws, particularly during 
the period after their adoption. Con
versely, Florida adopted a law in 1988 
that made it easier for citizens to ob
tain permits and carry concealed weap
ons. The state's homicide rate declined 
6 percent between 1987 and 1990, even 
though Florida figures highly in the 
drug-trafficking problem. 

JOHN E. KENNEY 
Redwood City, Calif. 

If scientific research on the firearms 
issue was the goal, it is unfortunate 
that Scientific American chose Franklin 
Zirnring to write about it. His Simplis
tic research efforts, fashioned with an 
open bias for handgun bans, ended in 
the mid-1970s, when he discovered that 
the federal gun laws weren't working. 
Since then, he has learned next to noth
ing from the ongoing research. 

He may even have forgotten some 
of it. After all, in 1969 he asserted that 
there were 24 million handguns. Now 
he asserts that there are 35 million and 
that there may be as many as 50 mil
lion in 50 years. Leaving aside most 
estimates, which put the current figure 
at 60 to 65 million handguns, his fig
ures assume that only about a net half
million handguns were added to the 
pool every year since 1969, even though 
about two million new handguns are 
produced every year. 

Zirnring states without evidence that 
more guns mean more deaths, thereby 
disregarding all the studies that show 
no relation between firearms availabili-
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ty and homicide. The charts of his cited 
source do not even pretend to show a 
relation between firearms ownership 
and homicide or other violent crimes, 
only between ownership and firearms
related crime-thereby ignoring three 
fourths of violent crime. His race- and 
age-group charts of mortality do not 
include data showing that the highest 
levels of mortality are among those 
males with the lowest levels of firearms 
ownership. 

Had Scientific American waited a 
month, it could have reviewed Point 
Blank: Guns and Violence in America, 
by Gary Kleck, which summarizes his 
own and other research, all of which 
suggests that gun availability is not as
sociated with higher rates of homicide 
or other violent crimes and that fire
arms represent the best means of pro
tection from crime. It is unclear why 
Scientific American preferred Zimring's 
pseudoscientific assumptions rather 
than enlisting the aid of science. 

PAUL H. BLACKMAN 
National Rifle Association of America 
Institute for Legislative Action 
Washington, D.C. 

Zimring replies: 
Kenney believes the constitutional 

values to be found in his reading of the 
Second Amendment render any rela
tion between guns and violence irrele
vant to American public policy-a posi
tion widely held by those who object to 
gun control, which has been rejected in 
every major test of gun-control laws in 
the courts. If one believes the Second 
Amendment forbids regulation of fire
arms, data are of no consequence. 

I did not stop publishing research in 
1975; Blackman may have just stopped 
reading it. The basis for my present es
timate of 35 million handguns extant is 
my analysis of the age distribution of 
confiscated handguns. The 1969 esti
mate of 24 million handguns was made 
by averaging 20th-century production 
with poll data on handgun ownership. 
What was then missing were any data 
from which to estimate the useful life 
of a handgun in the civilian inventory. 
An analysis of handguns confiscated 
by police during the 1970s showed that 
most were less than four years old when 
they were picked up. 

The average risk-life of a handgun 
may therefore be less than a decade. 

If so, the two million handguns intro
duced every year would have enlarged 
the total inventory in the early 1970s 
by taking the place of a much smaller 
cohort of handguns introduced in the 
early 1960s. Now that the rates of in
troduction have been stable for a long 
period, however, the net increase should 
be small. The population of handguns 
in the u.S. probably expanded very rap
idly in the late 1960s and early 1970s 
but much more modestly since then. 
The key issue is the average time that a 
handgun remains at risk. Perhaps Black
man should direct some of the Nation
al Rifle Association's research resources 
toward studying that question. 

With Occam's Razor? 

I was surprised to learn that the bar
ber paradox described by Paul Wallich 
in "Silicon Babies" [SCIENTIFIC AMERI
CAN, December 1991) was a paradox 
at all. "The barber shaves every man 
who does not shave himself," the prob
lem states. "Who shaves the barber?" 

I'm inclined to think the barber 
shaves herself. 

BARAK A. NELSON 
Missoula, Mont. 

A Mathematical Inequality 

In her otherwise admirable article 
on the life of Sophie Germain [SCIEN
TIFIC AMERICAN, December 1991), Amy 
Dahan Dalmedico repeats the worn-out 
stereotype that "her charm [was) appre
ciated by all." Why is charm never as
cribed to male mathematicians? 

MORTON NADLER 
Blacksburg, Va. 

ERRATA 

The sea turtles on the cover of the 
January issue are not hatchlings, as is 
stated on page 8; they are two or three 
years old. 

The structure described as a nucle
osome on page 131 of "Living Togeth
er," by John Rennie [January], is actually 
called a nucleomorph. 

The engraving on page 118 of the De
cember 1991 issue depicts the sociolo
gist Charles Fourier, not mathematician 
Joseph Fourier as intended. 
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With each passing decade, people have been 
able to hold onto more of life's rich moments. 

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

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

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

To learn more about pharmaceutical research, 
and the critical role it plays in health care, call 
or write for our free booklet, "Good Medicine�' 
The Pharmaceutical Manufacturers Association, 
1100 15th St, Nw, Box I, Wash., DC 20005. 1-800-538-2692. 

PHARMACEUTICALS 
Good Medicine For Containing Health Costs. 
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50 AND 100 YEARS AGO 

APRIL 1942 

"We question whether any reputable 
publication has knowingly violated the 
code of honor voluntarily assumed by 
most editorial desks long before hos
tile action against the United States. So 
far as Scientific American is concerned, 
no illustrations or text pertaining to our 
national defense efforts prior to Pearl 
Harbor, or to our war activities since 
that date, have appeared within our 
pages which have not received the ap
proval of the proper officials of the 
Army, the Navy, or the Marine Corps." 

"Octane numbers are very deceptive; 
they do not mean what they say be
cause the power goes up much faster 
than the numbers. Triptane, with a pow
er output of 50 percent more than 100 
octane fuel, would actually have an oc
tane number of about llO. The best that 
Hitler can get today is 87 octane fuel 
and this is 30 percent less efficient than 
100 octane variety. This means that Hit
ler's planes must be content with less 
speed, lower ceilings, smaller cruising 
ranges, longer times for climbing to a 
given altitude, and more wear and tear 
on the motors-all to the tune of some 
30 percent less in efficiency. What could 
we do if we could utilize our now avail
able 110 octane fuel which should give 
us some 80 percent more effective pow
er than Hitler can now get?" 

"The case against flies as the cul
prits that spread infantile paralysis is 
strengthened by a discovery reported 
by Dr. Albert B. Sabin and Dr. Robert 

Ward, of the Children's Hospital Re
search Foundation and the Universi
ty of Cincinnati College of Medicine, in 
the current issue of Science. Previous 
discovery of the infantile paralysis virus 
in flies was made in rural areas. Flies 
caught in Cleveland and Atlanta in the 
neighborhoods of infantile paralysis pa
tients were infected with the virus of 
the disease. Discovery of the virus in 
city flies is considered more signifi
cant, especially since the infected flies 
were found in modem neighborhoods 
with good plumbing and in which sev
eral children had mild illnesses that 
might have been abortive infantile 
paralysis." 

"When a torpedo is discharged, an 
amazing number of things begin to hap
pen inside it, in an incredibly short 
time. A starting lever, tripped by the 
missile's forward movement, opens a 
valve, and a blast of compressed air 
starts the main engine. Another unit 
provides a highly inflammable fuel 
spray. Two slow-burning cartridges ex
plode, go on burning like candles, to ig
nite this spray. In the same split-sec
ond an ingenious self-starting, self-reg
ulating water-pot begins spraying wa
ter on the flame. Only a few feet away, 
remember, is 600 pounds of high ex
plosive. The water-pot supplies water 
to make steam and, by regulating the 
volume of its spray, keeps the tempera
ture in the fire-box exactly at 1250 de
grees-no higher. The steam-gas-com
pressed-air mixture slams into the main 
engines with such force that 400 horse
power is instantly generated, quickly 

Anderson's elevated railway 

14 SCIENTIFIC AMERICAN April 1992 

driving the torpedo's speed up to near
ly a mile a minute." 

APRIL 1892 

"Our attention is called to an inven
tion by which an ordinary clock is prac
tically magnified to such a size as 
to permit of its being seen for a radius 
of fifty miles around. The invention 
employs a second train of clockwork 
which is controlled by the clock prop
er, and is put in motion every minute, 
when it whizzes around and actuates 
an electric flashing lens. The beam of 
light reflected into the sky goes through 
the movement of a striking hammer 
when the clock is indicating the even 
hour. Another symbol is used for every 
complete interval of five minutes, and 
yet another for odd minutes. The clock 
would not only permit of clocks being 
synchronized, but watches too, and for 
no charge." 

"A sportsman engaged in hunting 
elephants had approached a large tusk
er, when he found to his chagrin that 
he had dropped his ammunition, so that 
he could only lie concealed and feast 
his eyes upon the huge animal. His dis
appointment was partly compensated 
for by observing the elephant inform
ing the herd that danger was lurking 
near it. When the tusker recognized the 
presence of its enemy it stopped feed
ing, raised the tip of its trunk cautious
ly, and, in a low, suppressed, but pene
trating tone, uttered with its lips the 
sound 'prut,' which it repeated so that 
it somewhat resembled the twittering 
of a bird. The sound was immediately 
understood by the herd, which moved 
quickly but silently away, followed by 
the sentinel." 

"The illustration represents a form 
of elevated railway construction de
signed to permit of conveniently regu
lating the speed of the car, while the ar
rangement is such as to reduce friction 
to a minimum. The improvement has 
been patented by Mr. Anders Anderson, 
of Blossburg, Montana. It is designed 
that the car shall be driven by a motor 
in each end of the car, each motor ro
tating propeller wheels." 
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WIZARO® 

ORGANIZATIONAL 
POWER: 

PURE AND SIMPLE. 

The Wizard'" OZ-8000 has all the power 
you need to stay on time, on track and 
in control. Eleven built-in functions 
and a raised typewriter keyboard 
make it easy to store, retrieve and sort 

© 1991 Sharp Electronics Corporation. 

phone numbers, important 
dates, your schedule, memos 
and more. You don't need to 
enter DOS commands. 
Just touch any function key 
and the Wizard displays the 
information you want. 

EASY TO EXPAND. 
Insert any optional 
Wizard software card for 

cable, you can load files from your PC 
into your Wizard, or download work 
done on your Wizard to you r Pc. 

EASY TO COMMUNICATE. 
An Organizer Fax/Modem gives you 
the power to send a fax directly from 

your Wizard. Or, connect with 
on-line services to send and 
receive data over direct phone 
lines and even from a cellular 

easy access to more pow�er�. ��!!:;.. phone. To learn how easy it 
is to organize your business The Wizard's patented 

touch-screen turns 
each card into a custo

�����§� and personal life, call 
� 

=- 1-800-321-8877. In Canada, 
m ized keypad. Choose from 
reference, business, entertain-

ment, telecommunications and 
memory expansion cards that are as 
easy to use as the Wizard itself. 

EASY TO EXCHANGE DATA. 
With the optional Organizer-Link and 

call 1-416-890-2100. And ask for the 
dealer nearest you. 

SHARP. 
FROM SHARP MINDS 

COME SHARP PRODUCTS'M 
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We're on a mission. 
Our mission is to meet our 

customers' evolving needs by 
expanding the unique capabzli
ties of satellite communications. 

For years, we' ve been known 
as the company that "makes 
ideas happen:' And the global 
sharing of information is the 
biggest idea of all. 

As we continue to apply our 
technology and the expertise of 
our dedicated professionals, the 
potential of satellite communi
cations grows even greater. 

Our near-term commitment 
alone is massive. 

By the end of 1993 we will be 
orbiting over one billion dollars 
in new spacecraft, upgrading 
our ground control facilities, and 
expanding our communications 
capabilities. 

We're on a mission to maintain 
our renowned leadership in every 
aspect of satellite communica
tions. The services we offer our 
customers will continue to be the 
most advanced, the most reliable, 

and the best managed available. 
To realize that mission, we will 

continue to commit everything 
we have. There is no other way at 
Hughes Communications. That's 
why the future belongs to us and 
our customers. And that future 
is right on schedule. 

HUGHES 
COMMUNICATIONS 

A unit of GM Hughes Electronics 

©1992 HCI, GM Hughes Electronics, NYSE Symbol GMH 
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SCIENCE AND THE CITIZEN 

Brain Drain 
Hard times for science 
in the former Soviet Union 

T he chaotic push in Russia and 
the other nations of the defunct 
Soviet Union to achieve prosperi

ty through economic shock therapy has 
put a vital asset at risk: the fragmented 
empire's illustrious scientific establish
ment. Visiting Russian officials, emi
gres and U.S. researchers who have re
cently returned from the Common
wealth of Independent States bring 
reports that add up to a picture of per
vasive, rapid disintegration. 

Many research institutions stopped 
paying salaries last December and have 
no hard currency to maintain Western 
equipment. "We haven't got an eco
nomic strategy," says Zhores 1. Alferov, 
director of the Ioffe PhYSico-Technical 
Institute in St. Petersburg and a vice
president of the Russian Academy of 
Sciences, which supports most of the 
civilian research institutes in the C.I.s. 
"We receive funds month to month. 
Many institutes can't even pay for elec
tricity and heating." 

Alferov's institute is not alone, ac
cording to Paul R. Josephson, a science 
historian at Sarah Lawrence College, 
who returned early this year after three 
months spent studying the state of sci
ence in the C.I.s. Josephson reports 
that researchers at the Ukrainian Physi
co-Technical'Institute in Kharkov idle 
away the hours because there is no pow
er for their linear accelerator. Workers 
in defense research were hit particular
ly hard when the c.1.S. slashed its mili
tary research and development budget 
by 50 percent. 

As funding dries to a trickle, out
standing obligations have become an 
acute problem. According to Glenn E. 
Schweitzer, director of the Office for 
Central Europe and Eurasia at the U.S. 
National Academy of Sciences, the new 
Russian Academy of Sciences inherited 
a foreign debt for publications from its 
Soviet predecessor. Alferov's institute 
has let all its subscriptions to Western 
journals lapse, and researchers are hav
ing difficulty maintaining working com
puters and photocopying machines. Bi
ological laboratories lack vital reagents, 
notes Gerson S. Sher, senior manager 
of the Russia program at the U.S. Na-

RESEARCHERS at once top-secret military complexes, such as Cheliabinsk, are being 
courted by U.s. companies. Photo: V. Velengurin/Sovfoto. 

tional Science Foundation, and "re
search in these laboratories is coming 
to a halt." 

Travel is another problem. Although 
official restrictions have disappeared, 
Alferov points out that a round-trip 
Aeroflot ticket from Moscow to New 
York until recently cost about 100,000 
rubles-about 10 years' salary for many 
scientists. Prices of tickets have fallen 
threefold since January but are still out 
of reach for individuals. 

The new government has been try
ing to help. Russian president Boris N. 
Yeltsin granted some institutes of the 
Russian academy tax-exempt status last 
November and allowed them to receive 
special hard-currency funds to main
tain foreign equipment. The academy 
has prepared budget proposals that in
clude large salary increases for scien
tists, Alferov says. A senior physics re
searcher in the C.I.s. now earns up to 
1,500 rubles per month, less than a bus 
driver, according to Mikhail B. Voloshin, 
associate director of the Theoretical 
Physics Institute at the University of 
Minnesota. But even a bus driver's pay 
does not go very far: prices increased 
in Moscow by 350 percent during Jan
uary alone. 

Many researchers from the c.1.S. who 

have good contacts with foreign col
leagues have chosen to weather the 
storm abroad. Sher says he was told 
seven out of the nine senior researchers 
at one laboratory at the Institute of Mol
ecular Genetics in Moscow were work
ing outside the country recently. 

Such exits have aroused fears of a 
brain drain, one that could leave the 
c.1.S. lacking the research talent it needs 
to compete economically. Most of 
those working abroad intend to return 
when times are better, Alferov main
tains. But he and Josephson agree that 
economic privations could tempt many 
demoralized young researchers to 
leave science and seek more lucrative 
endeavors. 

Many obstacles thwart private and 
institutional efforts to help. Up to 40 
percent of the value of foreign funds 
deposited in bank accounts in the c.1.S. 
are automatically converted into rubles 
at an unfavorable rate, Schweitzer notes. 
Some philanthropic organizations are 
therefore attempting to provide aid in 
kind. The MacArthur Foundation is plan
ning an effort to underwrite for up to 
two years lapsed subscriptions to aca
demic journals published by U.S. scien
tific organizations. The American Chem
ical Society estimates that its canceled 
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and unpaid c.I.S. subscriptions for 199 1 
are worth $ 177,000. 

The Carnegie Corporation of New 
York has spent several hundred thou
sand dollars for each of the past sever
al years to establish electronic mail links 
with the c.I.S. Carnegie is also making 
supplementary grants to U.S. research
ers to support collaborations with in
vestigators in the c.I.S. And the Ameri
can Institute of Physics is donating sub
scriptions to editors of journals that it 
translates and distributes in the West. 

In a display of entrepreneurial flair, 
Voloshin and Aferov are eyeing a po
tentially rich source of funds-those 
provided for basic research by the U.S. 
government itself. With labor costs in 
the c.I.S. at least 10 times lower than 
they are in the U.S., they argue, U.S. re
search dollars spent in the c.I.S. would 
go much farther than they do at home. 
Furthermore, Alferov asserts, the U.S. 
could learn from c.I.S. expertise in ar
eas such as plasma physics, high-ener

gy physics, spectroscopy and electron
ics research. The NSF does support 
some 40 collaborative basic research 

projects that involve c.I.S. researchers, 
according to Sher, and the National In
stitutes of Health has already awarded 
grants of more than half a million dol
lars for collaborative research with c.I.S. 
scientists. But the U.S. does not fund 
the foreign workers directly. 

Nevertheless, Russian and other C.I.s. 
scientists may tap American and Euro
pean bounty in other ways. Congress
man George Brown of California, chair
man of the Science, Space and Technol
ogy Committee, has proposed establish
ing a $200-million U.S.-Russian endow
ment fund to support collaborative re
search. French president Fran<;ois Mit
terand has proposed an international 
fund to support science in the c.I.S. 

The private sector has evinced inter
est, too. Several U.S. defense companies 
are already kicking the tires at for
mer Soviet military research institutes. 
Among the browsers is TRW, Inc., in Re
dondo Beach, Calif. Lewis R. Franklin, 
TRW's vice president for space and de
fense, says on a recent visit he formed 
the impression that "they can declassi
fy everything." TRW now has a provi-

The Plankton Stalkers 

sional agreement on a joint civilian 
space venture with former Soviet mili
tary and space organizations, Franklin 
says, and is awaiting "a favorable nod" 
from the Pentagon. 

Such a venture appears to fit well with 
the administration's concern that the 
likes of Saddam Hussein and Muam
mar Qadaffi will make work for idle 
c.I.S. scientific hands. Secretary of State 
James Baker has proposed establishing 
a clearing house to match up newly un
employed military researchers with va
cancies in areas such as weapons disas
sembly. And Pentagon officials are con
sidering buying into Soviet aerospace 
technology, such as space-based nucle
ar reactors and conventional as well as 
exotic propulsion systems. 

Voloshin agrees that the danger posed 
by unemployed weapons scientists is 
real. But the U.S. should assume a larg
er role as well, he suggests. "In spite of 
the short-term benefits to the U.S. of a 
brain drain from the former U.s.S.R.," 
Voloshin says, "in the long run , it can
not be beneficial to allow the destruc
tion of science there." - Tim Beardsley 

P lankton, plankton everywhere but not a patch of it 
to see" has been the lament of some oceanogra
phers. These mite-size plants and animals form the 

basis of the marine food web, but little is known about 
their density or distribution-in particular, whether plank
ton occurs in small patches and clumps that allow marine 
organisms, including zooplankton, to graze on it. 

that is opened and closed electronically-called a mocness, 
or the "mocness lonster"-destroys fragile animals. High
er-tech systems also have shortcomings. Optical particle 
counters do not produce pictures. And for now at least, 
acoustic systems indicate density, but not composition. 

A system called a video plankton recorder, or VPR, may 
help oceanographers answer those 
questions. Developed by researchers at 
Woods Hole Oceanographic Institution, 
the technology promises to revolution
ize the study of plankton. "Even hu
mans hanging out of a submarine can't 
see things as clearly as the VPR can," 
comments Peter H. Wiebe, chairman of 
the biology department at Woods Hole. 

In its few trial runs, VPR has already surprised investiga
tors. Davis was able to see the orientation of zooplankton, 
information lost in nets. And "we saw lots of organisms we 

couldn't identify," Davis notes. Of partic
ular significance was the observation of 
planktonic micropatches. The existence 
of such small clusters has been hypoth
esized, but "these data show that mi
croscale patchiness does, in fact, exist 
in the ocean," Davis reports. 

One drawback to the VPR, Wiebe says, 
is that only small amounts of Water are 
sampled. And, Davis adds, creatures are 
not caught, so they cannot be exam
ined later. Davis and Gallager ultimately 
intend to preserve everything they pho

By towing the VPR behind a research 
vessel, scientists can view their subject 
matter in its natural environment. The 
device, invented by biologists Cabell S. 
Davis and Scott M. Gallager, consists of 
a red strobe light that is synchronized 
with the shutters of four video cam

UNIDENTIFIED CREATURE found tograph in a trap. Although their initial 
with the video plankton recorder. attempts to do so failed, they revealed a 

eras, each set to a different high magnification. The strobe 
flashes 60 times a second, permitting the tracking of 
rapidly moving creatures. The VPR can record animals 
ranging in size from less than one millimeter to one cen
timeter, Davis says. 

This view of plankton is not available from other tech
nologies. Nets smear samples as well as picking up and 
mixing together creatures from different levels of the wa
ter column. Nets also obscure densities: everything caught 
becomes one messy mass. Even a more refined net system 
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fascinating fact about zooplankton. 
When Davis tested the equipment, he found that zoo

plankton easily avoided the trap. 'The dexterity of these 
bugs was truly amazing," Davis describes. Imagine you 
have shrunk to one millimeter, he explains. A nozzle mea
suring 60 feet across comes at you at 2,000 miles an hour. 
When it is 60 feet away, you accelerate from a dead stop to 
more than 2,000 miles an hour in the opposite direction, 
in one sixtieth of a second. Creatures do not avoid the 
VPR, however. Says Davis, "I really think we have a 
'Stealth' plankton recorder. " -Marguerite Holloway 
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Creating b orders in Word for Win dows was easy for test participants -they simply chose 
the easy-to-Iocate "Border" c ommand. 

Creating a bull£ted list was 
two steps in Word for 

Win dows and 12 steps in 
WordPerfect for Wi ndows. 

y. 
4500 N N 

Main Main 
52nd 

Wordfor Windows hos an Court/>. 2100 � Y. 
on-screen "Tables" function ___ Court B 3400 \ �ti,,� 'f"-' - -

that lets you add Court C the Court C or· 
rows almost instantly. d that we lease 

1 reconune�,;",,-.--
It is �\lh<'� 

When given this simple letter to revise, Word Perfect for DOS users were i mpressed at how easy 
it was to perform everyda y word processing tasks using Microsoft Word for Windows 2.0. 

mouse. 

Printing envelopes? Easy. m, mean REAL easy. 
There� an envelope command right on the screen 

that addres ses and prints automatically. 
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No wonder 
WordPerfect users prefer 

Word for Wndows. 
Ithaseasy 

written aU over it. 
!l In a recent test 

conducted by the 
National Software 
Testing Labs (NSTL), 
nearly eight out of 10 
WordPerfecffor DOS 
users preferred 

-____ Microsofr Word for 
W indows· 2.0 over WordPerfect for 
W indows. The reasons were plenty. 

They were amazed at how Word 
for W indows put them one step away 
from accomplishing everyday word pro
cessing tasks with, in many cases, one 
simple click of the mouse. W hich may 
have surprised them. But it didn't sur
prise us. Mer all, we designed Word for 
W indows around them. 

Every week during the develop
ment of Word for W indows, we inv ited 
WordPerfect users to br ing in their 
letters, memos, or whatever business 
documents they use in their own jobs, 
and tr y them out using Word for 
W indows. Our Product Development 

people at Microsoft called these sessions 
"usability studies." Which is just a fancy, 
shorter way of say ing "what-do-people
use-a-word-processor-for-and-how-can
we-make-it-easier-for-them-to-use-it." 

These studies not only helped us 
to design features that make everyday 
tasks easier, but helped us to make the 
more advanced word processing fea
tures like grammar checking, drawing 
and charting, easier to use as well. 

See for yourself why nearly eight 
out of 10 WordPerfect users preferred 
Word for W indows, and take advantage 
of our special $1 29 offer; by calling 
(800) 323-3577, Dept. Y80. If, for any 
reason , you're not completely satisf ied 
with Word for W indows 2.0, we'll gladly 
return your purchase in full�* If you(l 
like, we'll also send you the f iles you 
need to test Word yourself. Then you, 
too, can have the last word on ease. 

-Offer good for cu"ent licensees o!wordf\?lct, MultiMate� WordS/ar,· MS· Word for MS-DOS· and DisplayWn"te� Please allow 2-4 weeks for delivery upon receipt of order by Microsoft. Offer expires ?!30192. Limit ant; per customer. Reseller prices 
may vary. Call/or system requirements. ··/)'GUn not satisfied with Word/or any reason, return the product to Microso/twithin 90days with proof ofpuTchase for afull reju,!d. Offergood on!ym the�O United States. To rec..elVe onlythe N.STL test results : 
In the United States, call (800)323-3577, I. YSD. For in/onnation only: In Canada, call (800J563-9048;outside the U.S. and Canada, call (206) 936-8661. © 1992 MICrosoft Corporairon. All nghts reserved. Printed In the USA MICrosoft. MS, and 
MS-DOS are registered trademarks and Windows is a trademark of Microsoft Corporatwn. WordPerfect is a registered trademark of WordPerfect Corp. 
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Pathways for MHC Proteins 
MHC proteins, which regulate the immune system, must be linked to antigens to reach 
the cell surface. The class I proteins, unlike the class II proteins, rely on transporter 
molecules to bring them antigens. A new theory suggests that defective transporters 
and MHC class I deficiencies could cause autoimmune disorders. 

CLASS I PROTEINS 
PRESENT ANTIGENS 

� �� o 0 ,to.;' o O /A 

EXOGENOUS 
ANTIGENS 

,6. 
4. <l4. <l 

<l "l"l 
<l 

� ENDOPLASMIC 
RETICULUM 

MHC CLASS I MHC CLASS II 
PROTEIN PROTEIN 

First -Class Culprit 
An autoimmunity theory 
meets with resistance 

Immunologists do not know why the 
immune system turns against the 
body in diseases such as type I dia

betes, multiple sclerosis and rheuma
toid arthritis. Still, after years of molec
ular detective work, they have some 
dearly held suspicions. 

That is why Denise Faustrnan of Har
vard Medical School and a team of oth
er immunologists have upset many of 
their colleagues with the claim that re
searchers have overlooked a prime sus
pect in the case of type I diabetes. If 
Faustrnan's group is right, its discovery 
calls into question some past assump
tions about the mechanisms underly
ing many autoimmune diseases. Many 
experts contend, however, that Faust
man's evidence is far from conclusive. 

Type I diabetes seems to occur when 
disease-fighting cells called T lympho
cytes destroy the islet cells of the pan
creas that secrete insulin. In the absence 
of insulin, blood glucose levels can sky
rocket with serious, even fatal conse
quences. No one fully understands why 
the immune system attacks the islet 
cells, but researchers have found clues. 
Human diabetics and nonobese diabetic 
(NOD) mice, a special laboratory strain 
that has a predisposition to develop the 
disease, appear to have abnormalities 
in their genes for MHC class II (major 
histocompatibility complex) proteins. 
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MHC class II proteins on certain cells 
present antigens, bits of molecular flot
sam, that the cells encounter in the 
blood and tissues. In so doing, the pro
teins alert T cells to the presence of in
fections in the body. Immunologists 
now generally accept that a defect in 
MHC class II proteins can make mam
mals susceptible to diabetes by making 
it easier for the immune system to mis
take healthy islet cells for diseased ones. 

Faustman's study, which appeared 
last December in Science, is controver
sial because it shifts the blame for au
toimmune diabetes from MHC class II 
proteins to different members of the 
same molecular family, MHC class I 
proteins. Like their siblings, MHC class 
I proteins appear on cell surfaces and 
regulate the immune system, but their 
job is to present antigens from a cell's 
own molecules. In the thymus gland, 
they seem to help teach young T cells to 
distinguish antigens that belong to the 
body from those that do not. 

By incriminating class I MHC proteins, 
Faustman is proposing that T cells are 
not just tricked into attacking islet 
cells in diabetics. Instead, she suggests, 
the T cells may never properly learn to 
recognize antigens from the islet cells 
as normal parts of the body. Although 
the work of her group focused on dia
betes, the same mechanism could play 
a part in other autoimmune diseases. 

Faustman and her colleagues impli
cated MHC class I protein by showing it 
was unusually deficient in human dia
betics and in people at extremely high 
risk for diabetes. When they looked at 

a strain of mouse that lacks MHC class I 
protein, they found that the animals had 
a mild tendency to develop diabetes. 

Further studies on NOD mice, which 
also appeared deficient in MHC class I 
protein, suggested to the researchers 
that the animals had a mutation in a 
so-called transporter protein, which as
sists with the production of MHC class 
I molecules by linking them to anti
gens. Because MHC class I proteins are 
not stable unless attached to antigens, 
a defect in transporter proteins might 
be able to lower MHC class I produc
tion and cause immunologic problems. 

The new findings raise many ques
tions. MHC class I proteins present all 
the self-antigens in the body, not just 
those associated with diabetes. If they 
are in short supply, a broad range of 
autoimmune disorders would seem like
ly to strike type I diabetics. In fact, says 
George Eisenbarth of the Joslin Diabetes 
Center in Boston, a co-author of the 
Faustman study, clinicians have noted 
that susceptibility to one autoimmune 
disease does seem to raise a patient's 
susceptibility to some others. "To a 
large extent, both mice and men in 
whom type I diabetes develops actually 
have a series of autoimmune illnesses," 
he explains. "Which disease someone is 
going to express has a certain amount 
of randomness to it as well as a certain 
amount of genetic control." 

Many immunologists are not persuad
ed by Faustman's theory or evidence. 
Edward H. Leiter of Jackson Laboratory 
in Bar Harbor, Me., who has long studied 
the genetic causes of diabetes in NOD 
mice, notes that the transporter muta
tion cited by Faustman does not seem 
to induce any defects in the encoded 
transporter protein. It is therefore un
clear why the mutation would reduce 
MHC class I levels. Indeed, some other 
investigators report that in their expe
rience, NOD mice do not seem deficient 
in MHC class I protein at all. 

Thomas Spies of the Dana-Farber 
Cancer Institute in Boston, an authority 
on transporter proteins, says although 
a few variant forms have been identified 
in humans, none has correlated signifi
cantly with diabetes. Such investigations 
are still in their infancy, he cautions, and 
no one has yet systematically searched 
for transporter protein defects in dia
betics. Nevertheless, the strongest ge
netic indicators of a person's suscepti
bility to diabetes seem to be associated 
with MHC class II proteins. 

The Science paper points out that in 
the mouse, the mutant transporter gene 
flanks the MHC class II gene region, 
and the work suggests this close asso
ciation may have misled some re
searchers about the connection be-
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tween MHC class II protein and diabetes 
susceptibility. Eisenbarth, however, does 
not dismiss the role of MHC class II pro
tein. "There certainly is a lot of room in 
the MHC for multiple, different kinds 
of effects," he says. "I don't think an 
influence for class 1 in any way rules 
out or mitigates that class II can also 
be very important." 

Eisenbarth believes a necessary next 
step is an investigation of what causes 
the lack of MHC class 1 protein in hu
man diabetics-whether it is truly a 
malfunction of the transporter proteins 
or something else. Genes alone do not 
seem to govern the phenomenon: in 
some pairs of twins, only one is diabet
ic, and only the diabetic twin shows di-

minished levels of MHC class 1 protein. 
Some other influence apparently trig
gers the loss of the protein. The new 
study by Faustrnan's group may or may 
not bring researchers closer to solving 
the mystery of what causes type 1 dia
betes and other autoimmune diseases, 
but it has certainly enlarged the circle 
of suspects. -John Rennie 

A Census of Stranglers 

Well-placed fig leaves are supposed to have protect
ed the modesty of Adam and Eve, and now it 
seems they may have been keeping secrets of 

their own as well. James D. Thomson of the State Universi
ty of New York at Stony Brook and a team of other ecolo
gists have found that strangler figs, semi parasitic trees 
that grow throughout the tropics, are often colonies of in
dividual plants that merge into a single entity. 

Their discovery, which was reported in Science, high
lights the difficulty of measuring biodiversity, let alone 
preserving it. Conservationists worry about the survival of 
the strangler fig because its life cycle is fragile and its fruit 
is a dietary staple of tropical mammals and birds. 

The figs propagate from seeds in the animal droppings 
that collect in the crotches of trees. They extend roots 
that fuse into a woody lattice around the trunk of the 
host. Eventually the fig chokes off the tree's access to nu
trients-hence, the fig's gruesome epithet. Thomson had 
wondered whether the roots from more than one fig seed 
ever fused in a mature fig tree. "It's the kind of question a 
lot of tropical biologists have undoubtedly speculated 
about over a beer," he says, but no one seemed to have 
tested the idea. 

So Thomson and his collaborators went to Panama and 
checked for genetic differences among the branches in 14 
fig trees. Only one of the trees proved to be a single indi
vidual-most were two or three fused plants, and one tree 
seemed to be eight individuals. "I had a feeling we proba
bly could find the phenomenon if we looked long 
enough," Thomson recalls. "What was surprising and grat
ifying was that it seemed to be a basic feature of the way 
these plants grow." 

Thomson realized that the mosaic nature of the strangler 
figs had implications for conservation efforts. Many stran
gler figs alternate between male and female phases, and 
they reproduce with the assistance of tiny symbiotic wasps. 
The male wasps spend their lives inside a female plant 
structure called the syconium, which houses the develop
ing flowers and fruits; a female wasp leaves to lay eggs in a 
new syconium only after the male flowers bloom. In the 
process the wasps carry pollen from one fig to another. 

A population of strangler figs cannot survive unless it 
simultaneously contains male and female plants within a 
distance that wasps can traverse in no more than a day or 
two. Unfortunately, Thomson says, no one has found a way 
to measure a wasp's range. E. A. Herre of the Smithsonian 
Tropical Research Institute in Panama, one of Thomson's 
collaborators, had proposed that the best way to deter
mine whether a strangler fig population is large enough to 
be self-sustaining is to analyze the paternity of seeds. If 
many fig plants contribute to any one fruit crop, the popu
lation is probably stable. 

Yet as Thomson points out, it is not enough to count 

trees: conservationists also need to consider the blooming 
schedules of each individual within a tree. If the branches 
bloom at different times, then few trees might be needed 
because they would act like many more. Conversely, if all 
the fused individuals in a tree bloom Simultaneously, per
haps in response to some shared chemical cue, then more 
trees would be necessary to ensure that plants in the right 
stage of development were always available. Strangler figs 
would then be much more vulnerable to deforestation. 

According to Thomson, preliminary reports often sug
gest that the branches of strangler fig trees do generally 
bloom in synchrony, which points to the more gloomy in
terpretation. He and other researchers are now planning 
more conclusive determinations. -John Rennie 

STRANGLER FIG clings to the tree that is its host and vic
tim. Photo: Walter H. Hodge/Peter Arnold. 
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IT you find it difficult 
to talk about, write: 
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Vexing Vortices 
Why a magnetic field is the 
enemy of superconductivity 

H igh-temperature superconduc
tors are not always so super. 
True, the ceramic materials con

duct current without resistance when 
they are cooled to 77 kelvins-a tem
perature only a physicist could consid
er warm. But superconductivity ceases 
if the material is overloaded with elec
tric current or is placed in a strong 
magnetic field. Until researchers find a 
way to overcome such problems, they 
can only dream about such applica
tions as superconducting magnets for 
levitating trains. 

The first step consists of understand
ing how a magnetic field destroys su
perconductivity. A theory that explains 
the phenomenon has recently received 
substantial support from experiments 
conducted by two competing teams at 
the liM Thomas J, Watson Research 
Center and AT&T Bell Laboratories. 
"It's fantastically interesting physics," 
says David J, Bishop of Bell Labs. "There 
is at least a potential that the theory 
will be relevant to some technology." 

In 1988 Bishop suggested that whirl
pools of electric current, known as flux 
vortices, can form in high-temperature 
superconductors and can arrange them
selves in various configurations depend-

ing on the temperature of the material. 
Shortly thereafter, Matthew P. A. Fisher 
of liM, his brother Daniel S. Fisher of 
Harvard University and David A. Huse 
of Bell Labs proposed a theory describ
ing how vortices interact with one an
other and with imperfections in the 
material. In 1989 his colleague Roger 
H. Koch of liM performed experiments 
that confirmed the theory, but critics 
maintained that Koch's results could 
be explained by applying conventional 
theories. During the past year, Bishop 
and his colleague Peter L. Gammel of 
AT&T have presented evidence that 
supports the work of Fisher and his 
collaborators and excludes competing 
ideas. 

For decades, physicists have known 
that when a superconductor is cooled 
to temperatures very close to absolute 
zero, it shields itself from magnetic 
fields. It does so because the field in
duces electric currents at the surface of 
the material that prevent the field from 
entering the interior. At room tempera
ture, magnetic fields can permeate a su
perconductor, and the material resists 
the flow of current. But somewhere be
tween room temperature and absolute 
zero, some materials, including all high
temperature superconductors, neither 
completely shield nor readily admit 
magnetic fields. 

As the field pushes its way into the 
material, it spawns vortices of electric 
current reminiscent of water Swirling 

PATTERN OF TRIANGLES (left) is evidence for a vortex glass. Each vertex repre
sents the position of a flux vortex as measured on the surface of a superconductor. 
The pattern of vortices is nonperiodic, similar to the arrangement of molecules in a 
conventional glass. The vortex glass "melts" as an applied magnetic field changes 
(images from left to right). The red triangles highlight irregularities in the pattern. 
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down a drain. The vortices in a super
conductor extend from one surface of 
the material to the opposite side. The 
magnetic field, or more speCifically 
magnetic flux, can enter the material 
through the vortices, but the remaining 
regions are shielded. The number of 
vortices is directly related to the 
strength of the magnetic field. 

When a high-temperature supercon
ductor is cooled in the presence of a 
magnetic field, vortices form and move 
about freely. Because this motion dissi
pates energy, the material still has elec
trical resistance. Yet some of the vor
tices will get stuck, or pinned, on de
fects and impurities in the material. 
(This effect is commonly known as flux 
pinning.) 

The free vortices interact with pinned 
vortices and one another. If the tem
perature of the material falls to a criti
cal value, the vortices freeze in an ar
rangement that has no apparent order. 
Fisher and his co-workers proposed that 
the vortices actually end up in a configu
ration that minimizes the interaction 
energy of the vortices in the material. 
Fisher calls such an arrangement a vor
tex glass because it is a disordered ar
rangement of vortices just as conven
tional glass is a disordered configura
tion of atoms. 

Once the vortex glass forms, the re
sistance of the material drops to zero. 
According to the theory, a material will 
exhibit superconductivity as long as the 
vortex glass is stable. But the glass will 
"melt" if the material becomes warmer 
or the magnetic field becomes stronger. 
Equivalently, a strong current will gener
ate a magnetic field that can destroy the 
glass. "Usually, imperfections are con
sidered a real nuisance to physicists be-
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cause they make things harder to under
stand," Fisher explains. "But in this case, 

·the only reason one has a superconduct
ing phase in a magnetic field is because 
of the imperfections in the sample." 

To test the vortex glass theory, Koch, 
. Bishop, Gammel and their colleagues 

studied how the resistance of super
conductors changes as they vary the 
temperature of the material and the 
strength of the magnetic field. The 
workers have performed such experi
ments on the superconducting ceramic 
yttrium-barium -2 -copper-3 -oxygen-7 
and a few other high-temperature su
perconductors. The vortex glass theory 
accounts for the changes in resistance, 
whereas alternative theories do not 
provide satisfactory explanations. 

The AT&T workers also found that 
images of the pattern of vortices pro
duced at low temperatures were consis
tent with the theory. They apply a mag
netic field to the material and allow tiny 
magnetic particles to fall on the sur
face. The particles are attracted to the 
top of each vortex and collect there. 
The researchers next turn off the mag
netic field, warm the sample to room 
temperature and view the particles with 
an electron microscope. They can then 
see the arrangement of the vortices at 
the surface of the superconductor. 

But can investigators produce a vor
tex glass that can withstand both high 
temperatures and a strong magnetic 
field? The key is to introduce certain 
types of defects and impurities in the 
material. Unfortunately, Fisher's ideas 
do not provide the tools to predict 
what kinds of imperfections would 
work best. "The vortex glass is going to 
be a tough thing to work with," Bishop 
sighs. -Russell Ruthen 

D2 or not D2 
A barroom brawl over 
an "alcoholism gene" 

I n April 1990 scientists claimed to 
have found a gene linked to one of 
the most devastating of all human 

scourges: alcoholism. The discovery was 
hailed on the front page of the New 
York Times and elsewhere as an impor
tant advance in the battle against a dis
order that afflicts an estimated 20 mil
lion people in the U.S. alone. 

Two years later the so-called alco
holism gene-more formally known as 
the Dz gene-has become the focus of 
a bitter controversy. On one side are 
Kenneth Blum of the University of 
Texas at San Antonio and Ernest P. No
ble of the University of California at 
Los Angeles, substance abuse experts 
who headed the team that wrote the 
1990 report. They insist their finding 
has been amply corroborated by subse
quent research. "There's a one in 10 
million chance that we're wrong," Blum 
declares. He and Noble are taking steps 
toward marketing a test for alcoholism. 

On the other side are skeptics such 
as Kenneth K. Kidd of Yale University, 
a veteran geneticist. He contends Blum 
and Noble's claim has been contradicted 
by other studies and is almost certainly 
invalid. "I believe there is a genetic com
ponent," Kidd says. "I just don't think 
the Dz gene is that component." 

Recently data related to race have 
added a volatile element to the debate. 
Kidd and other investigators have found 
that the gene's frequency varies widely 
among different races and even among 
ethnic groups within one race. Kidd 
thinks the failure to control for this vari
ation may explain the results of Blum 
and Noble. They retort that the racial 
and ethnic data bolster their finding, 
since the Dz gene seems to be most 
common among groups prone to alco
holism. "We love the ethnic data," Blum 
exclaims. 

Few scientists dispute that heredity 
can create a susceptibility to alcoholism. 
As early as the 1970s, studies had 
shown that children of alcoholics-par
ticularly sons of alcoholic fathers-who 
were adopted by nonalcoholics run a 
higher risk of becoming alcoholics than 
do their step-siblings. According to 
other experiments, sons of alcoholics 
have less intense brain-wave activity 
and a higher tolerance for alcohol than 
do control subjects. 

Still, most investigators believed that 
environmental factors played a large if 
not predominant role and that the ge
netic contribution probably stemmed 

from a complex array of genes. Many 
were therefore startled when Blum and 
Noble announced in the April 18, 1990, 
Journal of the American Medical Associ
ation (JAMA) the discovery of a single 
gene that increased the risk of alco
holism by a factor of up to nine. 

The gene, whose full name is the 
dopamine Dz receptor gene, codes for 
one of several different dopamine re
ceptors found on the surface of brain 
cells. Dopamine, one of the brain's most 
important neurotransmitters, helps to 
evoke pleasure and other sensations 
and has been implicated in various dis
orders, notably schizophrenia. 

In previous experiments, the Dz gene 
was shown to come in at least two vari
ants, or alleles, designated Al and A2. 
In their study, Blum and Noble com
pared genetic material from 35 de
ceased alcoholics with material from 
35 deceased nonalcoholic controls. The 
workers found the Al allele in 69 per
cent of the alcoholics and in only 20 
percent of the controls. 

Last July, in the Archives of General 
Psychiatry, Blum and Noble followed up 
their initial work with a report that the 
brains of corpses carrying the Al allele 
had fewer dopamine Dz receptors than 
did brains with the A2 marker. Al car
riers may ply themselves with alcohol 
or other drugs to compensate for a re
duced ability to absorb pleasure-induc
ing dopamine, Blum and Noble hypothe
sized. Critics contended the reduction in 
dopamine receptors might have been an 
effect rather than a cause of alcoholism. 

In October a group headed by David 
E. Comings and Steven D. Flanagan of 
the City of Hope National Medical Cen
ter in Duarte, Calif., announced in JAMA 
that the Al allele was associated with a 
higher incidence not only of severe alco
holism but also of several other psychi
atric disorders, including Tourette's syn
drome, attention-deficit disorder and 
autism (but not schizophrenia). The 
group also found, but did not mention 
in its report, an association with "crimi
nal aggression," according to Flanagan. 
The association with alcoholism, while 
only about two thirds as strong as the 
one reported by Blum and Noble, was 
still statistically significant. 

Yet other published reports have 
challenged the alleged association be
tween the Al allele and alcoholism. 
Separate studies headed by Annabel M. 
Bolos of the National Institute on Alco
hol Abuse and Alcoholism (NIAAA) and 
Joel Gelernter of Yale found incidences 
of the Al allele among alcoholics not 
significantly higher than those among 
controls. Moreover, two investigations 
of families with high rates of alco
holism, one of which was done by C. 
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DAVE ROSENBLUM tells high school kids that for 
him, the truth behind winning is the pits. 

Quite frankly, we weren't going to race our cars just yet. 
Much to our engineers'dismay. (For many of them, racing is it.) 
But, as you can imagine, weve had enough to do launching the flrst 
really new American car company in 50 years. 

Enter Dave and partner, Peter Farrell, who recruit car nuts 
from drug-plagued neighborhoods for their Inner City Youth 
Racing Team. T he kids get to crew the pits at races as an acknowl
edgement of their courage in staying off drugs and staying in school. 
©1991 Saturn Corporation. 
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Pretty neat, huh? We'd never heard of anything like it, either. 
Anyway, when Dave and Peter tested our coupe, the Saturn 

SC, they loved it, and prepared a couple for racing in the IMSA 
Firestone Firehawk series"' against Hondas, Nissans, and the like. 

Our engineers were ecstatic, of course. The cars _� 
performed like crazy, and the ICY team drove to first place in r, 
the touring class. But to Dave, the key to their success was SJ\TlRN : 
the performance of the kids. They'd not only beaten the pushers � 

they also beat professional pit crews at each and every race. 
A DIFFERENT KIND Of COMPANY. A DIFFERENT KIND of CAR. 

If you'd like to know mOil? about Saturn, and our new sedans and coupe, please call us at 1-800-522-5000. 
© 1992 SCIENTIFIC AMERICAN, INC



The Case for and against the Alcoholism Gene 
PRO April 1 990: Blum, Noble and their co-workers find the A 1 allele of the dopa
mine D2 receptor gene in 69 percent of 35 deceased alcoholics and in only 20 per
cent of 35 deceased control subjects, according to an article in the Journal of the 
American Medical Association (JAMA) . 

CON December 1 990: In JAMA, Bolos and her colleagues report no significant 
association between the A 1 allele and alcoholism in two studies, one comparing 40 
unrelated alcoholics and 1 27 control subjects and another examining two families 
with a history of alcoholism. 

PRO July 1 991 : Carriers of the A 1 allele have fewer dopamine D2 receptors in 
their brains than do carriers of the A2 allele, according to a study by Noble and Blum 
involving 33 deceased alcoholics and 33 deceased nonalcoholics, described in the 
Archives of General Psychiatry. 

CON July 1 991 : The A 1 allele is not linked with alcoholism in a study of 1 7  families 
with a history of alcoholism, announce Parsian, Cloninger and others in the Archives 
of General Psychiatry. 

CON October 1 991 : In JAMA, Gelernter and his co-workers report finding no 
significant association between the A 1 allele and alcoholism in a study involving 
44 alcoholics and 68 control subjects. 

PRO October 1 991 : Comings's team finds the A 1 allele is associated not only 
with alcoholism but also with autism, attention-deficit disorder, Tourette's syn
drome and posttraumatic stress disorder.  The paper in JAMA was based on 
data from several previous studies involving 853 subjects. 

CON October 1 991 : A comparison of 45 German alcoholics with 69 ethnically 
matched control subjects finds fewer A 1 carriers among the alcoholics, although 
the differences were not significant, according to an abstract by Schwab and his 
co-workers in the American Journal of Human Genetics. 

Robert Cloninger of Washington Uni
versity, a pioneer in alcoholism genet
ics, revealed no linkage to the Al allele. 

Recently, however, Cloninger re
viewed the data from six published 
studies, both positive and negative, and 
became convinced that the association 
between the Al allele and alcoholism
particularly the severest form of the dis
order-is "highly significant." Cloninger 
argues that although the allele is neither 
"a necessary nor a sufficient cause of 
alcoholism," since some carriers are 
not alcoholics and some alcoholics are 
not carriers, it somehow exacerbates 
the course of the disorder. 

Cloninger criticizes the negative stud
ies of Bolos and Gelernter for excluding 
alcoholics with severe medical prob
lems-the very group previous studies 
had suggested are most likely to carry 
the Al allele-and for not screening al
coholics from their control group. These 
factors, Cloninger contends, biased the 
results toward a negative finding. 

Gelernter replies that, according to 
the odds, at most only a few of his con
trols were alcoholic Al carriers; such a 
small number, he says, would not sig
nificantly alter his results. He argues, 
moreover, that interviews are the best 
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method for determining whether sub
jects are truly alcoholics. By emphasiz
ing medical complications and even 
death as criteria for severe alcoholism, 
Gelernter adds, researchers such as 
Blum, Noble and Comings are more like
ly to discover a gene for predisposition 
to liver disease than alcoholism per se. 

David Goldman of the NIAAA, who 
participated in the Bolos study, agrees. 
He suggests that Blum, Noble and Com
ings may not have controlled sufficient-
1y for variation of the Al allele among 
different ethnic groups. So far there 
have been two examinations of the Al 
allele and alcoholism in an ethnically ho
mogeneous population, Goldman notes. 
One study, which involved Germans and 
was described briefly in the American 
Journal of Human Genetics last October, 
found that alcoholics were less likely to 
have the Al allele than were nonalco
holics. Goldman himself has unpub
lished data showing no significant asso
ciation between the Al allele and either 
alcoholism or dopamine metabolism 
variation in a population of Finns. 

Yet Blum and Noble cite other ethnic 
data supporting their view. Unpublished 
findings from various researchers indi
cate that as many as 70 percent of Na-

tive Americans and 60 percent of the 
Irish, groups that have high rates of al
coholism, carry the Al allele, Noble 
says. The allele seems to be relatively 
rare among Jews, he adds, who display 
low rates of alcoholism. 

Noble even argues that data on Ori
entals, who have high Al frequencies 
but low alcoholism rates, support his 
case. Many Orientals are prevented 
from becoming alcoholics because they 
lack an alcohol-metabolizing enzyme 
and so have a toxic reaction to alcohol, 
Noble explains. The "notorious" fond
ness of the Japanese for amphetamines 
and of the Chinese for opiates, he as
serts, reveals their genetic susceptibili
ty to addictive behavior. "They're also 
all big smokers," he adds. 

The ethnic issue has been further 
complicated by George R. Uhl of the 
National Institute on Drug Abuse. He 
says blacks are almost twice as likely 
as whites to carry the Al allele, yet black 
A l  carriers do not show significantly 
higher rates of alcoholism or related 
disorders than other blacks. Uhl's data 
show an association between the Al al
lele and alcoholism in whites, but only 
when alcoholism is combined with the 
abuse of other drugs. 

Other questions abound. For exam
ple, a persistent criticism of the A l  
findings has been that, contrary to the 
impression left by many news accounts 
and peer-reviewed papers, the Al allele 
is merely a marker for rather than an 
actual variant of the D2 gene. In fact, 
Robert W. Karp of the NIAAA notes that 
the Al allele lies some 10,000 base 
pairs from the "business end" of the D2 
gene, the region that generates the pro
teins for the D2 receptor. According to 
Karp, no direct molecular evidence 
links the Al alleles to any variation in 
the expression of the D2 gene. 

Blum and Noble respond that they 
and other researchers have recently 
identified two other markers that are 
closer to the coding region of the D2 
gene than are the Al and A2 alleles. 
Preliminary data, they claim, suggest 
that alleles of these markers have an 
association with alcoholism at least as 
strong as that of the Al allele. 

Too impatient to wait for these issues 
to be resolved, Blum and Noble are dis
cussing the possibility of developing a 
test for susceptibility to alcoholism with 
Pharmavene, Inc., a drug company in 
Gaithersburg, Md. Blum suggests the 
test could be given to job applicants, 
children and even fetuses. Blum is al
ready the inventor of a nutrient drink, 
marketed under the name Supplemental 
Amino Acid Vitamin Enteral, or SAA YE, 
that he claims "facilitates recovery" of 
alcoholics. -John Horgan 
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Lufthansa announces a new way to fly 
that lets you mix business with pleasure. 

A passion for perfection�M 

Introducing our new 
Intercontinental Service. 
For Business and First Class pas
sengers, it's a level of service where 
your individual needs can be satisfied 
in utmost refinement. Where atten
tion to detai l ,  while not new at 
Lufthansa, is taken to a high art. 
And where you' l l  notice that the spe
cial enjoyment you feel makes an 
enormous difference in  how you land 
- relaxed, refreshed , ready to go. 
In  Business Class, it now means new 
menus with more choices, award
winning cuisine and on all our 747s, 
roomier, more comfortable seats 

with only six or seven to a row. 
For First Class passengers, we've 
redesigned the u pstairs cabin 
exclusively for you to create a more 
spacious, yet intimate atmosphere. 
Here you can indulge in personalized 
luxury, for instance with our new 
del icious buffet breakfast. In both 
classes, you' l l  find people committed 
to serving you with an u nsurpassed 
European standard of elegance. 
Lufthansa's new Intercontinental 
Service. A passionate beginning 
to a new era in flight. For more 
information and reservations call 
1 -800-645-3880. 

Lufthansa 
Lufthansa i s  a participant i n  t h e  mileage 
programs of U n ited . Delta. USAir and Continental .  
See you r  Travel Agent for deta ils. 
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Somebody in the lab has made 

IRIS Indigo delivers 30 MIPS,4.2 MFLOPS, 26SPECmarks, CD-quality audio, 8-24hit color , AC�mpatihility, and comescomplete with color monitor , keyboard 
and mouse. Copyright©l992 Silicon Graphics, Inc. Silicon Graphics, the Silicon Graphics logo and IRIS are registered trademarks, and IRIS,Indigo is a trademark 
of Silicon Graphics, Inc. All other registered and unregistered trademarks are the sole property of their respective owners. 
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Desktop discovery: 
IRIS Indigo RISCIPC. 

We've built a system that hits the cool 
price point ofMacs and PCs, but delivers 
the hot perfonnance of workstations -
the IRIS IndigoTM family. 

These are the machines that can take your 
work to new heights of discovery. 

Run leading productivity software and 
thousands of technical and graphics 
programs for General Science and Biology, 

Physics and Medicine. Plus , use 
IRIS Explorer™ to build your own 
visual applications .  And with 
Showcase;M our integrated drawing 
and presentation tool, turn 
concepts into funded projects . 

Imagine the amazing power: interactive 
2D and lifelike 3D graphics - in a range of 
affordable configurations - put together by 
the leader in visual computing. 

But don't just take our word for it . 
Systems Integration magazine says IRIS 
Indigo has , "the best price/performance 
ratio we've seen on a workstation - or 
any product for that matter. " And we've 
been given the BYTE Award of Distinction 
and a Digital Review Editor's Choice award. 

Discover them for yourself. Get our free 
20-page full-color capabilities brochure, 
and find out where you can check out the 
IRIS Indigo family, as well as our full line 
of servers and supercomputers. 

Call I (800) 800-7441 .  Ext. I4 

SiliconGraphics® 
Computer Systems 
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A Second Glance 
A dim class of galaxies 
offers unexpected fascination 

r· e cosmic wallflowers, a class of 
obj ects known as low surface
brightness (LSB) galaxies has been 

languishing from neglect. Until recently, 
all the known LSB galaxies were dwarfs. 
Loosely organized and small, they 
seemed minor members of the universe. 
Recently, however, astronomers have 
been giving them a whirl. With increased 
familiarity has come the recognition 
that the objects constitute a surprisingly 
diverse and intriguing group. 

Interest in LSB galaxies picked up in 
1987, when a group led by Gregory D. 
Bothun of the University of Oregon ana
lyzed radio emissions from a previously 
identified dwarf galaxy in the constella
tion Virgo. The researchers realized the 
object is 10 times more distant than had 
been thought. Far from being a dwarf, 
the galaxy, dubbed Malin 1, is roughly 
a trillion times the mass of the sun and 
more than twice the diameter of our 
galaxy, the Milky Way. "It shows how bi
ased our perceptions are, "  Bothun com
ments. "Here is this huge galaxy, and we 
discovered it totally by accident." 

Now that astronomers know what to 
look for, they are discovering that such 
huge but hard-to-see LSB galaxies may 
actually be quite common. Last fall 
Bothun's group discovered another, sim
ilar galaxy, informally known as Malin 2. 
Stephen E. Schneider of the University 
of Massachusetts at Amherst, who is 
searching for radio emissions from 
these obj ects, reports that he is "seeing 
a lot more such things than people ex
pected us to find." 
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Researchers trying to understand how 
galaxies form and evolve must come to 
grips with the fact that they may have 
overlooked a significant fraction of their 
subj ect matter. The biggest question is 
why these galaxies appear so different 
from "normal" galaxies, which have high 
surface brightness. Bothun thinks many 
of the dwarf LSB galaxies represent 
faded obj ects in which stars stopped 
forming long ago. 

LSB giants,  on the other hand, look 
more like galaxies that never formed 
many stars in the first place. Schneider 
notes that the disks of these galaxies 
appear very blue, implying that their 
stars are young and deficient in heavy 
elements. Old stars, in contrast, would 
impart a red color. Spectral analysis 
conducted by Stacy S. McGaugh of the 
University of Michigan, Bothun and 
others confirms that large LSB galaxies 
contain only slight traces of the ele
ments created during stellar evolution. 

The nuclei of giant LSB galaxies con
tain thick swarms of stars that closely 
resemble (in color and brightness) 
those in the nuclei of normal galaxies. 
In these dense central regions, stars ev
idently formed in the conventional 
fashion. Indeed, Malin 2 is not listed in 
any galaxy catalogue, in part because 
its bright nucleus resembles a star, 
whereas its faint outer disk shows up 
only under close examination. Recent 
observations show that large LSB galax
ies appear increasingly blue farther 
from the nucleus, possibly hinting that 
the stellar formation process is slowly 
migrating outward. 

Apparently, the outer disk regions of 
giant LSB galaxies have not developed 
the same way as the more familiar 
galaxies, such as our own. A number of 
researchers cite the low surface densi
ties of these galaxies. Stars are known to 
form in clouds of molecular hydrogen. 
The density of obj ects like Malin 1 may 
be so low, however, that hydrogen tends 
to remain as single, unattached atoms. 
The diffuse hydrogen clouds in these 
galaxies might simply have been un
able to fragment and collapse into 
stars. But some of the newfound galax
ies seem to have normal densities.  

Giant LSB galaxies tend to reside well 
away from any others, Schneider re
ports. They are therefore insulated 
from gravitational tugs by neighboring 
galaxies. Such interactions are known 
to induce density waves that compress 
the hydrogen gas, setting off a burst of 

LOW SURFACE-BRIGHTNESS GALAXY 
(left) is about the same size and mass as 
a "normal" one (right) but contains far 
fewer stars. Images by Patricia Knezek. 

star formation. The absence of gravita
tional disruptions could expl�in why 
Malin 1 and its ilk remain relatively 
barren of stars. 

Some stars seem to be fOrming in the 
outer regions of Malin 2, but in large, 
widely spaced clumps, each resembling 
in some ways a dwarf irregular gal
axy-very different from the smaller, 
more evenly spaced star-forming re
gions distributed throughout the disk of 
the Milky Way. Indeed, Bothun specu
lates that the huge LSB galaxies may be 
"large obj ects that never fragmented," 
that is, cluster-size masses that never 
split into individual galaxies .  

Giant LSB galaxies are clearly in a 
different evolutionary state than are 
the better studied bright ones.  Schnei
der hesitates to call LSB galaxies more 
primitive, however. "We often think of 
humans as being more evolved than 
bacteria,"  he explains, "but in fact both 
are the product of billions of years of 
evolution." Similarly, the star-poor out
er structures of giant LSB galaxies 
reflect a different, and heretofore ig
nored, pace of development. 

Although they exist in relative isola
tion from other galaxies, LSB galaxies do 
not seem to fill the huge voids found in 
recent maps of the large-scale distribu
tion of bright galaxies. The fact that LSB 
galaxies seem to reside only in low-den
sity regions outside clusters does indi
cate, however, that such surveys have 
given a skewed picture of how galaxies 
are distributed. Patricia M. Knezek of 
the University of Massachusetts, who is 
working with Schneider to map out the 
population of LSB galaxies,  reflects that 
"a large fraction of the matter in the uni
verse could be hidden in these slowly 
evolving galaxies."  Cosmologists, take 
note. -Corey S. Powell 
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PROFILE : SYLVIA A. EARLE 

Fire in Water 

I t is hard to pin down Sylvia A. Earle. 
Like a modern day Proteus, the 
mutable god of the sea, she moves 

with seeming ease from one project 
and one persona to another: marine 
botanist, deep-sea diver, explorer, busi
nesswoman, conservationist, writer and, 
until recently, chief scientist at the Na
tional Oceanic and Atmospheric 
Administration (NOAA). Even in 
her manner, Earle is at once out
spoken, soft-spoken, diplomatic, 
cagey, earnest, gracious and fiery. 

The ability to be many things has 
allowed Earle to keep one foot in 
the water and one foot on the 
land, although she clearly prefers 
the ocean: "I am suffering from 
dry rot," she says. "I want to spend 
more time underwater." As a politi
cal appointee, Earle had the ear of a 
White House administration not 
known for its environmentalism. 
Yet she resigned in January, after 
little more than a year in the posi
tion. Earle was the first woman to 
serve as the lead scientist at NOAA, 
a $ 1. 5 -billion agency that oversees 
the weather service, conducts un
derwater research, manages fish
eries and responds to marine spills 
of hazardous materials. 

Earle denies reports that a clash 
with the White House precipitated 
her departure, but her position on 
several environmental issues clear
ly runs counter to prevailing poli
cy. She seems almost desperate to 
tell journalists that she admires 
NOAA and the administration. Per
haps "you could toss a bouquet in 
their direction," she asks. 

has been largely stripped of her aquat
ic mementos but which still houses a 
model moray eel draped around her 
computer. "You can easily get into trou
ble quite innocently," she says. Earle is 
not specifiC about any substantial trou
ble she might have found herself in, ex
cept to say that a statement she made 

they found themselves dubbed "aqua
babes" and adorning the front page of 
the Boston Globe. Earle, who led the all
female team, was ambivalent about the 
attention at first. As a scientist, she ex
plains, "if you fall into the league of the 
popularizers, you have somehow sul
lied your credentials forever." 

Yet after reading an essay by the Vic
torian-era biologist Thomas Huxley, she 
says she felt a responsibility to educate 

the pUblic-something she has 
done ever since and something 
that makes her the target of criti
cism. "I still get it from scientists 
who think I am a lightweight scien
tifically," Earle says matter-of-fact
ly. "Scientists are put off by the dif
ficulty of remaining precise and ac
curate while making it relevant to 
someone who doesn't know." 

But even those peers who criti
cize Earle's scientific rigor laud 
her ability to communicate com
pellingly about marine life and the 
importance of studying the oceans. 
Although she has gone down under 
instead of up on high like an astro
naut, Earle sees the planet as one 
blue, integrated system. And when 
she describes the insights gained in 
some 6,000 hours beneath the sea, 
her language, studded with phrases 
that she uses over and over again 
in her public speaking, becomes al
most poetic. A squid is not merely 
a cephalopod, order Teuthoidea; it 
is a creature with "huge eyes that 
will likely inspect you. Some of 
them are like jewels," Earle says in 
a tone approaching awe. 

Even so, Earle says she can ac
complish more by working inde
pendently. "I think I can be even 
more effective if I am on the loose," 
she notes. In this capacity, Earle 

6,000 HOURS underwater have made Sylvia Earle 
a strong conservationist. Photo: David Doubilet. 

Earle's love of the ocean began 
when she was young. Her family 
moved from New Jersey to the 
west coast of Florida, where her 
parents encouraged her interest in 
the out-of-doors. "I wasn't shown 
frogs with the attitude 'yuk,' but 
rather my mother would show my 
brothers and me how beautiful 

will try to establish marine sanctu
aries and to encourage deep-ocean en
gineering. But in her carefully worded 
comments-she will continue to work 
as an adviser at NOAA for at least a 
year-Earle admits some frustration. 

"Every time I spoke, my words were 
likely to be interpreted as speaking for 
the administration and, therefore, as 
official policy," Earle explains, sitting in 
her NOAA office in Washington, which 

last winter about not eating any fish 
"that I have known personally" was in
terpreted by the fishing industry as a 
sudden NOAA antipiscivorous policy. 

Being in the public eye is hardly new 
for Earle. In 1970 she and four other 
oceanographers spent two weeks living 
in an underwater habitat as part of a 
government-funded project called Tek
tite II. When the researchers surfaced, 

they are and how fascinating it was 
to look at their gorgeous golden eyes." 
At the same time as they supported her 
interest in biology, Earle adds, her par
ents made sure she got teaching creden
tials and learned to type, "just in case." 

After attending Florida State Univer
sity, Earle entered a graduate program 
at Duke University and speCialized in 
botany. For her dissertation, she com
pleted a classic study of the algae of 
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the Gulf of Mexico.  The project is one 
she continues today; she has more 
than 20,000 samples. "When I began 
making collections in the Gulf, it was a 
very different body of water than it is 
now-the habitats have changed. So I 
have a very interesting baseline. "  

Earle happened to be studying a t  a 
time when scuba equipment became 
widely available. Because the gear per
mitted direct observation, it changed 
the study of marine biology. As one of 
the first researchers to explore freely 
underwater, Earle was able to identify 
many new plants and organisms and 
even to discover some surprising geo
logic features, such as undersea "dunes" 
off of the Bahama Islands. "It was a 
simple Lewis and Clark kind of obser
vation," she explains. But "the presence 
of dunes was a significant insight into 
the formation of the area." 

She also happened to be one of the 
few female oceanographers. In some 
ways, Earle says, this distinction gave 
her a platform: "If I am the only wom
an in a crowd of 400 guys, all heads 
turn when I speak." On the other hand, 
she asserts she has been denied po
sitions, including directing certain 
research vessels, because of her sex. 
Earle goes on to say, tactfully, that she 
is not complaining: "Elsewhere in the 
world it is infinitely more difficult." 

Earle attributes some of her fierce in
dependence to being a woman. Women 
are more self-reliant because they "are 
not as much in the network as men are; 
that is just a fact of life,"  says Earle, who 
was the first person to dive to 1 , 2 5 0  
feet, untethered, in a rigid diving suit 
and one of the first pilots to take a 
submersible craft down 3 ,000 feet, 
alone. By leaving NOAA, Earle hopes to 
regain that independence. "Here, I am 
not really in control, "  she states.  

Earle can also return to deep-ocean 
engineering. In 1 9 8 1  Earle and her then
husband Graham Hawkes decided to 
build their own deep-sea vehicles. The 
two founded Deep Ocean Technology, 
Inc. ,  and, shortly after, Deep Ocean Engi
neering, Inc. ,  which is now the principal 
company. One of the first manned sub
mersibles they designed, Deep Rover, 
took Earle 3 ,000 feet under the waves of 
the Pacific in 1 9 8 5 .  The $ S -million com
pany has also produced robots for off
shore oil and gas ventures. 

The veteran diver is angry that less 
than 10 percent of the oceans have 
been explored and that technology 
does not allow any individual to go 
scouting about abyssal plains. "It is pa
thetic that we cannot go down in the 
sea," she exclaims, adding that of the 
five deep-sea manned submersibles in 
the world-those that can go to 20,000 
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feet or more-the U.S. has only one: 
Sea Cliff. "That's like having one j eep 
for all of North America," she says. 

ParadOxically, Earle's  commitment to 
deep-ocean exploration may have put 
her at odds with the administration over 
the very NOAA division that supports 
such research, the National Undersea 
Research Program (NURP). According to 
a congressional staff member, White 
House budget proposals have not in-

"If you fall into the league of the popularizers, you 
have somehow sullied your credentials forever. " 
cluded funding for NURP since 1 9 8 3 .  
The program, the staffer says, "has not 
been popular with the Republican ad
ministrations. "  Instead each year Con
gress has had to restore funding
currently a figure of about $ 1 7  million. 

Earle was invited to testify when the 
congressional Merchant Marine and 
Fisheries committee considered NURP'S 
future last October. At the last moment 
she declined, and a NOAA official spoke 
against increased federal funding for 
NURP. "I could not testify as an individu
al, because it would have been contrary 
to NOAA'S position," Earle comments. 

Independently, she continues to find 
ways to visit oceanic depths. Earle is 
working with Japanese scientists who 
plan to send first a remotely operated 
and then a manned vehicle to 3 6,000 
feet. 'They have money from their gov
ernment. They do what we do not: they 
really make a substantial commitment 
to ocean technology and SCience,"  she 
says. Earle also intends to lead Ocean 
Everest, a $ l O-million Deep Ocean Engi
neering proj ect that would also take 
her to a similar depth and back. 

As much as Earle woos technology, 
she abhors its misuse.  "We have the 
technological capability to frightfully tip 
the scales off balance with any species," 
she frets, citing not only Saddam Hus
sein's destruction of Kuwait's oil wells 
and the purposeful oil spill in the Per
sian Gulf but drift nets and electronic 
fish finders used by some fishermen. 

Indeed, the Persian Gulf War, which 
broke out a few months after Earle was 
appointed as chief scientist, not only 
shaped her focus at NOAA but, she says, 
was partly responsible for her sudden 
departure from the agency. Earle, who 
has worked with such organizations as 
World Wildlife Fund International, had 
intended to push for the creation of ma
rine sanctuaries. She sees these ocean 
reserves, of which there are 1 0  in U.S. 

territorial waters, as the equivalents of 
national parks, each preserving wilder
ness, study sites and species diverSity. 

But the Gulf fires as well as a confla
gration in Oakland, Calif., which nearly 
destroyed her home last fall, drove her 
back to the water, she explains. Those 
events "really instilled in me an even 
greater sense of urgency than I had al
ready felt about doing the best you can 
with whatever time you have got."  

Despite her brief tenure at NOAA, 
some colleagues credit Earle with bring
ing more prominence to the agency. "We 
never had a spokesperson before. No 
one really knew we were around," com
ments Joseph Bishop, a senior scientist 
at NOAA. And many specifically cite her 
efforts to ensure that the effects of the 
Persian Gulf crisis were studied. NOAA 
has sent a research vessel on a $ 6- to 
$ 8-million voyage that is scheduled to 
run through May. The expedition, in
volving some 1 3 0  scientists from all 
over the world, is expected to establish 
the basis for an ongoing monitoring 
program in the Gulf. Earle will act as co
project leader for one leg of the cruise, 
during which researchers will examine 
any effects of oil on the coral reefs. 

"Her personal interest and enthu
siasm were the key to the formulation 
of the current Gulf cruise,"  says Jac
queline Michel, an oil-spill expert at Re
search Planning, Inc. ,  who has worked 
for NOAA in Prince William Sound, 
Alaska, and in the Persian Gulf. The 
cruise "wasn't a high priority in the 
agency or in the U.S. government, be
cause they didn't want to be associated 
with the Gulf anymore." 

Meanwhile Earle-in her many guis
es-is continuing to spread a message 
of environmental integrity, sustainable 
use and enhanced ocean research. As 
part of this effort, she recently spoke 
to students at Rutgers University. Earle, 
the political appointee, answered ques
tions about her resignation: "It was 
hard to leave the government. I have 
new respect about what it takes to get 
something to work." 

Earle, the poet, enchanted her listen
ers as she stood on the stage of a dark
ened auditorium under the image of a 
squid that had been proj ected, enor
mous and pinkish, on the wall above 
her. In an almost hypnotic tone, she de
scribed the 1 2 -foot chunk of a tentacle 
that a colleague of hers had found in 
Monterey Bay, Calif. "Giant squid have 
never been seen, " she told the rapt, 
silent audience. But it was Earle, the 
pragmatist, who finally drove the point 
home. "It says something about the 
magnitude of our ignorance that we 
have never seen something the size of 
a dinosaur." -Marguerite Holloway 
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A D V E R T I S I N G  � S U P P L E M E N T  

[ T H E  C O M M O N W E A L T H  O F  M A S S A C H U S E T T S  1 A D V A N C E D  T E C H N O L O G Y  F O R  T H E  F U T U R E 

A 
few decades after the U n ited States became a 

n a t i o n ,  a f l ow of i nv e n t i o n s  a n d  i n n ovat i o n s  

b e g a n  t o  b u i l d  i n  Massac h u setts . Progress i n  

t h e  s o c i a l  rea l m- i n  l i terat u re ,  t h e o l ogy a n d  

p h i l os o p h y ,  a n d  p u b l i c  affa i rs-h e l p e d  forge t h e  n e w  

natio n ' s  character.  M eanwh i l e ,  Massa c h usetts ' research 

a n d  d e v e l o p m e n t  c l i m a t e  in s c i e n c e ,  m e d i c i n e ,  a n d  

m e c h a n i c a l  e n g i n e e r i n g  h e l p e d  f o r m  n e w  i n d u s t r i e s .  

Massach usetts' f i rst century o f  contribut ions t o  America 's  

i n d u str ia l  g rowth i nc luded the pr inc ip le of  interchangeable 

m a c h i n e  pa rt s ,  the f i rst  A m e r i c a n  stea m m a c h i n e ry ,  

i n c l u d i n g  t h e  l o c o m ot ive,  t h e  c o m b u st i o n  e n g i n e ,  t h e  

e l ectr ic tra n sformer,  as  we l l  as  m o r e  stor ied i nvent ions 

l i ke the cotton g i n  a n d ,  of cou rse, the te lephone.  

Massa c h usetts-based corporate g iants-D ig ita l E q u ipment 

Corp . a n d  t h e  Rayt h e o n  C o m p a n y-owe m u c h  of t h e i r  

p r e s e n t  s ta t u re to c o n s i s t e n t  s u p p o r t  f r o m  v e n t u r e 

cap i ta l i sts a n d  ba n ks d u r i n g  t h e i r  e a r l i est days . Today, 

sta rt u p s  t h a t  c o n t i n u e  t h e  t ra d i t i o n  o f  l e a d e r s h i p  i n  

emerging tech nologies enjoy the same f inanc ia l  treatment .  

S i n ce Governor Wi l l i a m  F .  Weld took off ice in  

J a n u a ry 1 99 1 , the Massac h u setts government has been 

w o r k i n g  to re-o r i e n t  t h e  s t a t e ' s  b u s i n e s s  c l i m a t e  to 

support the i n novation eng ine which d rives o u r  economy. 

Massach usetts adopted the most generous research and 

development tax credit i n  the nation .  We a lso repea led the 

sales tax on bus i ness services . 

In addit ion, Governor Weld successfu l ly fought for 

I n  t h i s  c e n t u ry ,  M.a s sa c h u setts i n ventors  h i t worker's compensation and health insurance reform so as to 

u p o n  t h e  p r i n c i p l e  of f r o z e n  f o o d s ,  d e s i g n e d  a n d  prevent premium increases for employers, and h e  proposed 

assembled the f i rst ana log and d ig ita l computers, lau nched 1 39 legis lative and admin istrative changes to c lear out the 

t h e  f i rst l i q u i d  fuel  rocket, created i n sta nt p h otography,  reg u latory u nderbrush that compan ies m ust overcom e .  In  

i n it iated i m po rta nt i n n ovat i o n s  i n  computer des ig n ,  a n d  � �he face of a national  trend,  Massachusetts is decreasing the 

made a host of brea kth roughs i n  robotics, b iotech nology, �� rden of government costs and regu lations u pon business. 

and teleco m m u n icatio n s .  In a sense,  Massach These efforts were supplemented in  1 991  by other 

a lways stuck to one l i n e  of bus iness:  creati ng the ent prog ra m s .  Severa l Massachusetts ut i l i-

M a s s a c h u setts h a s  spec ia l ized i n  t h e  i n c u bat i  m p l e ,  i n st i t u t e d  e c o n o m i c  d e ve l o p m e n t  

h i g h  tech n ology o f  the t ime, whether i t  was e l i  for  new or expanding businesses to remedi-

CAD/CAM technology, or recombinant DNA. New England's traditiona l ly h igh energy costs . 

The people of Massac h usetts have 

passed on a c u l t u re of creat iv ity ,  resou 

d i l igence which has transformed a n  outpost of  rocky 

a n d  c o l d  wea t h e r  i n to a we l l s p r i n g  of i d e a s  a 

appl ications. We have never re l ied upon the harvest of 

f u e l s  o r  f a r m l a n d  f o r  o u r  s u c c e s s ;  ra t h e r ,  a s  

commentator recently said, " We l ive by o u r  wits . "  

H i g h l y e d u c a t e d  p r o f e s s i o n a l s  p r o v i d e  

M a s s a c h u setts with  a u n i q u e l y  c o m petit ive e d g e .  T h e  

N a t i o n a l  S c i e n c e F o u n d a t i o n ' s  s t a t e  p r o f i l e s  ra n k  

Massachusetts, which is  1 3th among states i n  populat ion,  

second i n  the absol ute n u m ber of science and eng i neer ing 

doctorates and fou rth i n  the n u m ber of graduate students . 

Tha n ks to lead i n g  acade m i c  i n stitutions such as H a rvard 

a n d  t h e  M a s s a c h u s e t t s  I n s t i t u t e  o f  T e c h n o l o g y ,  

M a s sa c h u setts b e stows m o r e  a d va n ce d  d e g re e s  p e r  

c a p ita t h a n  a n y  oth e r  state,  a n d  h a s  t h e  m o s t  c o l l e g e  

g raduates p e r  capita i n  t h e  nation . 

Th is superior level of tra i n i n g  d i rectly affects the 

con sta n t  evo l ut ion  of t h e  economy of M a s sa c h u s etts . 

G rad uates from M IT a lone have fou n ded more than 1 00 

compa n ies  based in Massach u setts d u r i n g  the l a st f ive 

y e a r s . F u rt h e r m o r e ,  new M a s s a c h u s etts c o m p a n i e s  

consistently appear i n  l i sts such a s  t h e  Inc. 500 a n d  the 

Business Week 1 00 i n  n u m bers far  beyo n d  t h e  state ' s  

proportionate share .  

As s k i l l f u l  e n t r e p re n e u rs have c h u r n e d  o u t  

new ideas over t h e  decades,  Massa c h u setts h a s  f u e l e d  

t h e m  w i t h  a ready s u p p l y  of f i n a n c i a l  e x p e rt i s e .  Two 

MA 3 

I n  J a n u a ry, Govenor  We ld a n n o u nced h i s  

i c  G r o w t h  P l a n ,  d e s i g n e d  t o  m a x i m i z e  t h e  

of the M assac h ussetts economy. Among other  

I it i nc l udes a phase-out of the state capital  ga ins  

a bonus one-yea r  i nvestment tax credit of 20 % ,  and a 

reduct ion  i n  t h e  i n d i v i d u a l  i n co m e  tax.  T h e  i ntent  is to 

marsha l l  every potentia l  resou rce with in  state government 

for the sa ke of economic g rowth and development .  

A s  g o v e r n m e n t- i m p o s e d  e x p e n s e s  u p o n  

b u s i n e s s e s  a r e  c o n t ro l l e d ,  t h e  We l d  Ad m i n i st ra t i o n  i s  

wor k i n g  t o  i n crease t h e  va l u e  o f  M a s s a c h u setts ' most 

i m po rta nt asset,  i ts people.  Proposa l s  for needed reform i n  

e d u ca t i o n  a n d  w o r kfo rce d eve l o p m e n t  p r o g ra m s  a re 

designed to prepare workers for the h i g h-ski l l ,  h i g h-wage 

jobs of the n ext c e n t u ry .  These refo r m s  w i l l  esta b l i s h  

c o m p e t e n cy sta n d a rd s  f o r  k e y  s u bj e c t s ,  h o l d  s c h o o l  

m a n a g e rs a c co u n ta b l e  to s p e c i f i c  g oa l s ,  a n d  res h a p e  

e d u c a t i o n a l  p r o g ra m s  to e n s u re t h a t  g r a d u a t e s  h a v e  

com petent, marketa b le s k i l l s .  

As t h e  wo r l d  s t r u g g l e s  i t s  way t h r o u g h  t h e  

tra nsit ion i nto its next phase o f  economic g rowth,  i t  wou l d  

do w e l l  t o  l o o k  t o  Massachusetts as one o f  its leaders.  The 

p e o p l e  of M a ssa c h u s etts have a l ways b e l i eved in t h e  

power o f  i n novation t o  create n e w  prosperity. W e  a re now 

retoo l i n g  o u r  state g ove r n m e n t  to h e l p  in t h e  ta s k  of 

u n leas h i n g  it .  Th is  is a new day i n  Massac h usetts . 

-The Executive Office of Economic A ffairs 

© 1992 SCIENTIFIC AMERICAN, INC



[ A D V E R T I S I N G . S U P P L E M E N T  1 

D I G I T A L  E O U I P M E N T  
C O R P O R A T I O N  

D igital Equipment Corporation, with headquarters in Maynard, 
ranks fifth in the US in corporate spending on research and 

development, allocating $1 .65 billion to R&D in 1991 .  Projects at Digital's 
four-year old Cambridge Research Lab (one of the four research labs that 
DEC operates worldwide) concentrate on developing application technol

ogy for users of Digital systems. CRL's applications Include data manage
ment, transactions processing, and visualization or display of information. 

Some 35 software and computer architecture engineers at CRL 
work closely with Digital's development groups, according to Victor 
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Vyssotsky, lab director. One current project 
i nvolves work with a neurologist at 

Children's Hospital in Boston. The research 
physician 's studies of physiological changes 

In the neurons In the hippocampus require 

construction of three-dimensional models 
Inslele DEC's semiconductor 
facility of neurons. Digital 's  research lab has 

worked for two-and-a-half years to 
produce software that·can construct such models; software has now been 
developed, and Digital is working to the day where it can be used by non
software professionals. 

Clearly, the most important customer of the lab Is Digital itself. 
CRL has cooperated with various groups within the company to develop 
the first prototype system in Digital's new, open, 54-bit RISC computing 
architecture. Known internal ly as the Alpha project, the company expects 
to base its systems on the architecture for the next two decades. "We 

intend to make Alpha an industry standard ,"  says Robert E. "Ed" 

Caldwell, vice president of semiconductor operations at the Hudson 

sem iconductor p lant. He d i rects the development of the Al pha 
architecture definition and the actual mircroprocessors themselves. 

Alpha, expla ins Caldwell , is a family of microprocessors 
spanning the product range from mainframes to desktops to embedded 

systems that can be massively paralleled for supercomputing .  Some 

4,000 people in semiconductor operations have been involved in Alpha's 

deS i g n , deve l o p ment, man ufactu re , marketi ng,  and sales of the 

microprocessors, and will continue to be involved as the chips enter 
product ion .  "Th is  is the f i rst i m plementati on of an internal R I SC 

architecture to go to market," says Caldwell . The company believes that 
Alpha rep rese nts yet a n other  example of D i g ita l 's  leaders h i p  i n 
performance, price, and architectural innovation, a pOSition the company 

has held since its founding in 1 957 . 

This specia l  advert is ing sectio n ,  under  the d i rection of Specia l  Reports Associates, was written by 

Beth McGold rick and Sharon Kahn and des igned by Frierson Mee + Herman,  
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Bay staters use one word to s u m  up the u n i q ueness of 

Massachusetts : B ra i n powe r .  " O u r  adva ntage is in our  ta lent , " 

says Stephen P. Tocco, State Secreta ry of Economic Affa i rs ,  

Massachusetts ' p r ide  is  anchored i n  1 20 i n stitutions of  

h igher  educat ion scattered throughout the Com monwealth 

and  one of the most vita l entrepreneur ia l  h u bs found  

a nywhere-the " Bra in  Be l t "  of  Route  1 28 r i ng ing  Bosto n .  

" Massachusetts enjoys a near ly un ique  p o o l  o f  h i g h ly 

q u a l if ied p rofess iona ls  and h igh ly  sk i l led tec h n ic ia ns , " a rgues 

Professor M ichael  E .  Porter of the H a rvard Bus i ness Schoo l .  

M E C H A N I C A L  M O D E L I N G  

Pro/EN G I N EER from Parametri c Technology Corp"  Wa ltham,  

p rov i d e s  a revo lut i o n a ry a p p roa c h  to m e c h a n i c a l  d e s i g n  

a utomati on ,  T h e  pa rametri c ,  featu re -based  s o l i d  mode l i n g  

system offers a un i q ue  a n d  powerfu l  a r c h itecture  wh i c h  

p rovides eng i nee rs with un precedented ease a n d  flexi b i l ity. 

Pro/ENG I N EER is bu i lt on a single, underlying database, rather 

tha n  m a ny propr ietary data b ases as  i s  the case with o l de r  

generation CAD/CAM systems, One database a l lows ind ividua ls 

from d ifferent departments to work concurrently, a l l  from one 

product mode l  or  def in ition ,  Fu l l  assoc iativity throughout the 

entire design-through-manufacturing process a l lows engineers 

to reconfigu re product des igns "on-the-fly" without i ncu rr ing 

t ime and  cost pena lties i n  downstrea m  app l i c at ions such as 

manufactur ing ,  This promotes des ign  optim ization,  de l iver ing 

h igher qua l ity products, faster, at lower costs, Circle No, l ,  

Regard ing  why Serono Laborator ies located i n  

Massachusetts, President J u les M u s i n g  q uotes the 

company's ch ief executive off icer,  Fab io B e rta re l l i ,  who says, 

"When making wine,  locate you r  wi ne-ma k ing  where the 

g rapes are growi ng , " M us ing  e laborates :  " The academic  

exce l l e nce for  which Massachusetts is  known,  combined 

with the presence of wor ld  famous medica l  centers and  other  

b iotech companies,  ma kes for a n  environ ment i n  wh ich  

b iotechno logy th rives , " 

Massachusetts ' un ique " inte l l igence stew " conti n u a l ly 

nou r ishes techno logy compan ies  of remarkab le diversity, as  

wel l  as a f inanc ia l  and  service i nfrastructu re to complement  

them.  As a res ult ,  Massachusetts specia l izes i n  m id-s ized-to

sma l le r  compan ies .  Often beg u n  as sp i n-offs from u n ivers ity 

or  corporate labs ,  many of the state 's  sta rt-ups are funded 

through Massachusetts ventu re capita l i sts . " Massach usetts 

is  l i ke a b ig ,  app l ied research l ab  cons istent ly turn ing  out new 

products through new and  rejuvenat ing compa n i es , " 

observes John Hodgman,  president of Massachusetts 

Techno logy Development Corp . ,  a q uas i-pub l i c  ent ity that 

helps launch and expand Massachusetts ' companies through 

venture capita l  i nfus ions . " I t 's  a ve ry fert i le  env i ron ment " 

• 

JOBS THAT AOD VALUE _  I ndustr ies such as b iotechno logy 

and softwa re that are i nvigorati ng Massachusetts-and vice 

versa-create h igher  val ue-added jobs than other 
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HAS YOUR LABORATORY CREATED 

D I G  I T A L. T H E  

NSTER? 

O P E N  

It started out with the best of 

i n t e n t i o n s .  A P C  h e r e .  A 

workstat i o n  t h e r e . A n e w  

spectrometer. Some chromato

graphs .  B ut now it ' s  grown 

into an amalgam of different 

computers, applications and 

laboratory instruments, none 

of which can work together 

or share information. 

H ow do you integrate 

them to provide the right infor

mation at the right time to the 

right people? With the Open 

Advantage fro m  Digital . A 

combination of industry stan

dard products and services,  

powerful third-party relation

ships and an open attitude 

toward your particular needs, 

it allows you to finally unite 

all the elements of your lab

oratory. And create a solution 

o f  i n c r e d i b l e  p ow e r  a n d  

flexibility. 

With the Open Advan

t a g e ,  y o u r  l ab c a n  l o o k  

forward t o  faster,  more ac

curate rep o rt i n g .  Greater  

p r o d u c t i v i ty with  fe w e r  

r e s o u r ce s .  E a s i e r  c o m p l i 

a n c e  with regulatory agen

c i e s .  B e tt e r  r e s p o n s e  t o  

customer needs.  

Laboratory integration 

needn't be a nightmare. Talk 

to your Digital '.ID�Dn�D TM 
sales person. � � Ur;;J 

A D V A N T  A G E. 
© 1 992 DIGITAL E Q U I PMENT CORPORATION.  THE  DIGITAL lOGO IS A TRADEMARK OF DIGITAL E Q U I PMENT CORPORATION.  
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[ A D V E R T I S I N G . S U P P L E M E N T  I 

R A Y T H E O N  C O M P A N Y  

T:he Raytheon Company of Lexington is universally identified with 

• Patriot missi les, used so effectively in the Persian Gulf confl ict 

last year. 
However, internally, Raytheon, a Fortune 1 00 corporation, 

i d ent if i e s  i tse l f as a tech n o l og y  company,  f i rst and foremost. 

"Management is technology- and engineering-oriented," states Dr. Phili p 

Cheney, vice president of 

engineering at Raytheon. 

With 1 991 sales of more 

than $9 b ill ion, the com
pany is known worldwide 

for technological advances 

in its five major business 

segm ents-electronics,  

aircraft products, energy 
Raytheon's Advanced Device Center services, major appliances, 

and other  li nes,  i n c l u d i n g  p u blish ing ,  h ighway e q u i p ment,  and  

technical serv ices. Raytheon operates more than 80 manufacturing 

plants and labo ratories in 23 states, and employs 71 ,600 people 

worldwide. 

Gove rn m e nt contracts account for 54.8 % of Raytheon 

revenues. The research and development funds are similarly split. About 

half of Raytheon's $274 million annual R&D budget is reimbursed through 

contracts from the US government, with the balance met internally. 

Raytheon's R&D challenge, as Dr. Cheney sees it, is to achieve 

research synergy throughout the company. For example, $eiscor, a 

Raytheon subsidiary engaged in the telephone switching business, needed 

assistance in making the transition from analog to digital switching . 

Seiscor engineers teamed with engineers from the company's Equipment 

D ivision, who primarily had worked on US Dept. of Defense projects. 

Working together over two years, the research team produced 

a new product and an internal success story. "We want to judiciously use 

this synerg istic team approach, " says Dr. Cheney, who adds: "We' re 

hopeful that in R&D, one plus one will equal three or more." 

But Dr. Cheney emphasizes that research and development is 

not the on ly answer for technology-based companies. "R&D is too 

narrowly defined in this country," he says. "To achieve technological 

leadership, we need to work on a better transition to production." 

Cheney argues that the task of engineering is not complete until 

a company manufactures its products at high quality and low cost. He 
contrasts the United States with Japan, which emphasizes engineering 

and production more than basic research. Raytheon expects an aggressive 

five year plan to yield technology innovations in both government and 

commercia l  areas, as well as imp roved qual ity and l ower costs in  

manufacturing . 
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manufactu r ing i nd ustr ies .  John  T. Preston ,  d i rector of the 

Massachusetts I n stitute of Technology L icens ing  Off ice, 

poi nts out that " Our emphasis takes advantage of bra i n  not 

brawn . "  Massach usetts' d ist inct ion i nvolves i n n ovation rather 

than fol lowi ng the practices of others .  

• 

l:.E SILVER LINING. The cou ntry 's  genera l  economic ma la ise 

has h i t  the Northeast. and  pa rticu la rly the m i n i com puter 

i n d ustry, hard .  But  Harva rd ' s  Prof.  Porter notes that " O u r  

cu rrent economic downturn is  n o t  a s i g n  o f  structura l  

problems i n  [the Massachusetts] economy, but of a cyc le of 

over-bu i l d i ng  i n  local  i n d ustr ies such as real estate and 

reta i l i n g .  Ove r 70% of the job losses s ince 1 987 have been in 

i n d ustr ies that do not com pete outside the Commonwea lth . "  

Accord i n g  to "The Com petitive Adva ntage of 

Massachusetts , " a study that Prof. Porte r prepa red i n  

co l la borat ion with t h e  Mon itor Co . ,  t h e  state 's  economy has 

outpaced much of America over the past 1 5  yea rs . With an 

a n n u a l  rea l g rowth rate of 2 . 4 % ,  the Massachusetts per 

cap ita i ncome of $22,400 i n  1 990 fa r exceeded the $ 1 6, 000 

that the US as a whole ach ieved that yea r .  

P O L L U T I O N  P R E V E N T I O N  

Molten Meta l Techno logy, Cambr idge,  is  a resource recovery 

a n d  p o l l ut ion  p reventi o n  f i rm with a patented te c h no l ogy  

known as Cata lyti c Extra ction  Process ing (CEP ) .  CEP makes 

products from wastes, by-products, and co-products. 

CEP, wh ich  destroys the toxic compounds in  hazardous 

wastes and reconfi gu res the atoms to form raw mater ia ls that 

c a n  be  re -used  by i n d u stry, i s  re a d i ly i m p l e m e nted u s i n g  

sta n d a rd ste e l - m a k i n g  e q u i p m e nt .  Typ i c a l  c a p i ta l a n d  

operating  costs are one half o r  less than those of i nc ineration .  

CEP processes a wide spectrum of non-hazardous wastes by 

in ject ing them into a h igh  temperature ( 1 500-1 9000K) meta l l i c  

so lvent. Destruction of  hazardous components often exceeds 

99.99%, without generating  any undes i rab le  by-products, l ike 

d ioxins o r  N Ox. CEP's meta l so lvent d issoc iates compounds  

into the i r  e lemental constituents wh i ch  are then  reformulated 

t h ro u g h  " e l e m e nta l r e c y c l i n g "  i nto m eta l s ,  g a s e s ,  a n d  

ce ram i cs .  These constitu ents c a n  be  used o r  so ld  t o  th i rd 

parties, making the processi ng  of waste streams profitab le .  

CEP env i s i o ns  a pote nti a l  of h u n d re d s  of fu l l  s c a l e  

fa c i l i t i es  i n  t h e  U S  t o  c o m m e r c i a l l y  p r o c e s s  wa ste f rom 

m u l t i p l e  g e n e ra t o r s .  D e d i c at e d  u n its p i p e d  i nto a 

m a n ufactu r ing process wi l l  process the res i dua l s  from one  

generator. Mob i le  un its have  been des igned  fo r  shorter term 

projects, such  as remed iat ing so i l .  C i rc le  No . 2. 

Dan ie l  G regory, cha i rman of the Governor 's Cou nc i l  on 

Economic G rowth and  Techno logy, points out that th is  is  not 

the f i rst t ime that the Massachusetts economy has had to 

refresh i tse lf .  " The ha l lmark of Massach usetts economic  
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· THE COMPANY THAT BUILDS SOME OF THE WORLD'S MOST 
ADVANCED AIR TRAFFIC CONTROL SYSTEMS . . .  

Raytheon technology is helping 
improve the safety of air travel 
in the U.S.  and throughout 
the world . 

. . .  ALSO BUILDS SOME OF THE WORLD'S CLEANEST REFINERIES. 

Raytheon's Badger Company helps 
oil companies make cleaner gasoline 
and build cleaner refineries. 

The company is Raytheon . And many of the products and services we provide around the 
world are produced here in Massachusetts . 

I n  Waltham , we bui ld advanced air traffic control systems and weather radars that help air safety 
keep pace with air traffic .  

I n  Cambridge, you ' l l  find our Badger Company, a leader in  the design and construction of refineries. 
Massachusetts is also the home state for Raytheon divisions and subsidiaries that publ ish textbooks, 

produce electronic components and develop and manufacture sophisticated defense systems 
l ike the Patriot . 

If you 'd  l ike more information about what we do in Massachusetts as wel l  as around the world ,  
write : Raytheon Company, 1 41 Spring Street , Lexington , MA 021 73 .  Raytheon 
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[ A D V E R T I S I N G . S U P P L E M E N T  I 

H A E M O N E T I C S C O R  P • 

C o l l a borati o n betwe e n  M a ssach u s etts '  stella r  medica l 

commun ity and technology companies is  part of a Commonwealth 

tradit i o n .  " Haemonetics was started i n  M assac h u setts b e cause of 
Harvard Medical School, " says Allen "Jack" Latham, who, in the 1 950s, 

jo ined fo rces with D r. Edwi n  Cohn of Harvard , who was the fi rst to 
demonstrate how to fractionate the proteins in blood. 

Hae monetics C o rp . ,  the  company that Latham based on this  

tech nology just ove r 20 years ago,  today is the world leader i n  the 
deSign , manufacture,  and marketing of blood processing equipment and 
re lated d isposab les. The company's blood processing systems consist of 
a m icro-processor-controlled centrifuge drive and pumps to del iver blood 

into and out of the system. Haemonetics has developed a cost-efficient 

process fo r maki ng the processing chamber, as well as the tubing 

through wh ich the blood passes, disposable.  More than 600 employees 
work at the Bra in tree headquarters and manufacturi ng s ite , where 

Haemonetics also conducts research. R&D receives about 7% of sales 

each year; last year sales amounted to $1 57.3 mi l l ion.  

D r .  Jack Latham with 
the "Latham processing 
chamber" 

The company concentrates in three major 

markets: surg ical blood salvage, blood component 
the rapy,  a n d  automated plasma coll e cti o n ,  

Haemonetics' Cell Save� systems wash whole 
blood salvaged from surg ical procedures, so that 
the red cel ls may be safe ly reinfu s e d to the 

patient. "There has been a tremendous chan ge in 

the att itude of the med ica l community due to 
A I D S , "  obse rves Latham,  who conti nues to 
conduct research at age 83. "More surgeons are 

employing autologous transfusion, which uses a 
patient's own blood," 

A negative side effect of today's aggressive cancer therapies is 

the depletion  of plate lets , which control b leed ing,  The V50 Plus, the 

Mobile Col lection™ System and other Haemonetics systems eff iciently 

harvest platelets and other essential blood components from d onors on a 

large scale for use in component therapy. Haemonetics' eq uipment, 

w h ich p rovi d e s  a s u p erio r p l ate let  prod uct, reduce s the pati e nt's 

exposure to a single donor. 
Hae m o n etics has  a l s o  i m p roved p lasma coll ectio n .  I ts 

automated systems-PCS® and the PCS Plus®, for use in donor centers, 
and the Ultral ite®, a mobi le  system-collect larger vol umes of plasma 

from single donors than can manual procedures. 

Fifteen months ago, Navy ships anchored off the Persian Gulf 

carried blood suppl ies to treat casualties from Operation Desert Storm. 
The vital cargo for processing thousands of units of red b lood cel ls came 
from Haemonetics. It was bac k to the future, in a sense; the solutions and 
machines were s imi lar to those which helped launch the company, 

MA 8 

h istory has been our  adeptness at tra n sform i n g  ou rselves to 

f it the t imes-a nd not just to su rvive, but to lead . "  

Even the state ' s  cu rrent wea k economy has a s i lver 

l i n i n g .  The cost of l iv ing ,  notably hous ing ,  has leveled off 

dur ing  the past few years wh i le  l iv ing costs have r isen i n  

other techno logy a reas .  Lease rates for Massachusetts off ice 

and  l ight man ufactur ing space a re u n usua l ly  attractive and 

research personne l  a re atypica l ly  ava i l ab le .  

The  Massachusetts ebu l l ience of the 1 970s and  1 980s 

owed much to m i n icom puters and defense-based compa n ies .  

The cu rrent wave of  i n novat ion f rom today's compan ies  is  

b roader, lead ing observers to predict a stronger, more d iverse 

foundat ion i n  the long run. "Thr iv ing i ndustr ies a re emerg ing 

i n  medica l  i n strumentat ion and  products, environmenta l  

tech n ology, softwa re, and  new materia ls , " says M IT's 

Presto n .  H e  poi nts out that M IT a lone creates s ix-to-eight  

new com pan ies and 70-90 l icenses each yea r.  Preston 

doesn't  ru le out a resurgence i n  the Massachusetts computer 

ha rdwa re i n d ustry, e ither,  part icu larly a s  advanced computer 

a lgor ithms and  e lectron ic  mater ia ls  ga in  g ro u n d .  

F O O D  I N G R E D I E N T S  

Opta Food Ingredient's products can be used by processors to 

reduce  the fat content, e l im i nate the need  for su lfites, and  

provide protective edible coatings to  various food systems. Opta 

food ingred ients employ b iochemica l  tools, espec ia l ly p rote in 

chemistry and  a pp l ied enzymology. Based on a fundamental 

understand ing of structure-functiona l ity correlation, O pta has 

developed a protein-based fat rep lacer  ca l led L1TA'". Through 

physica l  manipulation of corn proteins, the quanternary structure 

of those p rote ins  was a ltered to m i c rospheri c a l  c l u sters of 

protein  molecu les. These prote in micropart ic ies form a stable 

suspension i n  water and possess ce rta in  phys ica l  character

isti cs  and  functiona l ity s im i la r  to those of fat emuls ions .  

O pta has d e ve l o p e d  a f a m i l y  of potent  p o l y p h e r o l  

oxi d a s e  i n h i b itors t h a t  f u n ct i ons  i n  a va r i ety of f o o d s  to 

i nh i b it enzymatic b rown ing .  One compos it ion,  Eve rFresh™, is 

ava i l ab l e  to the shr imp i ndustry as  a functiona l  a lternative to 

su lfiti n g  agents. C irc le NO . 3. 

• 

l:E BUSINESS CLIMATE, Dur ing  the last decade, 

Massach usetts has become a better p lace i n  which to do 

bus iness and attract perso n n e l .  Between 1 979 and 1 988, the 

state 's per capita tax burden fe l l  from among the stiffest in 

the country to 43rd among al l  states .  In fact,  tax cuts under  

the Weld a d m i n i stration have led the press to label  the state 

as " S lash-a-chusetts . "  

Also, evidence suggests that Massachusetts emp loyers 

get more bang for their buck. In a report released by the 

Massachu setts Center for Tech no logy G rowth,  the B a n k  of 

Boston found that average a n n u a l  pay of com m u n icat ions 

equ ipment workers i n  Massachusetts was $44,207 .  Wh i le  

such sa la r ies may seem h igh ,  the study found that  com m u n i -

continued on  page MA 12 
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[ A D V E R T I S I N G . S U P P L E M E N T  1 

B 0 S E C O R P O R A T I O N  

Dr. Amar G. Bose has strong opinions about quality 
sound. Chairman of the eponymous audio equipment 

manufacturer, Dr. Bose be lieves most ste reo a n d  audio 
products on the market today are unnecessarily complicated. 

Dr. Bose, whose component speakers are best-sellers in the 

US, Europe, and Japan, says there's usually no need for more 
than volume, dial selectors, and power switches on most 

stereo systems. "The saddest part is that if you ever turn all 
those knobs, the performance will actually 

deteriorate," he says. The same goes for 

loudspeakers. What really bothers Dr. 
Bose, an MIT-trained electrical eng ineer, is 
that p e o p l e  pay a lot  of m oney for 

elaborately engineered specifications that 

they cannot detect by listen ing to music.  

" In  a really good product, the technology 

should be on the inside, and simplicity on 
the outside," Dr. Bose insists. 

Mexico, and elsewhere in the US, but Westborough represents 

the cu lmination of years of studying the most adva nced . 
methods and adding refineme nts. "We disburse ideas from 

there to our other factories," says Greenblatt. 

Secure i n  i ts successfu l track re cord and 
confi dent  i n  the a b il ities  o f  its research staff, B o se 
Corporation is comfortable with the long development times 

associated with bu i lding a b reakthrough piece of audio 

That statement neatly sums up 
the ph i l osophy of the  c o m p a ny he 
founded n early 30 years ago with one 
employee, his g raduate school teaching 
ass istan t Sherwin G reen b l att , now 
president. Today, the privately held Bose® 

Bose's noise-reducing headset helps prevent 
hearlnl loss for pilots 

equipment. At Bose, it is not unusual for 

a decade to elapse from the outset of a 

project to its man ufactu re . Some 1 4  
years of research went i nto Acoustic 

Wave ® M u s i c  Syste m ,  a com pact, 
portable  stereo system introduced in 
1984. Or. Bose himself was involved in 

p roducing  the mathematical formu la 

enabling that  technology,  which cost 

some $1 4 million to develop. And back 

i n  1 97 9 , based on a handsha ke 

agreement with Gene ra l Motors Corp., 
Bose invested $1 3 m i ll ion to design 

acoustically customized music systems 

for automobiles. The company, which 
d i d n 't s e e its f i rst d olla r from that 

Corporation employs 2,800 people worldwide , and c la i ms 

revenue of around $400 m il l ion , with over half of its sales from 
outside the US. In manufacturing products from car stereos to 
aviation headsets to the loudspeakers for the 1 992 Olympic 

Games in Al bertville, France, the philosophical foundation of 
B ose has neve r wavered . T he company is  ded icated to 
app lyi n g  fu ndam e nta l s c i e n ce to whateve r p roject i t 
undertakes. 

Bose backs up its commitment by reinvesting its 
profits in research and deve lopment. "ResearCh, " says Dr. 
Bose, who still teaches at M IT, "is what I would do 80 hours a 
week if I could ." As his company's technical d irector, Dr. Bose 
clearly likes to keep close tabs on its scientific endeavors. The 
com pany's corporate headq uarters bui ld i ng, d ramatically 
located on a windswept hill-top in Framingham, also houses its 

research center. There, Bose's audio laboratory-considered 

by many the best-equipped in the country-is home to its 

acou stica l  e n g i n eer ing  staff. The company 's d rive fo r 
excellence in engineering also led to the construction of a 
showcase manufacturing operation in nearby Westborough. 
Bose has seven other production facilities in Canada, I reland, 

M A l O  

investment for three years, now is an acknowledged leader 
i n  factory- installed car stereo systems, also available on 
Japanese and European l uxury autos. 

When Bose research yiel ds a product, it is often 

truly new and d ifferent, rather than a minor variation on last 
year's model. Recently, the company has reached out in new 
directions. Bose labs produced the revolutionary headset worn 

by pilots on the experi mental around-the-world Voyager 

a i rcraft. The headset employs an act ive noise-reducin g 

technology that helps prevent permanent hearing loss, an 

occupational hazard for pilots. The company is working to 

apply that concept to industrial and other environments where 
noise-reduction is a priority. 

Bose Corporation considers its presence in the 

professional sound system market-the designing of sound 

systems for concert halls and other public spaces-full of 

future potential. Greenb latt notes a Bose computer desig n  
technique helps architects and designers "liste n" to a hall 
before it is even built. Bose employed this technology when 
designing the sound systems for 16 different venues for the 
1 992 Winter Olympics. 
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Adwanced technology for 
better sound ... everywhere. 

The 1 988 and 1 992 Winter Olympics 

selected Bose"as their professional sound 

system supplier. 

NASA chose proprietary Bose speaker 

technology for its communication and 

alarm systems in the space shuttle. 

Founded by Professor Amar G. 

Bose of MIT, Bose Corporation is 

dedicated to advancing the quality 

of sound in all environments. 

Bose research leads to innovative, 

award-winning products you'll 

hear in the most demanding 

places. 

From airplane cockpits to the 

luxurious cruise ship Queen 

Elizabeth 2. From Bangkok's 

Royal Grand Palace to the Japan 

National Theatre. And other 

residential, commercial, and 

industrial applications worldwide. 

"If music is important in your life, 
sooner or later you will own a Bose system." 

The Bose 90 1·Direct/Reflecting" speaker 

system is the most highly acclaimed, 

regardless of size or price. 

If you're driving a leading luxury 

or sports car made in the USA, 
Europe, or Japan, and it features 

this logo --BOS� it was 

delivered from the factory with a 

custom sound system designed 

and built by Bose. This system 

was developed specifically for the 

acoustics of your model. And you 

know the result. 

When you want quality sound, 

contact Bose. For information and 

our all-product brochure, call 

toll free in the USA and Canada: 

1 �800�444� BOSE Ext. 9 1 .  
Elsewhere, call (508)  879-7330. 

BDSE ® 
Better sound through research. 

© 1992 Bose Corporation, The Mountain, Framingham, MA 0170l ·9168 USA 
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S E R O N O  L A B O R A T O R I E S  

S erono Labo rator ies  I nc . was estab l i s h ed i n  1 970 as the 

American distribution arm of The Ares-Serono Group of Geneva, 
Switzerland, an international pharmaceutical and diagnostic company 

with 1 991 worldwide sa les of $751 mill ion. Since then, the Norwell-based 

Ares-Serono harvests 
recombinant human 
growth hormone 

operation has grown from $1 million in sales into 

a fully integrated, research-based pharmaceutical 

house  w ith 1 991 sales of over $1 30 mill ion .  
Today, the largest biotechno l ogy com pany i n  

Massachusetts, Serono has become one of the 
few to advance to the prod uct-manufactu ring 

stage and enjoys dominant patent positions for all 

i ts  reco m b i nant p roducts cu rrentl y i n  
development. "We have been a company that sells 

natu rally derived products," observes pres ident 
from roller bottles J ules Musing. "But we have expanded into a true 

biotechnology company, and next year we hope to start selling our first 

recombinant inferti lity product." 
Serono is cons idered the world leader in infertility products . 

Along with its parent, Serono is the largest maker of gonadotropins, or 
human fertility hormones, in the world . Musing says that within the next 

four  years, Serono will be the first biotechnology company to make its 

trademarked drugs-Pergonal® (menotropin), Metrodin® (urofollotropin), 
and Profasi® (human chorionic gonadotropin)-as recombinant products. 

I n its second key therapeutic area, immunology and oncology, 

Serono prod uces d rug therapies for patients with impaired natu ral 

defenses. Frone®, a lso known as native beta interferon ,  fig hts viral 
infections by strengthening cell resistance to viruses, and is used to treat 
genital herpes and breast cancers. TP-1® is used in  a broad range of 
cancer treatment protocols.  Again,  Serono has a recomb inant beta 
interferon product in its biotech pipeline. 

The company's i nterleuk in - s ix ,  also under  devel o pment, 

shows prom ise in the treatment of severe side-effects of cancer therapies 

as well as treating certain cancers. 
Serono's third principal a rea is human growth, specifically 

ped iatric endocrinology . I ts Randolph biotech manufacturing faci lity 

produces for export Saizen® (somatropi n ) , a reco mb i nant g rowth 
hormone used to treat children who suffer from dwarfism. 

Sister company Ares Advanced Technology's $1 2 million, state
of-the-art research l aboratory i n  Randolph serves as a worl dwide 
biotechnology R&D center for the parent company. Its two major research 
i nterests are human fertil ity and the development of new i nterferons, 

proteins the body produces in response to viral infections. The facility is 

notable for its mammalian cell-based technology, considered to produce 

complex molecules, phYSiologically closer to human cells than other biotech 
methods using bacterial or yeast cells. 

M A 1 2  

continued from page MA 8 
cat ions  equ ipment  produced in the state has 3 2 %  more 

" va l ue-added " per worker than the nat ional  average. 

The latest ana lys is  of p rod uctivity showed output per 

Massachusetts emp loyee was three t imes the nat iona l  

average between 1 979-1 986 . " We located our  new, state-of

the-art manufactu r ing fac i l ity in Massachusetts beca use there 

is a complex tech nologica l  component i nvolved i n  our  

man ufactu r ing ,  and  we've found  workers h e re to master it, " 

says Sherwin  G reenb latt, president of Bose Corporatio n .  

• 

MASSACHUSETTS LIFESTYLE. When discussing l ifestyle i n  

Massachusetts, the emphasis is on cultural pursu its found i n  

Boston, the  nation's seventh la rgest city: the  Boston Symphony, 

the Boston Bal let, the Theater District, and the h istory 

rediscovered by mi l l ions each year who march the Freedom Tra i l .  

"And there is my personal favorite, " says Dr.  Pau l  Hoffman,  

president of Textron Specia lty Materia ls, "the Boston Red Sox. " 

A U T O I M M U N E  D I S E A S E  

I n  the early 1 980s, mu lt ip le sc le rosis expert H oward Weiner, 

M.D. ,  of Br igham and Women's Hospita l and Ha rvard Med ica l  

S c h o o l  b e g a n  a n i m a l  stu d i e s  to d ete r m i n e  wheth e r  the  

p h e n o m e n o n  of o r a l  to l e ra n c e  i n  wh i ch  s p e c if i c  i m m u n e  

suppression occurs fol lowing the ingestion o f  p roteins might be 

appl ied to patients. I n  concert with Auto immune Inc ., Boston, 

We i n e r  h a s  c o n d u cted a se r i es  of expe r iments u s i n g  the 

an ima l  model  of  MS that shows feed ing  the autoantigen myel in  

bas ic p rote in protected them aga inst d isease .  Extensive an ima l  

research has demonstrated the effi c a cy of ora l  tolerance  to 

autoantigens in a variety of an ima l  d isease models. 

Resu lts of a c l i n i ca l  tria l  i n itiated by Weiner  and  David 

Hafler, M.D. ,  i n  which patients with early MS ingest spec ia lly 

prepared mye l in  p rote ins, wi l l  be ava i l ab le  i n  late 1 992. Also, 

co l laboration with Auto immune and the Br igham group has led 

to oral tolerance human tria ls  in rheumatoid arthritis by David 

Trentham, M.D ., at the Beth Israe l  Hospita l in  Boston, and by 

Robert N ussenb latt, M.D. ,  in  uveitis at the N I H .  This a pproach  

c o u l d  p rov i de  a n o ntox i c ,  e a sy to a d m i n ister  therapy for  

auto immune diseases. C i rc le  NO . 4. 

Boston a l so abounds in museums,  i nc lud ing  the Museum 

of F ine  Arts and  the wor ld 's  o n ly Computer M useu m .  The 

M useum of  Sc ience ho lds  400-p l u s  permanent  exh ib its 

dedicated to " i mprovi ng sc ience l i teracy by mak ing  bas ic and  

cutti ng-edge sc ience  understandab le  and  approacha b le . "  

Steven L .  So lomon,  vice president o f  resources, says that the 

Sc ience M useum " wou ldn ' t  be the same without the 

inte l lectual  horsepower of the h ig h-tech compa n ies and 

i n st itut ions l i ke MIT and  H a rvard that are o u r  ne ighbors . "  

Massachusetts has 3 5 1  c it ies a n d  towns,  but " O ne major 

reason we ' re here is  we can l ive i n  a n  a rea of low populat ion 

dens ity, " says Ala i n  Hanover, cha irman of Viewlog ic  Systems 

I nc . ,  Ma r lborough,  and co-cha i r  of the Massachusetts Center 
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FROM PEAS 
To SUCCESS ,  THANK You 

GREGOR]. MENDEL 
Thanks to G regor  Mende l ' s  very ear ly  work i n  p l a nt genet ics ,  

o u r  sc ient ists, today, a re app ly ing recomb i nant DNA techno l ogy to t reat  a wide a rray of  
human d i sorders .  

Ares-Serono ' s  cu rrent b i otechno l ogy p i p e l i n e  i s  r ich  with s ix  recomb i nant products i n  the 
company 's  main therapeut ic spec ia l t ies - obstetri cs/gyneco logy, ped iatr ic  endocr i n o l ogy 

and i m m u n o logy/onco l ogy. 

As the wor ld  leader  i n  the treatment of i nferti l i ty, 
Ares-Serono is now deve l o p i n g  recomb i nant gonadotrop i n s  (fert i l ity ho rmones )  to offer 

new perspectives in i nfert i l ity treatment .  
The company 's genet ica l ly eng i neered cancer  therapeut ics under deve l opment i nc l ude  

beta i nte rfe ron and  I nter l euk i n -6 .  

Founded  85 yea rs ago  to become one  of today's 
b i otechno logy leaders .  

CSerono) 
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T U F T S V E T S C H O O L 

M assachusetts i s  n ot on ly  home to the cou ntry's o ldest 

institute of higher education, Harvard University, but also one 

of the newest. Tufts University Veterinary School, still the only vet school 

in New England, fi rst accepted students in 1 979. "Our little vet school 

doesn't have the biggest endowment," says Dean Franklin M. Loew, "so 
we've had to be more strategic than our neighbors." 

The North Grafton school developed an aggressive industry 

collaboration program to fund its future. This deciSion meshed beautifully 

with another of its decrees: to make biotechnology one of the school's 

"signature programs." Says Dean Loew: "My colleagues and I decided 

that biotechnology would be one of the industries of the future .  We 

wanted Tufts to be part of that." 
More than 40 companies throughout Massachusetts and the 

world have approached Tufts with specific research proposals. An early 

Tuft'S researchers engIneered 
transgenIc goats 

collaboration began five years ago 
w h e n  Tufts s igned researc h 

contracts with Integrated GenetiCS, a 
Fra m i ngham co m pany that has 
s ince beco m e  a G enzyme Corp.  

subsidiary. Last fall the corporation 
and university announced they had 

engineered a "transgenic goat." The 
genetically modified goat produces a 

pharmaceutical in its mi lk used to treat heart disease. 

Scientists obtain transgenic animals by implanting a genetic 
material into the germ cells or already fertilized ovum of a female animal. 

When the i ntroduced DNA is integrated into the chromosome of her 
offspring, both that animal and successive generations carry the new 
gene. Genes fo r a certain trait can come from other spec ies. Rat 
hormones inserted i nto mice yie ld a superior growth hormone, for 
example. Other Tufts collaborations could lead to decreased cholesterol 

in chicken eggs, disease-resistant farm animals, and pharmaceuticals 

that tackle both human and animal health concerns. 

"The high and noble reason we enter industry collaborations is 

to further our mission of creating knowledge and improving the health of 
humans and animals , " says Dean Loew. But he acknowledges the 

importance of other reasons. The school has received well over $10 
million in research contracts and grants from biotechnology companies 

to date. This money goes to further research and provide financial aid to 

students. Licensing and royalty fees could represent a substantially larger 
bounty in the future, as products of research are commercialized. 

Also, no�ody doubts that biotechnology is a core technology 

of the future. "If my school can be part of the biotech industry and lead 
us into a healthier economy, we will be involved in job creation," says 

Dean Loew. "Biotech is one successor technology to microelectronics." 

M A 1 4  

for Techno logy G rowth,  a non-profit group of h ig h-tech CEOs,  

venture capita l i sts, management cons u ltants, and  government 

off ic ia ls  who focus on attract ing  techno logy e m ployers to 

Massachusetts . Viewlog ic  is  s ituated on Route 495,  the 

second h i gh-tech belt around Boston after fa med Route 1 28 .  

T h e  Commonwea lth 's  sma l l  s i z e  m e a n s  i t 's  poss ib le  t o  d rive 

from one corner of the state to the other in three hours .  That 

puts Cape Cod, the Berks h i res,  and the is lands of M a rtha 's  

V ineyard or  Na ntucket with i n  easy  reach .  

T R A N S G E N I C  G O A T S  

Rese a rc h e rs at Tufts U n ive rs ity Schoo l  of Vete r i na ry 

M e d i c i n e  a n d  G e nzyme C o r p .  h a ve a n n o u n c e d  the  f i rst 

geneti ca l ly mod if ied (transgen ic )  goats to produce  a human  

p h a r m a ce uti c a l  i n  the i r  m i l k. The g o ats l a ctate a p rote i n ,  

t issue p l a sm i nogen  a ctivator (t·PAl, wh i ch  i s  u sed  t o  treat 

heart attacks. The breakthrough demonstrates the feas ib i l ity 

of produc ing  pharmaceutica ls  from l ivestoc k  and cou ld  lead to 

lower drug manufactur ing and  production costs, as wel l as a 

new "va lue-added" agr icu lture. 

As part of the veterina ry school, a New Eng land Reg iona l  

B iotechno logy Tra nsfer Center wi l l  b e  d eve loped  with $1 .5  

mi l l ion in federa l  fund ing ,  enhanc ing Tufts' p lans to develop a 

b iote c h no logy resea rch  p a rk on its 634- a c re N o rth G rafton 

campus. The proposed park is envisioned as an i ntegral  pa rt of 

a b iotechno logy corr idor extend ing from Worcester County to 

Boston, where Tufts Un iversity Development Corporation is the 

designated developer of "Techno pol is," the $600 mi l l ion Tufts 

I nternati ona l  Research  Center for b i omed i c i ne  at Boston's 

South Station.  C irc le No. 5. 

• 

MONEY OF THE COMMONWEALTH.  Among the many 

Massachusetts inventions is  the concept of r isk capita l .  " B oston 

used to f inance c l ipper sh ips and texti le  m i l ls when they were 

the h igh-tech bus inesses of the day, " says David Redl ick,  a 

partner at Ha le  and Dorr, a Boston legal f i rm that special izes i n  

representing h ig h-tech compan ies.  F inanc ia l  retu rns from those 

early successes helped make Boston a repository of " old 

money" and the mutual  fund capital of America . 

" Today, Boston has probably the l a rgest concentration of 

ventu re capita l  in the U S , " says M ichae l  E. Lytton ,  a partner  

and  co-cha i rman of  the b iotechno logy a n d  health care practice 

group at Hale and Dorr .  American Research & Deve lopment, 

formed in the 1 940s, i s  often cited as the f i rst s i g n if icant 

venture capita l  fund i n  the country. I ts $70,000 i nvestment in 

D ig ita l Equ ipment  i n  the 1 950s rema i n s  one of America ' s  

s h i n i n g  venture capita l  s uccess stor ies .  

• 

BUSIN ESS INFRASTRUCTU R E .  Despite assura n ces from 

astronomers, bus i ness people i n s ist that the earth i s  s p i n n i n g  

at a n  ever i ncreas ing  rate, g i v i n g  i n n ovations a n  i ncreas ing ly  

continued on page MA 18  

© 1992 SCIENTIFIC AMERICAN, INC



PI O NHRS I N  H I OUCHNO l06Y 
COllADORATl ONS AR( TH ( fUTURL 
Tufts University School o f  Veterinary Medicine has the 

scientific, clinical, biomedical and diagnostic laboratory 

expertise to aid you in your quest to discover and develop 
p 

biotechnology products.  Located on a 634-acre campus, 

" \. 
betwee Boston and Worcester, the School has the land, 

\ . .  
personnel ana state-of-the-art  facilities available for 

school has developed collaborative relationships with over 

These ventures spa� a spee-ttum of activities ffiat range 
'I 

from R&D to the evaluation of 'new therageutic agents and 

b iomateria l s .  A recent c o l l a b o r a t i o n  w i th Genzyrv-e 

Corporation of Cambridge has led to the development of 

genetically modified goats that produce tpA in their milk. 

This innovative approach demonstrates the feasibility of 

producing commercially available pharmaceuticals from 

livestock which could lower manufacturing and production 

costs for certain drugs and other compounds.  

PARTN (RS I N D I OT(�HNOlOGY 
Let us show you what Tufts can do for you. 
Call the Office of the Dean at (508) 839-5302 
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T E X T R O N  S P E C I A L T Y  M A T E R I A L S 

As the world 's  most diversified materials developer 

and s uppl ier, Textron Specialty Materials strives to 
meet cu rrent m ar ket demands for mate r ia l s wi th  h igh 

performance applications . At the same time, the Lowell-based 

company attempts to anticipate product needs and markets 
that wi l l  emerge decades i n  the future. Th is dedication to 
strategic planning and R&D, notes Textron Specialty Materials 

President Dr. Paul Hoffman, has resulted in the 

company's diversification, a key to its average 

20% g rowth rate over the past 1 0  years. 

to fly at mach 25,  more than 1 0  ti mes faste r than the 
Concorde. "The plane will take off from a runway, and will fly 
into orbit , " says Dr.  Hoffman . As the NASP p lane flies 
increasingly faster, intense heat will build Qn its surface. That 
is where Textron's heat-resistant metal matrix composites 

come in. Together, the US government and a national project 

team of leading aerospace companies (McDonnell Douglas, 

R ockwe ll , G e n e ra l  Dynam i cs, P ratt & 
Whitney, Rocketdyne) has awarded Textron 

over $20 million  to develop materials and 
manufacturing techniques and to make test 
components for the project. 

A division of Textron Inc. ,  Textron 
S p e c i a l ty M ate r i a l s  i s  a fu ll y i nteg rated 

mater ia l  s u pp lie r  with e m p hasis  on h igh
temperatu re appl icat ions .  From the Apoll o 
capsule  heats h i e l d  t o  F-1 5 f i g hte r jets to 
offs h o re o i l  r i g s ,  Text r o n  h a s  d eve loped 

unique materials to meet specific needs. I ts 

400 employees develop h igh- perfo rmance 

mate ri a ls fo r app licat i o ns t h at req u i re 

exceptional strength , stiffness, l ight weight, 

and heat resistance .  A pioneer i n  advanced 

Advanced turbine engines use Textron's silicon car
bide filament reinforced titanium composite materials 

Textron Specialty M ater i al s i s  

establishing a new manufacturing facility near 

its L owell h ea d q uarte rs to suppo rt the 

NASP-th e f i rst p l ant e ve r  ded i cated 1 0 
p rod u c i n g conti n u o u s  m etal m atrix 

composites. The company also is developing 

its metal m atrix c o m p osites for h i g h 

perfo rmance advanced t u rb i ne en g i n e  

programs like the High Speed Civil Transport 
materials, Textron invented 3D carbon-carbon composites, is 

the world's only com merc ia l producer of boron fiber, and is 

the largest producer of chemically vapor depOSited fi bers. The 

company also developed the first outdoor fireproofing material 

to receive an Underwriters Laboratory l isting. 

Textron remains in the forefront of materials science 

by attract i n g  top scient ists and e n g i neers .  The way th e 

company works with customers is also essential. "Because our 

products are so new, we do a lot of concurrent engineering ," 

says D r. Hoffman. That means, for example,  working with the 

designer of a gas turbine engine on a part at the same ti me 

that Textron develops its manufacturing process. 
Textron Specialty Materials has been partic ularly 

adept at the transfer of technologies from one industry to 
another, as wel l  as from one generation of material to another. 
A product's l ife cycle that begins with in-house R&D typically 

finds support from govern ment R&D programs.  After the 
products move into mil itary applications, they eventually reach 

the commercial arena. For example, the boron fiber used in F-
1 5  fighters i s  also found in  high-performance sporting goods. 

One project on Textron's roster is a Si licon carbide 

fiber reinforced titanium composite , the baseline material for a 
futuristic experimental aircraft, the National Aerospace Plane 

(NASP). The single-stage-to-orbit hypersonic vehicle is meant 

M A 1 6  

a n d  the I nt e g rated H i g h  Performance T u r b i n e  E n g i n e  

Technology initiative. As yet, these projects remain in the R&D 
stage, but, as with the NASP, growth potentials lie ahead. 

Textron ' s  cata l og of m i litary-to-co m m e rcia l 

technology transfers is about to expand. For 20 years the 
military has reinforced and repaired stresses and cracks in its 
aircraft with boron/epoxy doublers. The material slops the 

spread of cracks caused by impact, corrosion, and fatigue.  

Because it is adhesively bonded rather than mechanically 

fastened to the aircraft, the boron/epoxy doubler minimizes 

addit ional  stress caused by bolti ng or riveting . Says Dr .  
Hoffman: "We are working to have the boron/epoxy process 
approved by the FAA for commerc ial aircraft. " 

Moving new material from the lab to the market 

sometimes requires decades. But that kind of commitment has 

been Textron's strength . "Seventy-five percent of our revenues 

are for fixed-price material for delivery," notes Dr. Hoffman. 

But the rest represents R&D sales for government contract 

work like the NASP project. "That means 25% of our sales are 
for the future."  The company now has efforts u nderway to 
develop i ntermetall ic compOSites, advanced s il icon nitride

based ceramic composites, rapid densification  methods for 
carbon-carbon composites, and super-high temperature fibers. 

Applications for such materials will occur in the next century. 
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HIGH TEMPERATURE COMPOSITES 
Textron Specialty Materials' metal and ceramic matrix 
composites are used in applications such as advanced 
turbme engines and aircraft structure. Textron's 
continuous silicon carbide reinforced titanium has 
been selected as the baseline structural material for 
the National Aerospace Plane. 

BORON FIBERS 
Textron's boron fibers are used worldwide for the 

structure of U.s. military aircraft including F-14 and 
F-15 fighters, B-1 bombers and the Space Shuttle. 

It is also used to reinforce and repair military 
and commercial aircraft and to enhance high

performance sporting goods. 

CARBON-cAR.BON COMPOSITES 
Textron Specialty Materials' three dimensional 
Carbon-Carbon composites comprise the rocket 
nozzles on Peacekeeper, Trident and SICBM missile 
systems. Textron's specialized facilities produce 
rocket components as large as 8 feet in diameter with 
temperature resistance in excess of 5000° F. 

FIRE PROTECTION MATERIALS 
Based upon thermal protection capabilities developed 

for the Apollo capsule's heatshield, Textron offers 
an array of outdoor fire protection systems including 

spray-on intumescent coatings and prefabricated 
panel systems for chemical plants, oil refineries and 

offshore platforms worldwide. 

CARBON FIBERS 
Textron's Carbon Fibers include stabilized acrylic 
and carbonized yams and fabrics. These fibers' 
unique mechanical properties are tailorable to 
customer requirements and have applications in 
aircraft brakes, ablation, stealth and reinforcement of 
high-temperature bushings and bearings. 

i i £i i ({ · ) : I Specialty Materials 
Two Industrial Avenue · Lowell ,  Massachusetts 01 851 · 508-452-8961 
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With all the wondrous technology 
our state has developed, we're proud to give 

you something to plug it into. 
Next t ime  you switch on that  
computer, cons ider th i s :  I t  probably 
wou ldn ' t  exist wi thout  the v is ion of 
Massachusetts sc ient i sts .  

At Mass E lectr ic and  New 
Eng land  Power,  we wa nt  to 
enhance you r  l i fe as wel l .  By 
provi d i n g  you with the most 
re l i a b le electric service at rates 
that a re among the lowest in New 
E n g l a n d .  We' re a l so com m i tted 
to reduc ing  the demands  ou r  
g rowi ng energy needs p lace  on 
the envi ronmen t .  By convert i ng  
ou r  power p lan ts to  c leaner ,  more 
effic ien t  fue l s .  Showi ng  you how 
to conserve energy and money. 
And by i nst i tut i ng prog ra m s  that 
wi l l  cu t  air e m i ss ions  up  to 45% 
by the end of the decade.  

Count  on  Massachusetts for 
tech no logy. Bu t  when it comes 
to c lea n ,  i nexpens ive, abundan t  
energy, count  on  u s .  

C Massachusetts E lectr ic 
A N e w  England E lectric System company 
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continued from page MA 14 
short she lf-l ife before com petitors enter the fray. 

Massachusetts compa n ies say that the s u per ior  bus i ness,  

u n iversity, and workforce i nfrastructure at the i r  doorstep 

a l lows them to bring products to market in record t ime .  

" Look at the prod uct cyc le , " says G regory She ldon ,  d i rector 

of the Massachusetts Center for Techno logy G rowth,  " I t 's  a l l  

h e r e .  T h e  secret i ngred ient  today is  bri n g i n g  h igh  qua l ity 

prod ucts to ma rket q u ick ly at a reasonab le  pr ice . "  Adds Al lan  

J e n n i ngs,v ice pres ident  of  AVi i O N  development at Data 

Genera l :  " Massach usetts reta i n s  one of the best tec h n ica l  

i n frastructures i n  the nat ion . "  

S P E E C H  R E C O G N I T I O N  

D r a g o n  Syste m s  I n c . , N ewto n ,  i s  w o r l d - r e n ow n e d  fo r  

D r a g o n D i ctate-30K,  t he  f i rst l a r ge  vo c a b u l a ry, g e n e r a l  

p u r p o s e ,  s p e e c h  r e c o g n i t i o n  a v a i l a b l e  f o r  p e rs o n a l  

compute rs. DragonD ictate-30K comb ines  a dynam ic  30,000-

word vocabu l a ry with a un i que  speaker  ada ptat ion feature 

that l e a rns  yo u r  v o i c e  a s  you s p e a k. The u s e r  i nterfa c e  

featu res vo ice-driven menus a n d  error correction .  

Dragon i s  now deve l o p i n g  la rge voc a b u l a ry s p e e c h  

recogn izers i n  numerous l anguages, and  has demonstrated 

h i g h - p e rfo rm a n c e  c o nti n u o u s  s p e e c h  c a p a b i l it i e s  with 

vocabu l a ries ove r 5,000 words. Pa rtne rsh ips with compan ies  

such  as Apr icot Ltd ., I B M, and  Lan ie r  Vo ice Products have 

extended Dragon's technology to app l i c ations i n  a reas such  

as med ic ine,  law, and  genera l  bus iness. C i rc le  No . 6. 

D I A M O N D  F t L M S  

Synthetic diamond products made from methane and hydrogen 

gases are in the early stages of commercia lization by the Norton 

Diamond Fi lm group in Northboro. Norton's Diamond Film group 

and its associates have developed two proprietary chemical vapor 

deposition (CVD) manufa cturing processes which c reate h igh 

qual ity diamonds at low pressures and moderate temperatures. 

Using a patented DC arc jet plasma CVD process, Norton 

m a k e s  f reesta n d i n g  d i a m o n d  th i c k  f i l m  wafers u p  to 1 50 

mi l l imeters in d iameter and  up to one mi l l imeter in th i ckness. 

Fine-grained diamond film coatings f ive to 25 microns th ick are 

made  us i ng  a m i c rowave p l asma CVD proc ess.  D e pos it ion 

parameters can be varied to optimize thermal, mechan ica l ,  and 

opti ca l  propert ies. These breakth roughs make the syntheti c 

d iamond avai lable for a wider range of tri bological ,  optica l ,  and 

thermal management app l ications. C i rc le NO. 7. 

F inanc ia l ,  legal, com m u n i catons,  data, and ma rket-

i n g  netwo rks a re a l so  at the beck-a nd-ca l l  of the  

Commonwea lth 's  sma l le r  techno logy compan ies .  " A  variety 
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We know moving or expanding 

your business is not only one of the 

biggest undertakings you'll ever face, 

it can also be one of the most compli

cated. But now, a single call to us can 

connect you with all the information you 

need, from site availabilities to financial 

incentives to rate discounts and more. 

We're the Massachusetts Utility Alliance for 

Economic Development, a referral 

service made up of business execu

tives from various utilities. Why not 

call now? We're at 1 800 8 72-8773 .  
Or write to :  Massachusetts Utility 

A.lliance for Economic Development, 

8 0 0  B oyl s ton  Street ,  Suite  2 2 4 ,  
Boston, MA 02199.  N o  one can facilitate 

your move like we can. 

Massachusetts Uti l ity Al l iance 
for Economic Deve logment 

1 800 8 7 2-8 7 7 3 
Boston Edison . Commonwealth Electric . Eastern Utilities Associates . Fitchburg Gas and 
Electric . Massachusetts Electric • New England Telephone . Western Massachusetts Electric 
Massachusetts Municipal Wholesale Electric Company . Massachusetts Railroad Association 
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D A T A  G E N E R A L  

, I 1estborOUgh-baSed Data General has essentially re-made Itself yy �ver the past two years . Known until recently as a dominant 

factor in the minicomputer market, the company overhauled its product 
strategy and is now a leadin g proponent of "open systems," based on 
h i g h- p e rform a n ce R I SC ( re d u c e d  i n s tru ct i o n  set  comput ing )  
microprocessor chips and industry standard software. Data General 's 
open systems approach a llows businesses to i ntegrate thei r existing  

de sktop pe rso na l compute r  systems and n etwo rks, regardless of 
manufacturer, and thus make the ir  different networks act as one. "This 
represents the next generation of enterprise computing , " says Allan 
J e n n i n g s, v i c e  p resident and head of AVi iON  d eve l opment. The 
company's new AViiON server products, he adds, represent the future of 
Data General. 

Servers, explains Jennings, are the computing systems that sit 
behind the desktop computers, l inking them together, and enabling them 

AVIION computer products offer low-cost alternatives to 
mainframes 

to partic i  pate i n  
corporate net
works and access 

corporate data 
banks. The pow
e rfu l  server  com
put ing p rod ucts 
under the AVi iON 

u m b rella,  says 

J e n n i n g s ,  are 
h e l p i ng Data 
General customers 

ac h i eve the full 
organizational p roductivity that has long eluded many PC and desktop 
system users. Data General's technology is based on symmetric multi

process i n g ,  which allows its systems to de l iver up to 1 20 m il li on 
instructions per second, by knitting together  multiple low-cost R ISC 
microcomputers. Since introducing AVjiON just over two years ago, sales 

i n that product area have doubled to $200 million in 1 991. Data Gene ral as 
a whole posted sales of $1 .23 bi llion last year. 

The company's transformation over the last few years has 
been d ramatic . It halved its wo rkforce,  for i nstance, from 17,000 
employees to 8,500 and reduced its manufacturing p lants from 1 1  to 4. 
And the new direction required a totally new and different mindset and 
o rgan izati ona l  p rofi le  at Data General  from what prevai l ed i n its 
proprietary minicomputer business. 

To be sure, the open systems field is crowded with competitors, 
but Jennings points out that most other companies treat the trend as simply 
one of many businesses they're in. What's unique about Data General's 
approach, says Jennings, is that "our commitment is complete and totaL" 

MA 2 0  

o f  assembly operat ions,  providers, and  supp l iers make i t  

feas ib le  f o r  s m a l l  companies t o  man ufacture without i n c u rr ing 

enormous cap ita l  costs, " agrees Hodg m a n .  " I n novative 

companies often have a tight connection between the des ign 

and  man ufactur ing of the i r  p rod ucts . "  

C U L T U R E D  T I S S U E  G R A F T S  

Based on its patented technology for g rowing ep ithe l ia l  tissue, 

BioSurface  Technology has esta bl ished a business in cu lturing 

b u r n  v i ct ims '  own u n d a m a g e d  s k i n ,  c a l l e d  AUTO g rafts .  

B ioSurfa ce  is extend ing  the a pp l i cat ion of  its technology to 

c h ro n i c  wo u n d  h e a l i n g  t h ro u g h  t h e  d e ve l o p m e nt of 

ALLOg rafts,  b i o l o g i c a l ly a ct ive  b a n d a g e s  c o n s i st i n g  of 

cu ltured, l iv ing skin .  ALLOgrafts a re cu rrently undergo ing in it ia l  

c l i n ica l  tria ls  for f ive major wound heal ing ind ications. 

B ioSurface's procedure expands a postage stamp-sized 

p i e c e  of s k i n  i nto two s q u a re m eters  in t h r e e  w e e k s .  

B ioSurface  is a l s o  exper imenting with t h e  cu ltur ing o f  other 

types of ce l ls, and  has  i n it iated c l i n i c a l  tri a l s  with c u ltured 

autologous oral  t issue in per iodontal and maxi l lofac ia l  surgery. 

C irc le No . 8. 

B I O D E G R A D A B L E  P L A S T I C S  

At t h e  U n iv e rs ity of M a s s a c h u s etts ,  A m h e rst,  a j o i nt 

research program of the Polymer  Sc ience  and  Eng ineer ing 

D e p a rtment  ( R . Le n z l  and the  B i o c h e m i stry D e p a rtment  

(R .C .Fu l ierl has generated many new b iodegradab le  p last ics 

and e l a stom e rs by uti l i z i ng  d iffe rent b a cter ia  g rown with 

d iffe rent substrates. An espec ia l ly p romis ing  product is the 

fami ly of strong,  tough thermop last ic e lastomers, which a re 

tota l ly b iodegradab le .  These e lastomers are produced  by a 

common aerob ic  bacter ium g rown with a l i phatic ac i ds  such  

as octano ic  and  nonano ic  ac i d .  The  physic a l  and  mechan i ca l  

properties o f  these e lastomers can  be read i ly contro l led  by 

se l ect ion of the g rowth m e d i u m, a n d  l a rge  q u a ntit ies a re  

prod uced  i n  short g rowth cyc les .  Cu rrently, the U n ivers ity 

h a s  f u l l y  a utomated  fe r m e ntat i o n  fa c i l it i e s  c a p a b l e  of 

ca rry ing out up  to 80 l i ter batch cu lture processes, and  the 

re s e a r c h  g ro u p  c a n  p rov i d e  e ith e r  n ew b i o d e g ra d a b l e  

po lymers or  c a n  pa rti c i pate i n  cooperative programs for the 

development and eva luation of bacter ia l  polymers. Circle NO. 9. 

• 

2 1 ST CENTURY PION EERS_ H o d g m a n ,  refe rr i n g  to many Bay 

State compa n i e s  as  " 2 1  st Century P ioneers , " specu lates 

that " present day Massachu setts c o m pa n i e s  are 
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Q U A N T I T A T I V E  U L T R A S O U N D  

N ew u ltrasound  techno logy from Hewlett- Packa rd Med i c a l  

P r o d u cts G roup  i n  A n d o v e r  adds  va l u a b l e  q u a nt itat ive 

measurements of heart function to the trad itional ly qua l itative 

e c h o c a rd i o g ra p hy exa m i n ati o n .  U s i n g  the  q u a nt itat ive 

i nfo rmat ion  p r ov i de  by HP A c o u st i c  Qua ntif i c a t i o n  (AQ) 

technology, physic ians can track  a cardiac patient's cond ition 

more accurately and consistently over time. The efficacy of drug 

thera py or  other  interventions can  be measured immediately 

and noninvasively. During open-heart surgery, HP AQ provides 

an objective measure of how well the heart is recovering from 

cardio-pulmonary bypass. More c l in ica l  app l ications of HP AQ 

technology a re under investigation. Circle No. 1 0. 

p rec u rsors of what s u ccessf u l  b u s i n esses w i l l  look l i ke i n  

t h e  2 1  st century . " T h e  state ' s  p ioneer ing  products com

mand pre m i u m  pr ices a n d  hefty p rof it m a rg i n s  beca use 

" they a re e q u i p ped with ve ry h igh  va l ue-added com po

n e n ts . " Such a n  edge a l l ows s m a l l  com pan ies  to com pete 

o n  the g loba l  leve l .  

By t h e  next century, Hodgman s u ggests l a rge 

b u reaucrat ic  corporat ions  wi l l  p lay a less  v ita l  ro le in  

G E N S Y M  C O R P O R A T I O N  

O uick, what do the aerospace and bread baking industries have 
in common? Gensym Corp . ,  Cambridge, pOints out that each 

requires intelligent monitoring and 'control of hundreds of dynamically 

changing variables. Gensym's G2 real-time expert system helps deploy 

an organization's operational expertise. With more than 1 ,000 copies of 
G2 i nstalle d ,  the company is "the leading real-time expert systems 
product company i n  the world -if not the lead i ng expert systems 

company period," says Chairman and CEO Lowell Hawkinson. 
G2 applications are typically developed by the client's experts 

using everyday language: "Whenever X happens, do Y." G2 provide early 

detection of safety and quality deviations. 

Founded just six years ago, Gensym is marketing the third

generation of G2. Products layered on G2 include the Dynamic Scheduler, 

which automates the scheduling function for made-to-order manufactur

e rs with highly responsive operations, and the Diagnostic Assistant, 
which identifies faults in complex situations. Meanwhile, an Ene rgy 
Manager prototype helps large process plants optimize energy usage. 

REAL-TIME RESQLTS, REAL-WORLD BENEFITS 

Companies around the world,a: beginning to u�'e e. pert system technology as a strategic weapon in 
their bid to improve thei!, / �mpetitive positions; The technology is atlowing them to improve 
their plant productivit w)\ile drarr�atic,a!ly: reducing costs--thereby increasing their market 
share . , 

Gensym Corporation, of Ca:pl.bridge, Mass., is leading the effort to advance the application of this 
technology and move it into the mainstream of industrial production. In 1988,'Gensym introduced 
the G2 Real-Time E�pert System, a powerful, but easy-to-use decision support tool. Today, there 
are over 1,000 installations of G2 in 30 industries around the world. 

G2 makes "expert Knowledge" aY9i!able to people working in time-critical environments so they 
can make faster, more reliable . decisions.  This is especially crucial in places/ like manufacturing 
plants, petroleum rerneries, an1 ,chemical plants. 

, 
Safer. Smarter. More �Qmpetitive.' Isn't that wh'}t it's all about? 
can help your company stay ahead.\ �; Ii i " f y, '- 'I '" 

Give us a in to find out how G2 

,.il" 
#"y#fi"P 

125 CambridgePark Drive;-eambridgerMA 02140'"USA Phone:·617.547.2500 FAX: 617.547.1962 
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C O N N E C T I O N  M A C H I N E  
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F L E X I B L E  C O N D U C T O R S  

T h e  n e w  fa m i ly o f  c e r a m i c  o x i d e  h i g h  te m p e r a t u r e  

superconductors ( HTSI has become i nc reas ing ly more useful 

due to advanced  m a n ufa ctu r ing  processes from Ameri c a n  

S u p e r c o n d u ctor  C o r p .  App l y i n g  sta n d a rd m eta l -wo rk i ng  

methodolog ies, ASC refined a patented fa br ication techn ique  

that  y ie lds  superconducting  ce ram ic  wi res  i n  flexi b l e  form. 

The "meta l l i c  p recu rsor" process resu lts i n  wires that have 

the flexib i l ity and  durab i l ity to withstand  the phys ica l  hand l i ng  

they typ i c a l l y  u n d e rg o  d u r i n g  i n c o rp o ra t i o n  i nto 

e lectromagnetic co i ls  and  other  components. 

S i n ce  its found i ng  in 1 987, ASC h a s  deve loped  othe r  

p r o p r i eta ry m a n ufa ctu r i n g  p r o c e s s e s .  A m e r i c a n  

Superconductor can  p roduce  lengths of wires o r  tapes with 

consistent e lectri ca l  and  magnetic properties spann ing  up to 

50 meters that are among the best reported i n  the l iterature. 

ASC is  p r o c e e d i n g  with resea r c h  to f u rth e r  i m p rove the  

superconduct ing propert ies of HTS wires, wh i le  p reserving 

their  robust qua l it ies. C i rc le No .  1 1 .  

L I O U I D  S O L A R  C E L L S  

C h e m i st Stu a rt Li c ht of C l a r k  U n ive rs ity i n  Worcester  i s  

deve lop ing a l i q u i d  so l a r  ce l l  capab l e  o f  convert ing more  of 

the sun 's  ene rgy to e l e ctri c ity a n d  of produ c i n g  a vo ltag e  

twi c e  a s  h i g h  a s  t h a t  of c onventi o n a l  p h otovolta i c  c e l l s .  

Li q u i d  so l a r  ce l l s  c a n  be  a d a pted t o  sto re e n e rgy f o r  u s e  

w h e n  there i s  no  sun l i g ht a n d  a l s o  c a n  gene rate va l uab l e  

chem ica l  byproducts, such  as  hyd rogen, wh i ch  can  be used 

to run c a rs without po l lution .  

L ic ht's l i qu id  so lar  ce l l  i s  compact enough to  ho ld  i n  the 

hand .  It consists of two e lectrodes  immersed in  a chem ica l  

so lut ion.  Energy is generated when a semiconductor is h it by  

s u n l i g ht, g e n e ra t i n g  a stre a m  of  bo th  e l e c t r o n s  a n d  

c h e m i c a l s .  The e l e ctrons then  f low thro u g h  a wire ,  from 

which a c u rrent can  be ta pped .  After the energy is tapped,  

the e l ectrons flow back i nto the so lution and  retu rn to the 

semiconductor, insur ing continued  energy. C i rc le  No .  1 2. 

i nternat io n a l  a n d  loca l  eco n o m i e s ,  w h i l e  more f leet-footed 

compa n ies in the $50 m i l l i o n  to $500 m i l l i o n  reve n u e  ra nge 

wi l l  have a n  advanta g e .  Strateg ies  of even very l a rge  com

pan ies ,  l i ke Raytheon ,  stress decentra l i zat ion i n  ma rketi n g ,  

R&D,  a n d  dec is ion  m a k i n g .  "The econo m i e s  o f  sca le  that 

d rove com pan ies  to mass ma rkets won ' t  be so cruc ia l  next 

century, " H o d g m a n  exp la i n s .  • 
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S E P T A G E  T R E A T M E N T  

Eco log i ca l  Eng ineer ing Assoc iates i n  Marion has developed 

a techno logy for treating  septage,  the concentrated waste 

pumped  per iod i c a l ly from sept ic  ta n ks.  Us i ng  a q u a c u lture 

systems and  a rtifi c i a l  wetlands  i n  a g reenhouse, the process 

functions year-round with enhanced o rgan i c  decomposition,  

nutrient remova l ,  and  pathogen deactivation .  

A 21 -month p i lot p roject treating  septage for  H a rwich,  

M a s s a c h usetts i n d i c ates the te c hno l ogy  meets the most 

stringent Advanced  Wastewater Standa rds.  The techno logy 

c o n c e nt ra tes  the n a t u r a l  p ro c e s s e s  by m a n a g i n g  t h e  

st ru c t u r e  of t h e  e c o syst e m s  t h ro u g h  t h e  c h o i c e  a n d  

encouragement of app ropr iate organ isms and  by contro l l i ng  

environmental var ia b les. Research  on the  p rocess, invented 

by John Todd, has been done by John Teal and assoc iates at 

W o o d s  H o l e  O c e a n o g r a p h i c  I n st i tu t i o n .  T h e  p r o c e s s  

produces  c leaner  water a n d  lower vo lumes o f  wel l -sta b i l ized 

s o l i d s  th a n  c o n v e nt i o n a l  te c h n o l o g i e s  in a p h ys i c a l ly 

attra ctive, p leasant smel l i ng  fac i l ity. C i rc le  No .  1 3. 

Throughout the report, short, special na rratives have focused on 

tech n ology developments with i n  the u n ivers it ies a n d  corporations 

of Massachusetts. Using the reader response faci l ity fol lowing the 

report, you can learn more about any of the i ntel lectua l  properties 

in  this report. Or, write: SCIENTIF IC AMER ICAN April 1 992, P . O .  Box 

5 1 47, Pittsf ie ld ,  MA. 0 1 203-9827 .  
T h e  Massachusetts Executive Office o f  Economic Affa i rs jo ins  

S C I E N T I F I C  AM E R I CAN i n  thank ing The Technology Review 

Board:  A l lan  Ferguson,  J. M ichael  G reata, G .  Felda H a rdymon, Dr .  

Rona ld  N ewbower, J o h n  Preston ,  Dr .  Al ison Ta u nton-R igby, 

Stephan ie  K. Marrus .  

Research o rga n izations featu red i n  the tech br iefs inc lude:  

Amer ican Su perconductor Corp . ,  Auto i m m u n e  I nc . ,  Beth Is rael  

Hospita l ,  B ioSurface Technology, Br igham and Wom e n ' s  Hospita l ,  

C lark U n iversity, Dragon System s  I n c . ,  Ecological  E n g i n eer ing 

Associates, Ge nzyme Corp . ,  Harvard Medical  School ,  Hewlett

Packard Medica l  Prod ucts G roup,  Molten Metal Technology, 

Norton Diamond F i l m ,  O pta Food I ng redients, Parametric 

Techno logy Corp . ,  Tufts U n iversity School of Veteri nary Medic ine,  

U n ive rsity of Massachusetts, Woods Hole Ocea nograph ic  

I n stitution .  

W e  wish t o  thank  t h e  ind ustry sponsors w h o  made t h i s  report 

poss ib le :  
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M A S S A C H U S E T T S 
U T I L I T Y A L L I A N C E  

T:. he Massachusetts Utility Alliance for Economic Development, in its 
partnership with Massachusetts state government, reflects a new 

"can-do" attitude in Massachusetts_ Its mission is to maintain a vital state 

economy. Comprised of the seven leading utilities in the state (Boston 
Edison , Commonwealth ElectriC, Eastern Utility AssOCiates, Rtchburg Gas 
& Electric, Massachusetts Electric, New England Telephone, and Western 
Massachusetts ElectriC) . the group provides a comprehensive site finder 
function to companies thi nking about locating in Massachusetts. 

Members also offer special incentive rates on power. 

The Utility Alliance initiated the program because its members 

recognize that the encouragement of business deve lopment is itself a 

competitive business in the US and around the world. The alliance will 
offer prospective Massachusetts companies a host of services: on-line 
information about sites. complete with photographs; videos describing 

specific sites and communities; information on workforce educational 

level, age and prevailing wage rates, as well a�local and state taxes and 

other financial considerations. 

Additionally, each mem ber of the alliance plans to offer 

businesses its own special incentive rates on electriC power and other 

utility services. Moreover, members will demonstrate a number of 

energy-saving options that will save money for new customers. 

The Massachusetts Utility Alliance may well expand, possibly 

inviting gas and municipal electric companies to join. An investment in 
growth today-like the efforts of the Alliance-goes a long way in  

assuring the future of the Massachusetts economy. 

, , 

T H E R M O  E L E C T R O N  

T:hermo E lectron Corp . , Waltham,  contro l!! seven h igh-tech 

subsidiaries, prompting one financial analyst'to describe it as a 

"perpetua l  i d e a  mach i ne ." Fou n d e d  by c h i ef execut ive Georg e 

Hatsopoulos, the 36-year-Old com pany now em p loys 6,000 people . 
Thermo Electron focuses on develop ing socially re levant techno logy , 
including: small power plants that bu rn agricultural waste, trucks that 

incinerate petroleum-soaked soi l ,  instruments to monitor environmental 

contamination, and gas-fired air conditioners. Some projects-including 

its artificial heart program�ncompass 25 years of research. 
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Satisfy your hunger 
for more 
productivity ... for less! 
PCs. Workstations. Even mainframes. You've spent 
millions to give everyone in your company 
some kind of computer. And productivity still keeps 
going down! Now what? Do you scrap everything 
and start over? Or do you call Data General to finally 
profit from your expensive computers? 
Our AViiON System-mainframe power that fits 
in a pizza box-can quickly and affordably increase 
productivity for much lower costs. With an AViiON 
server and software, your PCs, Macs, terminals, 
workstations and networks-whether you have 10 ,  
100, 1 ,000 or more-can work together as a team. 
And with a starting price of under $100,000 you'll 
save $4 million or more compared to a huge 
mainframe's price. Finally, you can enjoy all the 
productivity you were promised from computers. 
And it's as easy as ordering pizza. 
Call I-SOO-DATA GEN 

Data General 

The AViiON System. 
A 

... .r-:ON� �a�nfr�e power that 
�yD fits 10 a pizza box. 
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Data General 
Life just got 
a whole lot easier! 

AVi i O N  is a trademark of Data General . 
Mac is a registered trademark of Apple Computer. © 1991 Data General  
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DEBATE 

Where Did Modern 
Humans Originate? 

A million or more years ago primitive humans we now label Homo erec
tus walked out of Africa into an uninhabited world. Were their descen
dants-the Neanderthal of Europe, the Beijing Man of China, the Java 

Man of Indonesia and others-really our ancestors? Or were they only distant 
cousins on dead branches of the human family tree? These questions now di
vide paleoanthropologists. 

In this showdown of ideas the traditional fossil evidence has been joined by 
a new trove of information: molecular biologists are now extrapolating the 
evolutionary history of living organisms from changes in their genes. The in
ferences are not accepted universally. In the following pages, two geneticists, 
the late Allan C. Wilson and his colleague Rebecca L. Cann, suggest that mod
ern humans descended from people who lived in Africa only 200,000 years 
ago and supplanted early humans elsewhere. Anthropologists Alan G. Thorne 
and Milford H. Wolpoff advocate instead that modern Homo sapiens emerged 
gradually throughout the world. The insights offered by both sides reveal the 
power-and the limitations-of the tools available for peering into prehistory. 

Neanderthal 
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Homo erectus 

Homo erectus 

PREHISTORIC HUMANS have been reconstructed for 
the new Hall of Human Biology and Evolution at the 
American Museum of Natural History, scheduled to 
open in 1993. Their heads are based on fossil skulls. 
The bodies are modifications of casts from living peo
ple whose physical builds generally match those that 
the early humans are believed to have had. Neanderthal 
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The Recent African 
Genesis of Humans 

Genetic studies reveal that an African woman of 
200,000 years ago was our common ancestor 

by Allan C. Wilson and Rebecca L. Cann 

I n the quest for the facts about hu
man evolution, we molecular geneti
cists have engaged in two major 

debates with the paleontologists. Argu
ing from their fossils, most paleontolo
gists had claimed the evolutionary split 
between humans and the great apes 
occurred as long as 25 million years 
ago. We maintained human and ape 
genes were too similar for the schism 
to be more than a few million years 
old. After 15 years of disagreement, we 
won that argument, when the paleon
tologists admitted we had been right 
and they had been wrong. 

Once again we are engaged in a de
bate, this time over the latest phase of 
human evolution. The paleontologists 
say modem humans evolved from their 
archaic forebears around the world over 
the past million years. Conversely, our 
genetic comparisons convince us that all 
humans today can be traced along ma
ternal lines of descent to a woman who 

The late ALLAN C. WILSON and RE
BECCA L. CANN applied the tools of ge
netics to paleontology during many of 
their collaborations. Until his death in 
199 1 ,  Wilson was professor of biochem
istry at the University of California, 
Berkeley. A native of New Zealand, he 
received his undergraduate degree from 
the University of Otago in 19 5 5 ,  his 
master's from Washington State Univer
sity and his doctorate from Berkeley. 
Wilson also worked at the Weizmann In
stitute of SCience, the University of Nai
robi and Harvard University. Cann is as
sociate professor of genetics and molec
ular biology at the John A. Burns School 
of Medicine of the University of Hawaii 
at Manoa. She received both her bache
lor's degree in genetics and her Ph.D. in 
anthropology from Berkeley. As a post
doctoral fellow, she worked at Berkeley 
with Wilson and at the University of Cal
ifOrnia, San Francisco. As one of her cur
rent projects, Cann is using mitochon
drial DNA to assay the genetic diversity 
of birds in the Hawaiian Islands. 
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lived about 200,000 years ago, proba
bly in Africa. Modem humans arose in 
one place and spread elsewhere. 

Neither the genetic information of liv
ing subjects nor the fossilized remains 
of dead ones can explain in isolation 
how, when and where populations orig
inated. But the former evidence has a 
crucial advantage in determining the 
structure of family trees: living genes 
must have ancestors, whereas dead fos
sils may not have descendants. Molec
ular biologists know the genes they are 
examining must have been passed 
through lineages that survived to the 
present; paleontologists cannot be sure 
that the fossils they examine do not 
lead down an evolutionary blind alley. 

The molecular approach is free from 
several other limitations of paleontolo
gy. It does not require well-dated fos
sils or tools from each part of the fami
ly tree it hopes to describe. It is not vi
tiated by doubts about whether tools 
found near fossil remains were in fact 
made and used by the population those 
remains represent. Finally, it concerns 
itself with a set of characteristics that 
is complete and objective. 

A genome, or full set of genes, is com
plete because it holds all the inherited 
biological information of an individual. 
Moreover, all the variants on it that ap
pear within a population-a group of in
dividuals who breed only with one an
other-can be studied as well, so specif
ic peculiarities need not distort the 
interpretation of the data. Genomes are 
objective sources of data because they 
present evidence that has not been de
fined, at the outset, by any particular 
evolutionary modeL Gene sequences are 
empirically verifiable and not shaped by 
theoretical prejudices. 

The fossil record, on the other hand, 
is infamously spotty because a handful 
of surviving bones may not represent 
the majority of organisms that left no 
trace of themselves. Fossils cannot, in 
principle, be interpreted objectively: the 

physical characteristics by which they 
are classified necessarily reflect the 
models the paleontologists wish to test. 
If one classifies, say, a pelvis as human 
because it supported an upright pos
ture, then one is presupposing that bi
pedalism distinguished early hominids 
from apes. Such reasoning tends to cir
cularity. The paleontologist's perspec
tive therefore contains a built-in bias 
that limits its power of observation. 

As such, biologists trained in mod
em evolutionary theory must reject the 
notion that the fossils provide the most 
direct evidence of how human evolu
tion actually proceeded. Fossils help to 
fill in the knowledge of how biological 
processes worked in the past, but they 
should not blind us to new lines of evi
dence or new interpretations of poorly 
understood and provisionally dated ar
chaeological materials. � the advantages of our field 

stood revealed in 1967, when 
Vincent M. Sarich, working in 

Wilson's laboratory at the University of 
California at Berkeley, challenged a fos
sil primate called Ramapithecus. Pale
ontologists had dated its fossils to 
about 25 million years ago. On the ba
sis of the enamel thickness of the mo
lars and other skeletal characteristics, 
they believed that Ramapithecus ap
peared after the divergence of the hu
man and ape lineages and that it was 
directly ancestral to humans. 

Sarich measured the evolutionary 
distance between humans and chim
panzees by studying their blood pro
teins, knowing the differences reflected 
mutations that have accumulated since 
the species diverged. (At the time, it 
was much easier to compare proteins 
for subtle differences than to compare 
the genetic sequences that encode the 
proteins.) To check that mutations had 
occurred equally fast in both lineages, 
he compared humans and chimpanzees 
against a reference species and found 
that all the genetic distances tallied. 

Sarich now had a molecular clock; the 
next step was to calibrate it. He did so 
by calculating the mutation rate in oth
er species whose divergences could be 
reliably dated from fossils. Finally, he 
applied the clock to the chimpanzee
human split, dating it to between five 
and seven million years ago-far later 
than anyone had imagined. 

At first, most paleontologists clung 
to the much earlier date. But new fossil 
finds undermined the human status of 
Ramapithecus: it is now clear Rama
pithecus is actually Sivapithecus, a crea
ture ancestral to orangutans and not to 
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any of the African apes at all. More
over, the age of some sivapithecine fos
sils was downgraded to only about six 
million years. By the early 1980s al
most all paleontologists came to accept 
Sarich's more recent date for the sepa
ration of the human and ape lines. 
Those who continue to reject his meth
ods have been reduced to arguing that 
Sarich arrived at the right answer purely 
by chance. 

Two novel concepts emerged from 
the early comparisons of proteins from 
different species. One was the concept 
of inconsequential, or neutral, muta
tions. Molecular evolution appears to be 
dominated by such mutations, and they 
accumulate at surprisingly steady rates 
in surviving lineages. In other words, 
evolution at the gene level results 
mainly from the relentless accumula
tion of mutations that seem to be nei
ther harmful nor beneficial. The second 
concept, molecular clocks, stemmed 
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from the observation that rates of ge
netic change from point mutations 
(changes in individual DNA base pairs) 
were so steady over long periods that 
one could use them to time divergences 
from a common stock. 

We could begin to apply these 
methods to the reconstruction 
of later stages in human evolu

tion only after 1980, when DNA restric
tion analysis made it possible to ex
plore genetic differences with high res
olution. Workers at Berkeley, including 
Wes Brown, Mark Stoneking and us, ap
plied the technique to trace the mater
nal lineages of people sampled from 
around the world. 

The DNA we studied resides in the 
mitochondria, cellular organelles that 
convert food into a form of energy the 
rest of the cell can use. Unlike the DNA 
of the nucleus, which forms bundles of 
long fibers, each consisting of a protein-

coated double helix, the mitochondrial 
DNA comes in small, two-strand rings. 
Whereas nuclear DNA encodes an esti
mated 100,000 genes-most of the in
formation needed to make a human be
ing-mitochondrial DNA encodes only 
37. In this handful of genes, every one 
is essential: a single adverse mutation 
in any of them is known to cause some 
severe neurological diseases. 

For the purpose of scientists studying 
when lineages diverged, mitochondrial 
DNA has two advantages over nuclear 
DNA. First, the sequences in mitochon
drial DNA that interest us accumulate 
mutations rapidly and steadily, accord
ing to empirical observations. Because 
many mutations do not alter the mito
chondrion's function, they are effec
tively neutral, and natural selection 
does not eliminate them. 

This mitochondrial DNA therefore 
behaves like a fast-ticking clock, which 
is essential for identifying recent genet-
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AFRICAN ORIGIN for all modern humans is indicated by the genet
ic evidence. A genealogy based on 182 current mitochondrial DNA 
types (outer edges) points to the existence of a common female an
cestor who lived recently in Africa. The arrows on the maps (center') 
indicate the minimum number of unrelated females who colonized 
major geographic areas, as inferred from the branching pattern. 
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The Inheritance of Mitochondrial DNA 

EGG 

MITOCHONDRION NUCLEAR DNA 

ic changes. Any two humans chosen 
randomly from anywhere on the planet 
are so alike in most of their DNA se
quences that we can measure evolution 
in our species only by concentrating on 
the genes that mutate fastest. Genes 
controlling skeletal characters do not 
fall within this group. 

Second, unlike nuclear DNA, mito
chondrial DNA is inherited from the 
mother alone, unchanged except for 
chance mutations. The father's contri
bution ends up on the cutting-room 
floor, as it were. The nuclear genes, to 
which the father does contribute, de
scend in what we may call ordinary lin
eages, which are of course important to 
the transmission of physical character
istics. For our studies of modern hu
man origins, however, we focus on the 
mitochondrial, maternal lineages. 

Maternal lineages are closest among 
siblings because their mitochondrial 
DNA has had only one generation in 
which to accumulate mutations. The de
gree of relatedness declines step by step 
as one moves along the pedigree, from 
first cousins descended from the ma
ternal grandmother, to second cousins 
descended from a common maternal 
great-grandmother and so on. The far
ther back the genealogy goes, the larger 
the circle of maternal relatives becomes, 
until at last it embraces everyone alive. 

Logically, then, all human mitochon
drial DNA must have had an ultimate 
common female ancestor. But it is easy 
to show she did not necessarily live in 
a small population or constitute the 
only woman of her generation. Imagine 
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FERTILIZED EGG 

MITOCHONDRIAL DNA 

M ost of an individual's genes are located on DNA mole
cules in the cell nucleus. Mitochondria, the specialized 

structures that provide cells with energy, also carry some 
genes for their own manufacture on a ring of DNA. When a 
sperm and an egg cell unite, they contribute equally to the 
DNA in the nucleus of the resulting cell. All the mitochondria 
and the DNA they contain, however, derive from the egg. 
Studies of mitochondrial DNA can reveal an individual's 
maternal ancestry. 

a static population that always con
tains 15 mothers. Every new generation 
must contain 15 daughters, but some 
mothers will fail to produce a daugh
ter, whereas others will produce two or 
more. Because maternal lineages die out 
whenever there is no daughter to carry 
on, it is only a matter of time before all 
but one lineage disappears. In a stable 
population the time for this fixation of 
the maternal lineage to occur is the 
length of a generation multiplied by 
twice the population size. 

O ne might refer to the lucky 
woman whose lineage survives 
as Eve. Bear in mind, however, 

that other women were living in Eve's 
generation and that Eve did not occupy 
a specially favored place in the breed
ing pattern. She is purely the beneficia
ry of chance. Moreover, if we were to 
reconstruct the ordinary lineages for 
the population, they would trace back 
to many of the men and women who 
lived at the same time as Eve. Popula
tion geneticists Daniel L. Hartl of Wash
ington University School of Medicine 
and Andrew G. Clark of Pennsylvania 
State University estimate that as many 
as 10,000 people could have lived then. 
The name "Eve" can therefore be mis
leading-she is not the ultimate source 
of all the ordinary lineages, as the bibli
cal Eve was. 

From mitochondrial DNA data, it is 
possible to define the maternal lin
eages of living individuals all the way 
back to a common ancestor. In theory, 
a great number of different genealogi-

cal trees could give rise to any set of 
genetic data. To recognize the one that 
is most probably correct, one must ap
ply the parsimony principle, which re
quires that subjects be connected in the 
simplest possible way. The most effi
cient hypothetical tree must be tested 
by comparison with other data to see 
whether it is consistent with them. If 
the tree holds up, it is analyzed for evi
dence of the geographic history inher
ent in elements. 

In 1988 Thomas D. Kocher of Berke
ley (now at the University of New Hamp
shire) applied just such a parsimonious 
interpretation to the interrelatedness 
of the mitochondrial DNA of 14 humans 
from around the world. He determined 
13 branching points were the fewest 
that could account for the differences 
he found. Taking the geographic consid
erations into account, he then conclud
ed that Africa was the ultimate human 
homeland: the global distribution of 
mitochondrial DNA types he saw could 
then be explained most easily as the re
sult of no more than three migration 
events to other continents. 

A crucial assumption in this analysis 
is that all the mitochondrial lineages 
evolve at the same rate. For that reason, 
when Kocher conducted his compari
son of the human mitochondrial DNAs, 
he also included analogous sequences 
from four chimpanzees. If the human 
lineages had differed in the rate at 
which they accumulated mutations, 
then some of the 14 human sequences 
would be significantly closer or farther 
away from the chimpanzee sequences 
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than others. In fact, all 14 human se
quences are nearly equiclistant from the 
chimpanzee sequences, which implies 
the rates of change among humans are 
fairly uniform. 

The chimpanzee data also illustrated 
how remarkably homogeneous humans 
are at the genetic level: chimpanzees 
commonly show as much as 10 times 
the genetic variation as humans. That 
fact alone suggests that all of modern 
humanity sprang from a relatively 
small stock of common ancestors. 

Working at Berkeley with Stoneking, 
we expanded on Kocher's work by ex
amining a larger genealogical tree made 
up from 182 clistinct types of mitochon
drial DNA from 24 1 inclividuals. The 
multiple occurrences of mitochondrial 
DNA types were always found among 
people from the same continent and 
usually in persons who lived within 
100 miles of one another. Because the 
tree we constructed had two main 
branches, both of which led back to 
Africa, it, too, supported the hypothe
sis that Africa was the place of origin 
for modern humans. 

One point that jumps out of our 
study is that although geographic bar
riers do influence a population's mito
chondrial DNA, people from a given 
continent do not generally all belong to 
the same maternal lineage. The New 
Guineans are typical in this respect. 
Their genetic cliversity had been sus
pected from linguistic analyses of the 
remarkable variety of language fami
lies-generally classified as Papuan
spoken on this one island [see "The 
Austronesian Dispersal and the Origin 
of Languages," by Peter Bellwood; SCI
ENTIFIC AMERICAN, July 1991]. On our 
genealogical tree, New Guineans showed 
up on several clifferent branches, which 
proved that the common female ances
tor of all New Guineans was not some
one in New Guinea. The population of 
New Guinea must have been founded 
by many mothers whose maternal lin
eages were ·most closely related to 
those in Asia. 

That finding is what one would ex
pect if the African origin hypothesis 
were true: as people walked east out of 
Africa, they would have passed through 
Asia. Travel was probably slow, and 
during the time it took to reach New 
Guinea, mutations accumulated both in 
the lineages that stayed in Asia and in 
those that moved on. 

Thus, people who are apparently re
lated by membership in a common ge
ographic race need not be very closely 
related in their mitochondrial DNA. Mi
tochondrially speaking, races are not 
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like biological species. We propose that 
the anatomic characteristics uniting 
New Guineans were not inherited from 
the first settlers. They evolved after 
people colonized the island, chiefly as 
the result of mutations in nuclear 
genes spread by sex and recombination 
throughout New Guinea. Similarly, the 
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light skin color of many whites is prob
ably a late development that occurred 
in Europe after that continent was colo
nized by Africans. 

During the early 1980s, when we were 
constructing our genealogical tree, we 
had to rely on black Americans as sub
stitutes for Africans, whose mitochon-

UNIVERSAL MATERNAL ANCESTOR can be found for all the members of any pop
ulation. The example traces the lineages of 15 females in a stable population. In 
each generation, some maternal-lineages proliferate and others become extinct. 
Eventually, by chance, one maternal lineage replaces all the others. 
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drial DNA was difficult to obtain in the 
required quantities. Fortunately, the re
cent development of a technique called 
the polymerase chain reaction has 
eliminated that constraint. The reaction 
makes it possible to duplicate DNA se
quences easily, ad infinitum; a small 
starting sample of DNA can expand 
into an endless supply [see "The Un
usual Origin of the Polymerase Chain 
Reaction," by Kary B. Mullis; SCIENTIFIC 
AMERlCAN, April 1990]. 

The polymerase chain reaction en
abled Linda Vigilant, now at Pennsylva
nia State University, to redo our study 
using mitochondrial DNA data from 
120 Africans, representing six diverse 
parts of the sub-Saharan region. Vigi
lant traced a genealogical tree whose 
14 deepest branches lead exclusively to 
Africans and whose 15th branch leads 
to both Africans and non-Africans. The 
non-Africans lie on shallow secondary 
branches stemming from the 15th 
branch. Considering the number of 
African and non-African mitochondrial 
DNAs surveyed, the probability that 
the 14 deepest branches would be ex
clusively African is one in 10,000 for a 
tree with this branching order. 

Satoshi Horai and Kenji Hayasaka of 
the National Institute of Genetics in 
Japan analogously surveyed popula
tion samples that included many more 
Asians and individuals from fewer parts 
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of Africa; they, too, found that the mi
tochondrial lineages led back to Africa. 
We estimate the odds of their arriving 
at that conclusion accidentally were 
only four in 100. Although these statis
tical evaluations are not strong or rig
orous tests, they do make it seem likely 
that the theory of an African origin for 
human mitochondrial DNA is now fair
ly secure. 

B ecause our comparisons with the 
chimpanzee data showed the hu
man mitochondrial DNA clock 

has ticked steadily for millions of years, 
we knew it should be possible to calcu
late when the common mother of hu
manity lived. We assumed the human 
and chimpanzee lineages diverged five 
million years ago, as Sarich's work had 
shown. We then calculated how much 
humans had diverged from one anoth
er relative to how much they had di
verged from chimpanzees-that is, we 
found the ratio of mitochondrial DNA 
divergence among humans to that be
tween humans and chimpanzees. 

Using two different sets of data, we 
determined the ratio was less than 
1: 25. Human maternal lineages there
fore grew apart in a period less than 
1/2sth as long as five million years, or 
less than 200,000 years. With a third 
set of data on changes in a section of 
the mitochondrial DNA called the con-
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INTERRELATEDNESS of 14 humans and four chimpanzees 
was inferred from similarities in their mitochondrial DNA se
quences. The chimpanzee data help researchers measure 
when various divergences in the human lineages occurred. 
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trol region, we arrived at a .more an
cient date for the common mother. 
That date is less certain, however, be
cause questions remain about how to 
correct for multiple mutations that oc
cur within the control region. 

One might object that a molecular 
clock known to be accurate over five 
million years could still be unreliable 
for shorter periods. It is conceivable, 
for example, that intervals of genetic 
stagnation might be interrupted by 
short bursts of change when, say, a 
new mutagen enters the environment, 
or a virus infects the germ-line cells, or 
intense natural selection affects all seg
ments of the DNA. To rule out the pos
sibility that the clock might run by fits 
and starts, we ran a test to measure 
how much mitochondrial DNA has 
evolved in populations founded at a 
known time. 

The aboriginal populations of New 
Guinea and Australia are estimated to 
have been founded less than 50,000 to 
60,000 years ago. The amount of evolu
tion that has since occurred in each of 
those places seems about one third of 
that shown by the whole human species. 
Accordingly, we can infer that Eve lived 
three times 50,000 to 60,000 years ago, 
or roughly 150,000 to 180,000 years 
ago. All our estimates thus agree the 
split happened not far from 200,000 
years ago. 

Those estimates fit with at least one 
line of fossil evidence. The remains of 
anatomically modern people appear 
first in Africa, then in the Middle East 
and later in Europe and east Asia. An
thropologists have speculated that in 
east Africa the transition from anatom
ically archaic to modern people took 
place as recently as 130,000 years ago 
[see "The Emergence of Modern Hu
mans," by Christopher B. Stringer; SCI
ENTIFIC AMERlCAN, December 1990]. 

On the other hand, a second line of 
evidence appears to conflict with this 
view. The fossil record shows clearly 
that the southern parts of Eurasia were 
occupied by archaic people who had mi
grated from Africa to Asia nearly a mil
lion years ago. Such famous fossils as 
Java Man and Beijing Man are of this 
type. This finding and the hypothesis 
that the archaic Eurasian population un
derwent anatomic changes that made 
them resemble more modern people led 
to the multiregional evolution model: 
similar evolutionary changes in sepa
rate geographic regions converted the 
inhabitants from archaic small-brained 
to modern big-brained types. 

Huge levels of gene flow between 
continents, however, would be neces-
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sary to maintain human populations as 
one biological species. The multiregion
al evolution model also predicts that at 
least some genes in the modern east 
Asian population would be linked more 
closely to those of their archaic Asian 
predecessors than to those of modern 
Africans. We would expect to find deep 
lineages in Eurasia, especially in the Far 
East. Yet surveys in our laboratories 
and in others, involving more than 1,000 
people from Eurasia and its mitochon
drial DNA satellites (Australia, Oceania 
and the Americas), have given no hint 
of that result. 

It therefore seems very unlikely that 
any truly ancient lineages survive un
detected in Eurasia. We sirhply do not 
see the result predicted by the regional 
model. Moreover, geneticiSts such as 
Masatoshi Nei of Pennsylvania State Uni
versity, Kenneth K. Kidd of Yale Univer
sity, James Wainscoat of the University 
of Oxford and Luigi L. Cavalli-Sforza of 
Stanford University have found support 
for an African origin model in their 
studies of nuclear genes. 

P roponents of the multiregional 
evolution model emphasize they 
have documented a continuity of 

anatomic morphologies between the ar
chaic and modem residents of different 
regions; they insist these morphologies 
would be unlikely to evolve indepen
dently in any invading people. For that 
argument to hold true, it must also be 
shown that the cranial features in ques
tion are truly independent of one an
other-that is, that natural selection 
would not tend to favor certain constel
lations of functionally related features. 
Yet we know powerful jaw muscles may 
impose changes on the mandible, the 
browridge and other points on the 
skull; circumstances that promoted the 
evolution of these features in one pop
ulation might do so again in a related 
population. 

Other paleontologists also dispute 
the evidence for continuity. They argue 
modem populations are not linked to 
past ones by morphological character
istics that evolved uniquely in the fossil 
record. Instead fossils and modem pop
ulations are united by their shared re
tention of still older ancestral charac
teristics. The continuity seen by believ
ers in multiregional evolution may be 
an illusion. 

The idea that modem humans could 
cohabit a region with archaic ones and 
replace them completely without any 
mixture may sound unlikely. Neverthe
less, some fossil finds do support the 
idea. Discoveries in the caves at Qafzeh 
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HUMAN GROUPS WERE REPLACED throughout the Old World by modern humans 
from Africa. Archaic females do not seem to have contributed mitochondrial genes 
to the modern people of Europe, east Asia and Australia. 

in Israel suggest Neanderthals and mod
ern humans lived side by side for 
40,000 years, yet they left little evidence 
of interbreeding. 

How one human population might 
have replaced archaic humans without 
any detectable genetic mixing is still 
a mystery. One of us (Cann) suspects 
infectious diseases could have con
tributed to the process by helping to 
eliminate one group. Cavalli-Sforza has 
speculated the ancestors of modern 
humans may have developed some 
modern trait, such as advanced lan
guage skills, that effectively cut them 
off from breeding with other hominids. 
This and related questions may yield 
as molecular biologists learn how to 
link specific genetic sequences to the 
physical and behavioral traits those se
quences influence. 

Even before then, further studies of 
both nuclear and mitochondrial DNA 
will render more informative genetic 
trees. Particularly enticing are the se
quences on the Y chromosome that de
termine maleness and that are there
fore inherited from the father alone. 
Gerad Lucotte's laboratory at College 
de France has indirectly compared 
such sequences in an effort to trace pa
ternal lineages to a single progenitor
"Adam," if you will. Those preliminary 
results also point to an African home
land, and with further refinements this 
work on paternal lineages may be able 
to provide an invaluable check on our 
results for maternal lineages. Unfortu
nately, base changes accumulate slowly 
on useful regions of the Y chromosome, 
making it technically difficult to con-

duct a detailed genealogical analysis. 
Still more progress can be expected 

in the immediate future, as molecular 
biologists learn to apply their tech
niques to materials uncovered by our 
friendly rivals, the paleontologists. Pre
liminary molecular studies have al
ready been conducted on DNA from 
mummified tissues found in a Florida 
bog and dated to 7,500 years ago. Im
proved methods of extracting DNA 
from still older fossilized bone now ap
pear close at hand. With them, we may 
begin building the family tree from a 
root that was alive when the human 
family was young. 
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The Multiregional 
Evolution of Humans 

Both fossil and genetic evidence argues that various 
human groups arose where they are found today 

by Alan G. Thorne and Milford H. Wolpoff 

TWo decades ago paleoanthropol
ogists were locked in a debate 
about the origin of the earliest 

humans. The disagreement centered on 
whether the fossil Ramapithecus was 
an early human ancestor or ancestral 
to both human and ape lineages. Mo
lecular biologists entered that discus
sion and supported the minority posi
tion held by one of us (Wolpoff) and his 
students that Ramapithecus was not a 
fossil human, as was then commonly 
believed. Their evidence, however, de
pended on a date for the chimpanzee
human divergence that was based on a 
flawed "molecular clock." We therefore 
had to reject their support. 

Today the paleoanthropological com
munity is again engaged in a debate, 
this time about how, when and where 
modem humans originated. On one side 
stand some researchers, such as our
selves, who maintain there is no single 
home for modem humanity-humans 
originated in Africa and then slowly de
veloped their modem forms in every 
area of the Old World. On the other 
side are workers who claim that Africa 

ALAN G. THORNE and MILFORD H. 
WOLPOFF have extensively studied the 
original fossil material on the origins of 
Homo sapiens. Thorne is head of the de· 
partment of prehistory in the Institute 
of Advanced Studies at the Australian 
National University. He graduated in an
thropology and zoology from the Uni
versity of Sydney in 1 963 and later 
taught human anatomy at the medical 
school there. Thorne's excavations at Kow 
Swamp and Lake Mungo produced most 
of the Pleistocene human remains in 
Australia. Among his documentaries is 
the television series Man on the Rim. 
Wolpoff is professor of anthropology at 
the University of Michigan at Ann Arbor, 
where he directs the paleoanthropology 
laboratory. He received his Ph.D. in 1 969 

from the University of lllinois at Urbana
Champaign. Wolpoff has written widely 
on paleoanthropology, including an in
troductory textbook. 
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alone gave birth to modem humans 
within the past 200,000 years. Once 
again the molecular geneticists have 
entered the fray, attempting to resolve 
it in favor of the African hypothesis 
with a molecular clock. Once again their 
help must be rejected because their rea
soning is flawed. 

Genetic research has undeniably pro
vided one of the great insights of 20th
century biology: that all living people 
are extremely closely related. Our DNA 
similarities are far greater than the dis
parate anatomic variations of humanity 
might suggest. Studies of the DNA car
ried by the cell organelles called mito
chondria, which are inherited exclusive
ly from one's mother and are markers 
for maternal lineages, now play a role 
in the development of theories about 
the origin of modem human races. 

Nevertheless, mitochondrial DNA is 
not the only source of information we 
have on the subject. Fossil remains and 
artifacts also represent a monumental 
body of evidence-and, we maintain, a 
much more reliable one. The singular 
importance of the mitochondrial DNA 
studies is that they show one of the 
origin theories discussed by paleontol
ogists must be incorrect. 

With Wu Xinzhi of the Institute of 
Vertebrate Paleontology and Paleoan
thropology in Beijing, we developed an 
explanation for the pattern of human 
evolution that we described as multire
gional evolution. We learned that some 
of the features that distinguish major 
human groups, such as Asians, Austra
lian Aborigines and Europeans, evolved 
over a long period, roughly where these 
peoples are found today. 

Multiregional evolution traces all 
modem populations back to when hu
mans first left Africa at least a million 
years ago, through an interconnected 
web of ancient lineages in which the 
genetic contributions to all living peo
ples varied regionally and temporally. 
Today distinctive populations maintain 
their physical differences despite inter
breeding and population movements; 

this situation has existed ever since hu
mans first colonized Europe and Asia. 
Modem humanity originated within 
these widespread populations, and the 
modernization of our ancestors was an 
ongoing process. . 

An alternative theory, developed by 
the paleontologist William W. Howells 
of Harvard University as the "Noah's 
ark" model, posited that modem people 
arose recently in a single place and that 
they subsequently spread around the 
world, replacing other human groups. 
That replacement, recent proponents 
of the theory believe, must have been 
complete. From their genetic analyses, 
the late Allan C. Wilson and his col
leagues at the University of California 
at Berkeley concluded that the evolu
tionary record of mitochondrial DNA 
could be traced back to a single female, 
dubbed "Eve" in one of his first publi
cations on the issue, who lived in Afri
ca approximately 200,000 years ago. 
Only mitochondrial DNA that can be 
traced to Eve, these theorists claim, is 
found among living people. 

HOW could this be? If Eve's de
scendants mixed with other 
peoples as their population ex

panded, we would expect to find other 
mitochondrial DNA lines present today, 
especially outside Africa, where Eve's 
descendants were invaders. The most 
credible explanation for the current ab
sence of other mitochondrial DNA lin
eages is that none of the local women 
mixed with the invading modem men 
from Africa-which means that Eve 
founded a new species. Wilson's re
construction of the past demands that 
over a period of no more than 150,000 
years there was a complete replacement 
of all the preexisting hunter-gatherers 
in Africa and the rest of the then inhab
ited world; later, the original African 
features of the invading human species 
presumably gave way to the modem 
racial features we see in other regions. 

An analogy can highlight the differ
ence between our multiregional evolu
tion theory and Wilson's Eve theory. 
According to multiregional evolution, 
the pattern of modem human origins 
is like several individuals paddling in 
separate comers of a pool; although 
they maintain their individuality over 
time, they influence one another with 
the spreading ripples they raise (which 
are the equivalent of genes flowing 
between populations). In contrast, the 
total replacement requirement of the 
Eve theory dictates that a new swim
mer must jump into the pool with such 
a splash that it drowns all the other 
swimmers. One of these two views of 
our origin must be incorrect. 
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Mitochondrial DNA is useful for guid
.ing the development of theories, but 
only fossils provide the basis for re
futing one idea or the other. At best, 
the genetic information explains how 
modern humans might have originated 
if the assumptions used in interpret
ing the genes are correct, but one theo
ry cannot be used to test another. The 
fossil record is the real evidence for 
human evolution, and it is rich in both 
human remains and archaeological sites 
stretching back for a million years. Un
like the genetic data, fossils can be 
matched to the predictions of theories 
about the past without relying on a 
long list of assumptions. 

The power of a theory is measured 
by how much it can explain; the scien
tific method requires that we try to in
corporate all sources of data in an ex
planatory theory. Our goal is to describe 
a theory that synthesizes everything 
known about modern human fossils, ar
chaeology and genes. The Eve theo-
ry cannot do so. 

The Eve theory makes five pre
dictions that the fossil evidence 
should corroborate. The first and 
major premise is that modern hu
mans from Africa must have com
pletely replaced all other human 
groups. Second, implicit within this 
idea is that the earliest modern 
humans appeared in Africa. Third, 
it also follows that the earliest mod
ern humans in other areas should 
have African features. Fourth, mod-

ern humans and the people they re
placed should never have mixed or in
terbred. Fifth, an anatomic discontinu
ity should be evident between the hu
man fossils before and after the re
placement. 

W e are troubled by the alle
gations that beginning about 
200,000 years ago one group 

of hunter-gatherers totally replaced all 
others worldwide. Although it is not un
common for one animal species to re
place another locally in a fairly short 
time, the claim that a replacement could 
occur rapidly in every climate and envi
ronment is unprecedented. 

We would expect native populations 
to have an adaptive and demographic 
advantage over newcomers. Yet accord
ing to the Eve theory, it was the new
comers who had the upper hand. How 
much of an advantage is necessary 
for replacement can be measured by 

Kow Swamp (about 1 0,000 years old) 

the survival of many hunter-gatherer 
groups in Australia and the Americas; 
they have persisted despite invasions 
by Europeans, who during the past 500 
years arrived in large numbers with 
vastly more complex and destructive 
technologies. 

If a worldwide invasion and complete 
replacement of all native peoples by 
Eve's descendants actually took place, 
we would expect to find at least some 
archaeological traces of the behaviors 
that made them successful. Yet examin
ing the archaeology of Asia, we can find 
none. For instance, whereas the hand 
ax was a very common artifact in Africa, 
the technologies of eastern Asia did not 
include that tool either before or after 
the Eve period. There is no evidence for 
the introduction of a novel technology. 

Geoffrey G. Pope of the Universi
ty of Illinois has pointed out that six 
decades of research on the Asian Pa
leolithic record have failed to unearth 

any indication of intrusive cultures 
or technologies. Types of artifacts 
found in the earliest Asian Paleo
lithic assemblages continue to ap
pear into the very late Pleistocene. 
If invading Africans replaced the 
local Asian populations, they must 
have adopted the cultures and 
technologies of the people they re
placed and allowed their own to 
vanish without a trace. 

Archaeological evidence for an 
invasion is also lacking in western 
Asia, where Christopher B. Stringer 

Border Cave 
(Upper 
Pleistocene) 

ALTERNATIVE ANCESTRIES for a modern individual 
are illustrated by three older skulls. The progressive 
changes in the skulls from Australasian sites (San
giran, Willandra Lakes and Kow Swamp) suggest the 
local modern people developed in Australasia over 
hundreds of thousands of years. The Eve theory 
claims that an early African was the ancestor of all 
modem people, but significant features of the skull 
from the Border Cave in Africa differ considerably 
from those of the modem Australian skull. 
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SERIES OF CHINESE SKULLS shows continuity in form without evi
dence of an influx of African characteristics. From left to right, the 
male skulls are from the Zhoukoudian Lower Cave (Middle Pleistocene 
period) ,  Dali site (early Upper Pleistocene period) and Zhoukoudian 
Upper Cave (late Upper Pleistocene) .  

o f  the Natural History Museum i n  Lon
don and a few other researchers be
lieve the earliest modern humans out
side of Africa can be found at the SkhUl 
and Qafzeh sites in Israel. The superb 
record at Qafzeh shows, however, that 
these "modern" people had a culture 
identical to that of their local Nean
derthal contemporaries: they made the 
same types of stone tools with the same 
technologies and at the same frequen
cies; they had the same stylized burial 
customs, hunted the same game and 
even used the same butchering proce
dures. Moreover, no evidence from the 
time when Eve's descendants are sup
posed to have left Africa suggests that 
any new African technology emerged 
or spread to other continents. All in all, 
as we understand them, the Asian data 
refute the archaeological predictions 
implied by the Eve theory. 

Perhaps that refutation explains why 
Wilson turned to a different advantage, 
asserting that the invasion was success
ful because Eve's descendants carried 
a mitochondrial gene that conferred lan
guage ability. This proposal is yet to be 
widely accepted. Not only does it con
flict with paleoneurology about the lan
guage abilities of archaic humans, but 
if it were true, it would violate the as
sumption of Wilson's clock that mito
chondrial mutations are neutral. 

The remaining predictions of the 
Eve theory relate to abrupt anatomic 
changes and whether the earliest rec
ognizably modern humans resembled 
earlier regional populations or Africans. 
With the fossil evidence known at this 

time, these questions can 
be unambiguously resolved 
in at least two and pos
sibly three regions of the 
world. The most convinc
ing data are from southern 
and northern Asia. 

The hominid fossils from 
Australasia ( Indonesia, New 
Guinea and Australia) show 
a continuous anatomic se
quence during the Pleis
tocene that is uninterrupt
ed by African migrants at 
any time. The distinguish
ing features of the earliest of these Ja
van remains, dated to about one mil
lion years ago, show they had developed 
when the region was first inhabited. 

Compared with human fossils from 
other areas, the Javan people have thick 
skull bones, with strong continuous 
browridges forming an almost straight 
bar of bone across their eye sockets 
and a second well-developed shelf of 
bone at the back of the skull for the 
neck muscles. Above and behind the 
brows, the forehead is flat and retreat
ing. These early Indonesians also have 
large projecting faces with massive 
rounded cheekbones. Their teeth are the 
largest known in archaic humans from 
that time. 

A series of small but important fea
tures can be found on the most com
plete face and on other facial fragments 
that are preserved. These include such 
things as a rolled ridge on the lower 
edge of the eye sockets, a distinctive 
ridge on the cheekbone and a nasal 

JAW MORPHOLOGY distinguishes many Neanderthal skeletons. In most living and 
fossil people the rim around the mandibular nerve canal opening is grooved (left) , 
but in many Neanderthals, it was surrounded by a bony bridge (right). Some later 
Europeans also had this Neanderthal feature, although it was less common. 
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floor that blends smoothly into the face. 
This unique morphology was stable 

for at least 700,000 years while other 
modern characteristics continued to 
evolve in the Javan people. For example, 
the large fossil series from Ngandong, 
which recent evidence suggests may be 
about 100,000 years old, offers striking 
proof that the Javans of that time had 
brain sizes in the modern range but 
were otherwise remarkably similar to 
much earlier individuals in the region. 

T he first inhabitants of Australia 
arrived more than 60,000 years 
ago, and their behavior and anat

omy were clearly those of modern hu
man beings. Their skeletons show the 
Javan complex of features, along with 
further braincase expansions and other 
modernizations. Several dozen well-pre
served fossils from the late Pleistocene 
and early Holocene demonstrate that 
the same combination of features that 
distinguished those Indonesian people 
from their contemporaries distinguish
es modern Australian Aborigines from 
other living peoples. 

If the earliest Australians were de
scendants of Africans, as the Eve theo
ry requires, the continuity of fossil fea
tures would have to be no more than 
apparent. All the features of the early 
Javans would need to have evolved a 
second time in the population of in
vaders. The repeated evolution of an 
individual feature would be conceiv
able but rare; the duplication of an en
tire set of unrelated features would be 
unprecedentedly improbable. 

Northern Asia also harbors evidence 
linking its modern and ancient inhab
itants. Moreover, because the similar
ities involve features different from 
those significant in Australasia, they 
compound the improbability of the Eve 
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theory by requiring that a second com
plete set of features was duplicated in 
a different population. 

The very earliest Chinese fossils, 
about one million years old, differ from 
their Javan counterparts in many ways 
that parallel the differences between 
north Asians and Australians today. Our 
research with Wu Xinzhi and indepen
dent research by Pope demonstrated 
that the Chinese fossils are less robust, 
have smaller and more delicately built 
flat faces, smaller teeth and rounder 
foreheads separated from their arched 
browridges.  Their noses are less promi
nent and more flattened at the top. Per
haps the most telling indication of mor
phological continuity concerns a pecu
liarity of tooth shapes.  Prominently 
"shoveled" maxillary incisors, which curl 
inward along their internal edges ,  are 
found with unusually high frequency in 
living east Asians and in all the earlier 
human remains from that area. Studies 
by Tracey L. Crummett of the Universi
ty of Michigan show that the form of 
prehistoric and living Asian incisors is 
unique. 

This combination of traits is also ex
hibited at the Zhoukoudian cave area 
in northern China, where fully a third 
of all known human remains from the 
Middle Pleistocene have been found. As 
Wu Rukang of the Chinese Academy of 
Sciences has pointed out, even within 
the 1 50,000 or more years spanned by 
the Zhoukoudian individUals, evolution
ary changes in the modern direction, in
cluding increases in brain size, can be 
seen. Our examinations of the Chinese 
specimens found no anatomic evidence 
that typically African features ever re
placed those of the ancient Chinese in 
these regions. Instead there is a smooth 
transformation of the ancient popula
tions into the living peoples of east Asia. 

Paleontologists have long thought Eu
rope would be the best source of evi
dence for the replacement of one group, 
Neanderthals, by more modern humans.  
Even there, however, the fossil record 
shows that any influx of new people 
was neither complete nor without mix
ture. In fact, the most recent known Ne
anderthal, from Saint-cesaire in France ,  
apparently had the behavioral charac
teristics of the people who succeeded 
the Neanderthals in Europe. The earli
est post-Neanderthal Europeans did not 
have a pattern of either modern or ar
chaic African features. Clearly, the Eu
ropean Neanderthals were not com
pletely replaced by Africans or by peo
ple from any other region. 

Instead the evidence suggests that Ne
anderthals either evolved into later hu
mans or interbred with them, or both. 
David W. Frayer of the University of 
Kansas and Fred H. Smith of Northern 
Illinois University have discovered that 
many allegedly unique Neanderthal fea
tures are found in the Europeans who 
followed the Neanderthals-the Upper 
Paleolithic, Mesolithic and later peoples.  
In fact, only a few Neanderthal features 
completely disappear from the later Eu
ropean skeletal record. 

Features that persist range from high
ly visible structures, such as the pro
minent shape and size of the nose of 
Neanderthals and later Europeans , to 
much more minute traits ,  such as the 
form of the back of the skull and the 
details of its surface. A good example 
is the shape of the opening in the man
dibular nerve canal, a spot on the in
side of the lower jaw where dentists of
ten give a pain-blocking inj ection. The 
upper part of the opening is covered 
by a broad bony bridge in many Ne
anderthals ,  but in others the bridge is 
absent. In European fossils, 53 percent 

of the known Neanderthals have the 
bridged form; 44 percent of their earli
est Upper Paleolithic successors do, too, 
but in later Upper Paleolithic, Meso
lithic and recent groups ,  the incidence 
drops to les s  than 6 percent. 

In contrast, the bridged form is seen 
only rarely in fos sil or modern people 
from Asia and Australia. In Africa the 
few jaws that date from the suggested 
Eve period do not have it. This mandib
ular trait and a number of others like it 
on the skull and the rest of the skele
ton must have evolved twice in Europe 
for the Eve theory to be correct. 

In sum, the evolutionary patterns 
of three different regions-Australasia, 
China and Europe-show that their ear
liest modern inhabitants do not have 
the complex of features that charac
terize Africans. There is no evidence 
that Africans completely replaced local 
groups.  Contrary to the Eve theory pre
dictions, the evidence points indisput
ably toward the continuity of various 
skeletal features between the earliest 
human populations and living peoples 
in different regions. 

I f Africa really were the "Garden of 
Eden" from which all living people 
emerged, one would expect to find 

evidence for the transition from archaic 
to modern forms there-and only there. 
Following the lead of the German work
er Reiner Protsch of Goethe University 
in Frankfurt, some paleontologists did 
argue that modern Homo sapiens origi
nated in Africa because they believed 
the earliest modern-looking humans 
were found there and that modern Afri
can racial features can be seen in these 
fos sils .  But the African evidence is 
sparse, fragmentary and for the most 
part poorly dated; it includes materials 
that do not seem to fit the Eve theory. 
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WE 'T PROVE T 
BETTER DRIVERS, 

Ask the owners of one of 
the cu rrent crop of new l ux
u ry automobi les why he or 
she bought the car he or she 
bought, and you ' l l no doubt 
get a variety of answers. 

Some wi l l  probably cite the 
i mage and prestige of the 
automaker. Others may wax 
poetic about the car's qu iet 
operation and fine craftsman
sh i p. Sti l l  others may offer up  
the concept that a car is j ust 
a car is j ust a car, so why not 
buy the one that costs less? 

MAYBE THER 

• "When I took the car for a test drive, I knew the 
d ifference. I could feel it in the steering wheel . . .  we 
were one:' Dr. Jim Dacey, Owner 1980 BMW 320i 

"The BMW brakes, accel 
erates and hand les so wel l ,  it 
wi l l  correct you r  mistakes 
much qu icker than a lot of 
other veh icles:' Victor B runo, 
owner BMW 850i Coupe.  

And when you con
sider that from the be
ginn ing BMW has looked 
u pon the d river as an 
i ntegra l ,  fu l ly function
i ng part of  the car itself, 
the human part of the 

th is car versus that car wou ld  
say, "When I get i ntothe car,  its 
l i ke putting on a leather glove. 
I become u n ited with the car 
and it becomes a n  extension 
of myself. " Howa rd Rogers, 
owner 1991 BMW M5. 

I mprovi ng the d river's ab i l 
ity means that every BMW de
sign begi ns not with a clean 
sheet of paper, but instead} 
with the d river. 

Research conducted at 
the U n iversity of Fre ibu rg, for 

equation which com- • "The car feels strong It handles wel l . It doesn't 

I t th ' h 
sl ip and sl ide. It's easy to d rive. It's enjoyable to 

• "You sit up h igh in a BMW. there's glass a l l around. It's easy to p e es e ca r s mec an - drive:' Mon ica Dragul , Owner 1987 BMW 325es 
see, you 've got lots of visib i l ity to take in what's going on around · I t ·t b example, gl·ves d ramatl·c I·m-you I l ike that:' Don Orman, Owner 1969 BMW 2000A Ica sys em, I ecomes 

Wh i le  these are a l l  sound clear rather qu ickly why a portance to the k ind of steer-
reasons for buying a home BMW owner confronted with ing response that shou ld be 
appl iance, BMW bel ieves that the same question of why designed i nto you r  car. 
a ca r is not J' ust a car., and • "The car gives Th is research con-you a fai r under-
a car with a premi u m  price standing of where c1udes that typical  it's at, a t  a l l  times. 
should do more than simply It constantly gives emergency correc-you feedback 
i mprove the d river's i mage.  through the steer- t ions are made not 

ing wheel and 
It shou ld improve noth i ng other controls. It's with a conscious 

I h h d ' b  
very predictable:' h h b b ess t an  t e rivers a i l ity Jeff Parks, t oug t ut y auto-

O 
� �  

b u r  owners seem to agree. BMW M6 matic, su conscious 
© 1992 BMW of North Amenca, Inc. The BMW trademark and logo are registered 
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HAT OWNERS 
BUT IF THEY BELlM IT, 
E'SA N. 

reflexes. And therefore that 
the single most mean ingfu l 
sou rce of i nformation for the 
d river concern ing the behav-

sion system th rough the steer- pressu re have a l l  been stud ied 
ing wheel itself. for thousands of hours by de-

Thus provid i ng h im with signers, engineers, and med i -
a l l  of the information needed cal doctors to optim ize contro l  
to react i nstantly and confi - u nder a l l  d rivi ng cond itions, 
dently whenever the occasion whi le atthe same time, greatly 
happens to arise . reducing fatigue. 

In other words, "The car is Fu lfi l l i ng what may very 
so connected to you that it wel l  be the most obvious way 
barely needs any stimu lus be- to improve a d river's abi l ity 
yond you r own • "These cars 

have a remark-
thoughts to re- able abi l ity to 

make the driver 
Victor Bruno. Owner 1991 BMW735i/850i spond in the cor- feel that the car 

io r  of h is automobi le, and the rect manner. That �h�����r�
an 

cond it ion of the road su rface leaves more of ;:!�Jga�ly t�ikS 
. t I I  d '  to you through 
IS no , as genera y suppose , you r  consCious the suspension:'· 
h is eyes, but rather, h is steer- energy ava i lable �����

d Rogers, 

i ng wheel . to apply to other 1991 BMW, M5 

SO rather than deprive the areas of safety when you ' re Keeping the d river a lert.  
d river of road feel - as do d rivi ng:' Jeff Parks, owner To receive l i teratu re, or  for 
the " dead "  steeri ng systems 1988 BMW M6 .  the location of the authorized 
found i n  many of today's I nside a BMW, any BMW, BMW dealer nearest you,  ca l l  

:o�������::�uw you ' l l fi nd a d rivi ng 800-334-4BMW 
are, it's hard to be com partment We a lso i nvite you in for a 100% focused on 
dr iv ing a l l of the designed with the thorough test d rive .  It wi l l  give 
���h����

i
��e�ct u nderstand ing you an opportu n ity to d iscov-

when you demand 
it is crit ical in the that the d river is er what BMW owners mean 
�
a:I��S��;����

:' 
more than merely when they say th ings/ l i ke, " It 

r�9iBor:�325i human l uggage. j ust feels d ifferent:' Or ," It 
passive, auto-p i loted l uxu ry Driver physiology and the spoi ls you for d rivi ng any other 
sedans - BMW's are de- critica l  i nterrelationsh i p  be- car. "  And of cou rse, our own 
signed with a positive offset tween steeri ng wheel angle, persona l  favorite," lt 
steeri ng geometry to better seat location ,  visua l  position,  real ly is the U Iti 
connect the driver to the fu nc- pedal  d i rection and peda l  Driv i ng Mach i ne:' 
t ion i ng parts of the suspen - THE ULTIMATE DRIVING MACHINE: 
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Early human remains from Africa, 
such as the Kabwe skull from Zambia, 
are extremely rare and are presumed 
to be at least 1 5 0,000 years old. Later 
transitional fossils from Morocco, Ethi
opia, Kenya and South Africa confirm 
the expectation that local moderniza
tion occurred in Africa, as it did every
where else .  No pattern in the fossils, 
however, indicates the previous emer
gence of skeletal features that uniquely 
characterize modern humans generally 
or even modern Africans in particular. 

The evidence for a great antiquity of 
modern-looking people is based primar
ily on the interpretation of bones from 
three sites:  the Omo site in Ethiopia and 
the Klasies River and Border Cave sites 
in South Africa. Some of the Omo and 
Border Cave individuals resemble mod
ern humans, but all the remains are 
fragmentary. Most of the Omo remains 

't EUROPE AFRICA AND LEVANT 

w w CRp-MAGNON AFALOU 
z I- PREDM09TI <{ LUKENYA w -' MLADEC u 
0 I- w VINDIJA 00 -' 

were found on the surface, not in dat
able strata. The estimate of their age, 
which is based on inappropriate dating 
techniques, is widely considered to be 
unreliable. Some of the Border Cave 
bones, including the most complete cra
nium, were dug out by local workmen 
looking for fertilizer and are of un
known antiquity. Other human bones 
found at a 90,000-year-old level are 
chemically different from animal bones 
found there. They may actually be more 
recent burials dug into the cave. 

The best excavated remains are from 
the Klasies River Mouth Cave and are 
securely dated to between 80,000 and 
1 00,000 years ago. Some of the skull 
fragments are small and delicate and 
are said to "prove" that modern humans 
were present. Yet a comparative analy
sis of the entire sample by Rachel Cas
pari of Albion College showed that oth-

!. 
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WELL-DATED FOSSILS point to the continuous, linked evolution of modern humans 
at sites around the world. Modern human groups in different regions developed 
distinct anatomic identities. Nevertheless, gene flow between the groups through 
interbreeding was sufficient to maintain humans as a single species. 
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ers are not modern-looking at all. Two 
of the four lower j aws do not have 
chins, so thorough proof of a modern 
j aw is lacking. The single cheekbone 
from the site is not only larger than 
those of living Africans but also larger 
and more robust than those of both the 
earlier transitional humans and the ar
chaic humans found in Africa. The claim 
that this sample contains modern Afri
cans is highly dubious and does not jus
tify the proposal that the earliest mod
ern humans arose in Africa. 

W ith the disproof of the unique 
African ancestry theory for the 
living people of most areas and 

the lack of evidence showing that mod
ern people first appeared in Africa, we 
conclude that the predictions of the 
Eve theory cannot be substantiated. We 
must wonder why the analysis of mito
chondrial DNA suggested a theory so 
contrary to the facts. Perhaps the mito
chondrial DNA has been misinterpreted. 

The basic difficulty with using mito
chondrial DNA to interpret recent evo
lutionary history stems from the very 
source of its other advantages: in repro
duction, the mitochondrial DNA clones 
itself instead of recombining. Because 
mitochondrial DNA is transmitted only 
through the maternal line, the potential 
for genetic drift-the accidental los s  
of lines-is great: some mitochondrial 
DNA disappears every time a genera
tion fails to have daughters. 

The problem is analogous to the way 
in which family surnames are lost 
whenever there is a generation without 
sons. Imagine an immigrant neighbor
hood in a large city where all the fami
lies share a surname. An observer might 
assume that all these families were de
scended from a single successful immi
grant family that completely replaced 
its neighbors Uust as Eve' s  descendants 
are supposed to have replaced all other 
humans).  An alternative explanation is 
that many families immigrated to the 
neighborhood and intermarried; over 
time, all the surnames but one were 
randomly eliminated through the occa
sional appearance of families that had 
no sons to carry on their names .  The 
surviving family name would have come 
from a single immigrant, but all the im
migrants would have contributed to the 
genes of the modern population. In the 
same way, generations without daugh
ters could have extinguished some lines 
of mitochondrial DNA from Eve's  de
scendants and her contemporaries. 

Any interpretation of the Surviving 
mitochondrial DNA mutations in pop
ulations consequently depends on a 
knowledge of how the size of the popu
lations has changed over time and how 
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many maternal lines may have van
ished. Random losses from genetic drift 
alter a reconstruction of the tree of hu
man mitochondrial DNA branching by 
pruning off signs of past divergences. 
Each uncounted branch is a mutation 
never taken into account when deter
mining how long ago Eve lived. 

Changes in population sizes have 
been dramatic. In parts of the Northern 
Hemisphere, some human populations 
shrank because of climate fluctuations 
during the Ice Ages. Archaeological evi
dence from both Africa and Australia 
suggests that similar population reduc
tions may have taken place there as 
well. These reductions could have exac
erbated genetic drift and the loss of 
mitochondrial DNA types. 

At the end of the Ice Ages, along with 
the first domestication of animals and 
plants, some populations expanded ex
plosively throughout a wide band of 
territory from the Mediterranean to the 
Pacific coast of Asia. Although the num
ber of people expanded, the number 
of surviving mitochondrial DNA lines 
could not-those lost were gone forever. 

Human populations with dissimilar 
demographic histories can therefore be 
expected to preserve different numbers 
of mutations since their last common 
mitochondrial DNA ancestor. They can
not be used together in a model that 
assumes the lengths of mitochondrial 
lineages reflect the age of their diver
gence. One cannot assume, as Wilson 
does, that all the variation in a popula
tion's mitochondrial DNA stems solely 
from mutations: the history of the pop
ulation is also important. A:major problem with the Eve theo

ry, therefore, is that it depends 
on an accurate molecular clock. 

Its accuracy must be based on muta
tion rates at many different loci, or 
gene positions. Yet genes in the mito
chondrial DNA cannot recombine as 
genes in the nucleus do. All the mito
chondrial DNA genes are the equiva
lent of a single locus. The molecular 
clock based on mitochondrial DNA is 
consequently unreliable. 

Mitochondrial DNA may not be neu
tral enough to serve as the basis for a 
molecular clock, because some data sug
gest that it plays a role in several dis
eases. Because of random loss and nat
ural selection some vertebrate groups 
-cichlid fish in Lake Victoria in Africa, 
American eels, hardhead catfish and 
redwing blackbirds, for example-have 
rates of mitochondrial DNA evolution 
that are dramatically slower than Wilson 
and his colleagues have claimed for hu
mans. A number of molecular geneti
cists disagree with Wilson's interpreta-

INFERRED H ISTORY OF 
MITOCHON DRIAL DNA BRANCHING 

HYPOTHESIZED 
COMMON ANCESTOR 

ONLY THREE MUTATIONS 
BACK TO COMMON ANCESTOR 

• SU RVIV ING TYPES • EXTINCT TYPES 

ACTUAL H ISTORY OF 
MITOCHONDRIAL DNA BRANCHING 

COMMON ANCESTOR 

FIVE MUTATIONS 
BACK TO COMMON ANCESTOR 

MATERNAL liNEAGE RECONSTRUCTIONS based solely on the mitochondrial DNA 
types found today are inherently flawed. A hypothetical tree inferred from only 
five surviving types ( left) leaves out the branches and mutational histories of ex
tinct lines (right ) .  Consequently, it sets the date for a common ancestor much too re
cently by presenting evidence of too few mutations. 

tion of the mitochondrial genetic data. 
The molecular clock of Wilson and 

his colleagues has, we believe, major 
problems: its rate of ticking has proba
bly been overestimated in some cases 
and underestimated in others. Rebecca 
L. Cann of the University of Hawaii at 
Manoa and Mark Stoneking of Pennsyl
vania State University, two of Wilson's 
students, admitted recently that their 
clock was able to date Eve only to be
tween 5 0,000 and 5 00,000 years ago. 
Because of the uncertainty, we believe 
that for the past half a million years or 
more of human evolution, for all in
tents and purposes, there is no molecu
lar clock. 

Putting aside the idea of a clock, one 
can interpret the genetic data in a much 
more reasonable way: Eve, the ultimate 
mitochondrial ancestor of all living hu
mans, lived before the first human mi
grations from Africa at least one mil
lion years ago. The spread of mitochon
dria would then mark the migration of 
some early human ancestors into Eur
asia when it contained no other hom
inids. Such an interpretation can fully 
reconcile the fossil record with the ge
netic data. We propose that future re
search might more productively focus 
on attempts to disprove this hypothesis 
than on attempts to recalibrate a clock 
that clearly does not work. 

The dramatic genetic similarities 
across the entire human race do not 
reflect a recent common ancestry for 
all living people. They show the conse
quences of linkages between people 
that extend to when our ancestors first 
populated the Old World, more than a 
million years ago. They are the results 
of an ancient history of population 
connections and mate exchanges that 

has characterized the human race since 
its inception. Human evolution hap
pened everywhere because every area 
was always part of the whole. 

Neither anatomic nor genetic analy
ses provide a basis for the Eve theory. 
Instead the fossil record and the inter
pretation of mitochondrial DNA varia
tion can be synthesized to form a view 
of human origins that does fit all the 
currently known data. This synthetic 
view combines the best sources of evi
dence about human evolution by mak
ing sense of the archaeological and fos
sil record and the information locked 
up in the genetic variation of living 
people all over the world. The richness 
of human diversity, which contrasts 
with the closeness of human genetic re
lationships, is a direct consequence of 
evolution. We are literally most alike 
where it matters, under the skin. 
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Mountain Belts and 
the Supercontinent Cycle 

Every 500 million years the continents assemble into a single landmass. 

The tectonic interactions associated with the formation and breakup of such 
supercontinents provide a new way to view the origin of mountain belts 

by ]. Brendan Murphy and R. Damian Nance 

I
n recent years, we and several col
leagues have come to the surprising 
conclusion that the motion of the 

crust of the earth follows an orderly pat
tern: every few hundred million years, 
all the continents congregate into a sin
gle landmass, or supercontinent. A par
ticular virtue of this theory is its ability 
to explain the diverse kinds of mountain 
building observed around the globe. Our 
theory also will aid geologists in their 
attempts to reconstruct the ancient ge
ographic positions of continents. 

Present understanding of superconti
nents grows out of the theory of plate 
tectonics, advanced some 25 years ago. 
This theory provided the first unified 
explanation of the origin of mountain 
chains, of the development and destruc
tion of ocean basins, and of the global 
distribution of earthquakes and volca
noes. The lithosphere-the rigid outer 
layer of the earth containing both ocean 
floors and elevated continental mass
es-is divided into seven major sec-

J. BRENDAN MURPHY and R. DAMIAN 

NANCE began collaborating in 1985 be

cause of their shared interest in the ori

gin of ancient mountain belts preserved 

in the Canadian Appalachians. They soon 

realized that the evolution of these belts 

reflected global-scale plate tectonic pro

cesses. A native of Birr in the Republic 

of Ireland, Murphy moved to Canada in 

1975. He received a Ph.D. in geological 

sciences at McGill University in 1982. At 

that time, Murphy joined St. Francis 

Xavier University in Antigonish, Nova Sco

tia, where he is now chairman of the de

partment of geology. Nance is from Corn

wall, England; he completed his Ph.D. at 

the University of Cambridge in 1978. He 

relocated to Canada and taught at St. 

Francis Xavier until 1980. Nance then 

moved to Ohio University, where he is 

now a professor of geology. 
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tions, or plates. The plates ride atop a 
hot, pliable layer of the earth's mantle, 
called the asthenosphere. Radioactive 
elements within the earth release heat 
that drives convection currents deep in
side the earth; these currents ferry the 
plates across the surface at the rate of 
a few centimeters a year. 

Tracing the present motions back
ward implies that the continents bound
ing the Atlantic Ocean were all part of 
a single landmass that broke up rough
ly 180 million years ago. The German 
meteorologist Alfred L. Wegener, who 
first proposed the theory of continen
tal drift in 19 12, called the continental 
progenitor Pangaea, meaning "all lands." 
Support for his supposition has come 
from geologists who have found that 
features more than 180 million years 
old match up across continental bound
aries. Evidence of the distribution of 
ancient species and climate zones also 
supports the theory. 

Researchers have increasingly come 
to realize that Pangaea was not the first 
such supercontinent. In the early 1970s 
]. Tuzo Wilson, then at the University of 
Toronto, suggested that thermal effects 
within the earth might cause a conti
nent to disperse and then to reassem
ble as oceans periodically open and 
close. More recently one of us (Nance), 
along with Thomas R. Worsley and Ju
dith B. Moody of Ohio UniverSity, ex
panded on Wilson's ideas. We have pro
posed the existence of a superconti
nental cycle having a period of about 
500 million years [see "The Superconti
nent Cycle," by R. Damian Nance, Thom
as R. Worsley and Judith B. Moody; SCI
ENTIFIC AMERICAN, July 1988]. 

A major clue to the existence of such 
a cycle is the intense episodes of moun
tain building and continental rifting that 
appear to have occurred at roughly 500-
million-year intervals. We first tested 
our ideas by looking at the geologic ef-

fects of the most recent supercontinent, 
Pangaea. We then applied our model 
to a critical period in the earth's histo
ry, roughly 700 million to 500 million 
years ago. At that time, a succession of 
geologic events, thought to be associat
ed with the assembly of an earlier su
percontinent, resulted in profound en
vironmental changes, including alter
ations in the composition of seawater, 
in the global climate and in worldwide 
sea level. Such changes may have had a 
great influence on the evolution of life; 
they coincided with the appearance of 
the first complex, multicellular organ
isms. These creatures paved the way for 
the development of modern life-forms, 
including human beings. 

W
hat could have caused Pangaea 
(or any of the past supercon
tinents) to break apart? Two 

complementary theories have been pro
posed to answer this question. Don L. 
Anderson of the California Institute of 
Technology posits that supercontinents 
disassemble because continental rocks 
are poor conductors of heat compared 
with the thinner, denser (basaltic) ocean 
floors. Large continents or superconti
nents therefore act like insulating blan
kets that block the escape of heat from 
the mantle. Temperatures rise beneath 
the supercontinent in much the way 
they do under a book lying on an elec
tric blanket. As the heat accumulates, 
material at the base of the lithosphere 

PANGAEA SUPERCONTINENT is shown 
as it appeared 290 million years ago. 
Continental collisions created folded, in
terior mountains (purple). Ocean floor 
that sank into the hot interior at the pe
riphery of the supercontinent produced 
volcanoes and related uplift (orange). 
Through these processes, supercontinent 
formation and breakup can account for 
the great diversity of mountain belts. 
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becomes less dense, causing the over
lying supercontinent to dome upward 

. and crack. Molten rock from the over
heated asthenosphere rapidly fills the 
resulting fractures, which continually 
widen as pieces of the fragmented su
percontinent are driven apart. 

A second model of supercontinent 
dispersal, proposed by Andrew Hynes 
of McGill University, attributes the 
breakup to effects connected with the 
rotation of the earth. Supercontinents 
possess high angular momentum be
cause they consist of an elevated mass 
that makes the earth's surface lopsided. 
This momentum produces long-lived 
stresses within the supercontinent that 

eventually cause it to tear itself apart. 
Both models probably play a role in 

the breakup of a supercontinent. In ei
ther case, the supercontinent sows the 
seeds of its own destruction even as 
it forms. The material from the asthe
nosphere that fills the spaces between 
the continental fragments is inherent
ly denser than the continental crust be
cause the mantle is richer in elements 
such as iron and magnesium. When the 
injected magma cools and solidifies, it 
therefore subsides, creating a low-ly
ing area that ultimately floods with 
water to become the floor of a new 
ocean. The rift where the hot material 
rose becomes a spreading center, tech-

nically known as a mid-ocean ridge. As 
hot material continues to ascend at the 
ridge, the ocean spreads and the con
tinents drift apart. This process is hap
pening now in the middle of the At
lantic Ocean, where new crust forms as 
the Americas drift away from Europe 
and Africa. 

The scattering of the continents can
not continue indefinitely. Oceanic crust 
grows colder and denser the longer it 
is exposed to the surface; the seafloor 
therefore subsides as it migrates away 
from the ridge. Indeed, scientists exam
ining the floor of the Atlantic find that 
it grows older and deeper the farther it 
lies from the Mid-Atlantic Ridge. The 
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oldest Atlantic seafloor rocks sit at the 
margins of the Central Atlantic. These 
rocks are about 180 million years old. 
Eventually the oldest ocean floor along 
the margin of the ocean grows dens
er than the asthenosphere below. Deep 
trenches, such as the Mariana Trench 

in the modern Pacific Ocean, identify 
the locations where cold oceanic crust 
sinks back into the earth's interior, a 
process known as subduction. 

Calculations by Hynes suggest that 
increasing density overcomes resistance 
to subduction when the ocean floor 

reaches an age of about 200 million 
years. In fact, scientists do not observe 
any crust in today's oceans more than 
200 million years old. The Atlantic 
Ocean presumably is approaching its 
maximum age and width. Within a few 
tens of millions of years, subduction 

How the Supercontinent Cycle Works 

FOLDED MOUNTAINS 
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BREAKUP OF A SUPERCONTINENT results in the birth of interior oceans like the 
present Atlantic (left). Inward-facing margins of the separating continents are tec
tonically stable; undisturbed sediments collect along the margins, recording this 
period of relative placidity (above). Passive margin sediments continue to collect 
until the continents reach their maximum dispersal. 
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MAXIMUM DISPERSAL of the continents occurs when the interior oceans are about 
200 million years old. Then the oldest parts of the interior oceans begin to sink, or 
subduct, into the earth (left). Subduction generates magma that fuels volcanoes in 
the overlying continent. Subduction can take place in the exterior ocean at the 
same time, forming island arcs that lag behind the continental plates (above). 

) FOLDED MOUNTAINS ( 

CONTINENTAL COlliSIONS happen after the interior oceans are consumed. Colli
sions create interior mountain belts and broad areas of intense deformation, uplift 
and erosion (left). Subduction zones occur around the margin of the superconti
nent, leading to widespread peripheral volcanism. Island arcs may be swept in 
from the exterior ocean and accreted onto the edges of the supercontinent (above). 
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NEXT SUPERCONTINENT BREAKUP results from thermal and rotational forces. Ex
terior subduction continues where the continental margin is roughly perpendicu
lar to the direction of its motion (left figure, top). Transform, or sideways, faults 
appear where the motion of the plate is nearly parallel to the orientation of the 
margin (left figure, bottom). Passive margin sediments resume collecting (above). 
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should begin in those areas of the At
lantic where the seafloor is oldest, at 
the margins of the continents. When 
that happens, the rim of the Atlantic 
will become geologically active, and the 
present outward drift of the continents 
should cease. 

Thermal changes deeper within the 
earth help to direct this subduction into 
a net inward pull on the continents. 
The heat that originally accumulated 
beneath the supercontinent, culminat
ing in the development of a mid-ocean 
ridge, escapes easily through the thin 
ocean floor. Pieces of the superconti
nent therefore subside as they sepa
rate, and the convective currents driv
ing them apart draw to a halt. Hence, 
subduction at the edges of the ocean 
effectively reels in the dispersed conti
nents. Finally, the oceans that stretched 
between the continents vanish entire
ly, and the continents collide, creating 
a new supercontinent and setting the 
stage for the next cycle. 

Based on the deduced history of Pan
gaea, the life expectancy of a supercon
tinent is about 100 million years. The 
oceans that form when the superconti
nent breaks up cannot last more than 
400 million years if they close at about 
the same rate that they open. 

By combining concepts from the su
percontinent cycle and from plate tec
tonics, we have developed an all-encom
passing model that accounts for the 
great diversity of the mountain chains 
around the earth. We realized that the 
assembly and breakup of superconti
nents should create two distinct types 
of mountain belts, or orogens (from 
oros, the Greek word for mountain). 
Collisions between continents fold and 
buckle the crust; the resulting moun
tain belts are called interior orogens 
because they lie within the supercon-

tinent after its amalgamation. The Hi
malaya Mountains reflect the current 
collision between India and Asia. Sub
duction of oceanic crust at the edge of 
a continent or supercontinent elevates 
the overlying crust and triggers vol
canic activity, producing very different 
kinds of mountainous zones, called pe
ripheral orogens. The Rocky Mountains 
reflect the subduction of oceanic Pacific 
plates under western North America. 

Pangaea serves as a test case of how 
well our model of interior and peripher
al orogenies fits with the known move
ments of the continents. Researchers 
reconstruct the past locations of the 
continents using various techniques. 
Some iron-rich volcanic and sedimenta
ry rocks record the orientation of the 
earth's magnetic field when they form; 
these rocks act like compasses, report
ing the local latitude at that time. Mea
surements of radioactive isotopes, in 
turn, reveal the ages of these rocks. Ge
ologists also infer the relative positions 
of the continents at remote times by 
attempting to unite large geologic fea
tures that have been split up by more 
recent plate motions. 

T
he formation of the superconti
nent Pangaea involved multiple 
collisions that took place over 

many millions of years. Roughly 420 
million to 380 million years ago, the 
continental mass called Laurentia 
(which included much of modern North 
America) crashed into Baltica (Europe). 
The two masses fllsed to become Laur
asia. Then, between 360 million and 270 
million years ago, Laurasia collided with 
Gondwana (consisting of pieces of pres
ent-day Africa, India, South America, 
Australia and Antarctica) and with Si
beria, thereby giving birth to Pangaea. 

Such encounters between continents 
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dismember the continental shelves of 
the colliding plates. The edge of one 
continent is thrust on top of another, 
causing widespread buckling or folding 
of rock layers that were originally hori
zontal. As a consequence, the continen
tal lithosphere grows markedly thicker 
in the collision zone. Compressional 
forces uplift the overriding continental 
plate to form high mountains. 

Eroded remnants of uplifted moun
tains appear in the places where the 
components of Pangaea collided. The 
encounter between Laurentia and Balti
ca gave rise to the Caledonian orogenic 
belt, a large deformed region that marks 
an eroded mountain range running 
from Ireland to northern Scandinavia 
and Greenland. Folded mountain belts 
and faults appeared in the southern U.S. 
(the Ouachita orogeny) and the eastern 
U.S. (the Appalachian Mountains) when 
Laurasia crashed into Gondwana; simi
lar features arose in eastern Europe 
(creating the Urals) when Laurasia fused 
with Siberia. 

Interior orogenies leave several char
acteristic signs that geologists can rec
ognize. Collisional forces push the over
ridden plate into the deeper, hotter 
regions of the earth's crust. Minerals 
formed near the surface become unsta
ble when they are exposed to greater 
temperatures and pressures. These min
erals melt and rise to the surface. In 
some cases, they react with one anoth
er, or metamorphose, to form new, sta
ble mineral assemblages. The resulting 
metamorphic rocks are described as 
high grade because they crystallize 
only at the high temperatures and pres
sures found near the base of the crust. 

When the compressional forces cease 
within the zone of collision between 
continents, the depressed but still buoy
ant crust rapidly rebounds, just as a 
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GEOLOGIC TIMEUNE shows mountain building associated 
with the formation and breakup of the most recent two su
percontinents, during the past one billion years. Two kinds 
of events, interior and exterior, produce mountains. Interior 
events (top line) occur when continents collide, building fold-

ed mountains (purple cones). Interior oceans open when con

tinents separate and start to close as subduction begins. Pe

ripheral events (bottom line) involve the emergence of vol

canic mountains (orange cones) at the margins of landmass

es, where oceanic crust subducts under a continental plate. 
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a 500 MILLION YEARS AGO b 400 MILLION YEARS AGO 

HISTORY OF PANGAEA began about 500 million years ago, 
when the continents were dispersed around the Iapetus Ocean 

(a). Laurentia (North America) collided with Baltica (Europe) 
to form Laurasia (b). The Iapetus vanished when Laurasia 

wooden block held under water bobs up 
once the downward force is removed. 
Over millions of years, erosion wears 
away the resulting uplifted crust until 
the formerly depressed, high-grade con
tinental crust is exposed at the surface. 

Because of this massive uplift and 
the enormous amount of erosion that 
results from it, the near-surface record 
of interior orogenies is commonly not 
preserved. Instead huge thicknesses of 
new sediments may be deposited on 
the older, high-grade rocks. In places 
where the strata are exposed, however, 
geologists can readily distinguish the 
telltale signs of a continental collision. 

Sediments that accumulate after the 
period of mountain building are not 
subjected to the compressive stresses 
of their predecessors. They therefore 
consist of minerals that originated at 
low temperatures and pressures and 
form undisturbed, parallel layers, in 
sharp contrast to the underlying, dis
torted or tilted high-grade rocks. The 
interior orogenies mentioned above all 
display these expected mineral, sedi
mentary and structural signatures. 

The geologic record shows little or 
no evidence of mountain building at 
the continental margins before Pangaea 
began to assemble. The perimeter of to
day's Atlantic Ocean is similarly sedate. 
Deposits that accumulate on these sta
ble areas are called passive margin sedi
ments. Such sediments collected along 
the stable eastern edge of North Ameri
ca between about 600 million and 480 
million years ago, for example. When 
the continents reached their maximum, 
separation and subduction of the interi
or ocean commenced (roughly 480 mil
lion years ago for North America), tec
tonic conditions altered radically. The 
thrusting of the ocean floor beneath 
the continents disrupted formerly calm 
margins and initiated a period of moun
tain formation. 

When the down-going ocean crust en
ters the asthenosphere, it brings along 
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volatile compounds (primarily water) 
that lower the melting point of the sur
rounding minerals. This effect, com
bined with the high temperature of the 
asthenosphere, causes material to melt 
within and above the slab. The result
ing molten minerals, generically known 
as melts, rise toward the surface, carry
ing with them their heat and their dis
tinctive chemistry. These melts acquire 
a so-called calc-alkalic composition as a 
result of their interaction with the oxy
gen and water that travel down in the 
subducted slab. 

Some melts reach the surface and 
emerge in volcanoes. Material that cools 
and solidifies at depth in chambers 
forms plutonic rocks (named after Plu
to, the Roman god of the underworld), 
such as granite. The heat and buoyant 
materials rising from the subducting 
slab lift up the margin of the overlying 
continent, leading to the appearance of 
a mountain belt. 

S
ubduction and associated moun
tain building along the periphery 
of a continent may commence at 

any time, depending on the age of the 
neighboring ocean floor. Obviously, 
subduction takes place at the margins 
of an interior ocean as the continents 
move inward toward a future rendez
vous. But even as the interior oceans 
are closing, oceanic crust may also be 
sinking at the edges of the exterior 
ocean that surrounds the assembling 
supercontinent. In this case, the conti
nent is actually retreating from the sub
duction zone. Melted rock produced by 
subduction of the exterior ocean there
fore rises mostly through oceanic crust. 
Melt from interior subduction zones, in 
contrast, rises predominantly through 
the oncoming continental crust. 

The contrasting geometries of interi
or and exterior subduction show up in 
the chemistry of the igneous material 
that reaches the surface: melts that rise 
through oceanic crust tend to be richer 

in iron and magnesium and poorer in 
silicon than melts that move through 
continental crust. This compositional 
disparity results in significant differ
ences in the mineral content of the re
sulting rocks, which enables geologists 
to infer the timing and geometry of an
cient mountain-building episodes. 

Material from exterior subduction 
zones surfaces through the ocean floor, 
some distance behind the inward-mov
ing continent. This material creates vol
canic island chains called island arcs. 
A series of such island arcs is thought 
to have formed approximately 470 mil
lion years ago off the west coast of 
North America. These eruptions docu
ment subduction of the exterior ocean. 
Exterior subduction may also pull off 
small continental blocks, or micro con
tinents, from the retreating continents. 
The islands of Japan are a modern 
example of such ruptured continental 
fragments. 

Peripheral mountain building contin
ues after the amalgamation of the su
percontinent is complete, but under 
very different conditions. Once the con
tinents collide, oceanic crust is con
sumed preferentially at the exterior 
subduction zones. Exterior subduction 
zones (some of which previously may 
have been in the middle of the ocean) 
tend to relocate to the periphery of the 
supercontinent. 

Because the continents can no longer 
move away from the exterior subduc
tion zones, nearly all the melts pass 
through continental rather than ocean
ic crust. Here also, hot, buoyant materi
al elevates the crust and gives rise to 
volcanoes and volcanic mountains. The 
resulting mountain belts resemble those 
that developed when the interior ocean 
was likewise subducting beneath the 
continents. The precise location where 
these thermal effects appear at the sur
face depends on the angle of the de
scending oceanic plate. 

As the exterior subduction zones mi-
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c 300 MILLION YEARS AGO d 180 MILLION YEARS AGO 

fused with Gondwana (all the other continents), creating Pan
gaea (c). Each collision yielded an episode of mountain build-

ing. Plate motions changed as Pangaea dispersed. North Amer
ica moved north, then west away from Eurasia (d). 

grate to the edge of the supercontinent, 
the ocean floor becomes like a convey
er belt that carries island arc chains 
and micro continents back to the conti
nental edge. Paul F. Hoffman of the 
University of Victoria described the re
sulting interactions as "bump and 
grind" collisions. Small landmasses may 
either fuse with or deflect off one an
other and the supercontinent. These 
collisions have much different effects 
than do interactions between conti
nents. Bump and grind motions are far 
more erratic, and microcontinents cre
ate only local regions of tectonic activi
ty at their margins. As a result, micro
continental collisions and the resulting 
deformation may be episodic, although 
the volcanic activity associated with sub
duction can remain fairly continuous. 

When Laurentia united with Baltica, 
about 420 million to 380 million years 
ago, exterior island arcs began to col
lide with the western margin of what is 
now North America. These collisions led 
to the observed local but occasional
ly intense deformation of rocks in the 
region from the California-Nevada bor
der to Idaho (the Antler orogeny). As 
Pangaea came together, continued sub
duction at the periphery produced more 
volcanic island arcs. These islands ap
parently rammed into North Ameri
ca about 250 million years ago. The re
sulting episode of mountain building in 
northwest Nevada, known as the So
noma orogeny, coincides with the com
pletion of the assembly of Pangaea. The 
subsequent formation of the Rockies 
and the Sierra Nevadas has obscured 
much of the surface evidence of these 
early orogenies. 

About 180 million years ago Pangaea 
rifted, and a new interior ocean-the 
Atlantic-opened up. The effect of the 
dispersal of the supercontinent de
pends on the relative orientation of the 
external subduction zones and the di
rection of dispersal of the continents. 
If these features are approximately par-

allel, subduction and pulses of defor
mation may continue as the interior 
oceans open. Because of the outward 
motion of the continents, melt from 
these exterior subduction zones rises 
through continental rock, in much the 
way the melt did from interior subduc
tion zones when the continents were 
drifting inward. 

During the first stage of the break
up of Pangaea, 180 million to 140 mil
lion years ago, Laurasia separated from 
Gondwana, causing what would become 
North America to move northward. The 
change in direction may have forced 
oceanic crust to subduct under western 
North America. Indeed, the geologic 
record at this time shows a surge of vol
canic and plutonic activity, one aspect 
of the Nevadan orogeny in eastern Cali
fornia. The associated rocks have the 
calc-alkalic composition typical of melt 
rising from a subducted slab. 

The second stage of the breakup 
happened some 140 million years ago. 
Gondwana split, and Laurasia rifted 
apart into North America and Eurasia. 
The splintering of Laurasia changed 
the motion of the North American 
plate from northward to westward. This 
change in motion would have com
pressed continental rocks as oceanic 
crust was forced far under North 
America. These events coincided with a 
series of pulses of mountain building 
throughout western North America, in
cluding the Sevier and Laramide oroge
nies that initiated the formation of the 
Rocky Mountains. 

If the external subduction zone lies 
parallel to the direction of outward 
movement of the continent, subduction 
will give way to a sideways movement, 
becoming a transverse (strike-slip) fault. 
Microcontinents and volcanic arc islands 
situated oceanward of these faults may 
be transported sideways far from their 
original positions. Alaska was built by 
this process: a collage of crustal blocks 
swept in from the exterior ocean (to-

day's Pacific Ocean) during the forma
tion and breakup of Pangaea. These 
blocks slid northward along the west
ern margin of North America until they 
were trapped in a corner in the Pacific 
subduction zones. 

Peripheral mountain building does 
not involve collisions between conti
nental blocks, so there is little thick
ening of the crust and hence little up
lift and erosion. Consequently, the rem
nants of volcanic activity, along with 
contemporaneous sediments derived 
from the erosion of the volcanic moun
tains, remain well preserved. The pre
servation of these rocks over a large 
region clearly distinguishes peripher
al orogenies from internal ones. Where 
collisions do occur, they usually involve 
micro continental blocks such as vol
canic islands. The resulting deforma
tion varies greatly from region to re
gion. Interior orogenies, in comparison, 
result from collisions between conti
nents that yield widespread, more uni
form deformation. 

O
ur analysis of the history of 
Pangaea unites disparate infor
mation about mountain-build

ing processes into a coherent picture. 
It therefore seemed reasonable to ask 
whether our model could make sense 
of orogenies associated with earlier su
percontinents. In other words, do the 
remains of mountain belts 600 million 
to 800 million years old show signs of 
the same kind of interior and peripher
al processes that shaped Pangaea 500 
million years later? 

Many obstacles stand in the way of 
answering that question. There is a se
vere paucity of exposed rocks that pre
date the Pangaea cycle. Measurements 
of paleomagnetism become increasing
ly uncertain in older rocks. And many 
ancient geologic formations have been 
severed and recombined multiple times. 
Nevertheless, we think many seeming
ly confusing characteristics of such an-
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cient mountain belts can be explained 
by looking for signs of interior and pe
ripheral mountain building. 

The story of the earlier superconti
nent begins roughly one billion years 
ago, when passive margin sediments 
accumulated at the edges of the sepa
rated continents. Then, about 820 mil
lion years ago, subduction commenced 
more or less simultaneously in both the 
exterior and interior oceans (earlier sub
duction zones must have been situat
ed in the middle of the exterior ocean, 
where they left no evidence). Island arcs, 
which later fused with the edges of 
the continents, record this beginning of 
subduction. Subduction of the shrink
ing interior oceans unleashed volcanic 
eruptions primarily along the continen
tal margins. Remnants of this volcan
ic activity still exist in strata in Brazil 
and in western Africa, dating from 820 
million to 800 million years ago. When 
the interior oceans had been complete
ly consumed, about 650 million years 
ago, the continents collided, complet
ing the assembly of the supercontinent. 

The evidence for these interactions 
resides between large blocks of ancient 
(more than a billion years old) continen
tal crust, known as cratons. Cratons are 
essentially the stable nuclei of present
day continents. Between the cratons lie 
the scars of huge interior orogenies, as 
much as 1,000 kilometers across, which 
attest to the powerful collisions that 
occurred as the older supercontinent 
amalgamated. 

a 

For example, continental motions 
brought together the cratons of west 
Africa and Guyana some 675 million to 
650 million years ago. The result of the 
impact can be seen in west Africa (the 
Mauri tanide-Bassaride-Rokelide oroge
ny). Exposed high-grade rocks attest to 
the presence of folded mountains that 
have since been mostly worn away. Col
lisions between other cratons resulted 
in the Trans-Saharan and Damaride (in 
South Africa) mountain belts. Collision
al events of similar age also are seen in 
eastern South America, in eastern Aus
tralia and in Antarctica. 

E
ach of these belts shows signs of 
widespread deformation, thrust
ing and crustal thickening indica

tive of interior orogenies, where conti
nents collide. Both calc-alkalic igneous 
rocks (from the subduction of the interi
or ocean) and high-grade metamorphic 
rocks (from the subsequent compres
sion of the cratons) are abundant in 
west Africa and eastern South America. 
More recent sediments having a rela
tively Simple, tabular geometry rest on 
contorted orogenic rocks, indicating 
that severe uplift occurred, followed by 
substantial erosion. These features col
lectively confirm that collisions between 
continents (interior orogenies) affected 
large areas of the globe between 675 
million and 600 million years ago. 

Other features record widespread 
peripheral orogenies. As the interior 
oceans closed, the continents retreated 

b 

INDIA 

from the expanding exterior ocean, gen
erating many volcanic islands along 
the exterior subduction zone. These is
lands later collided with northern South 
America and with western and north
ern Africa; the characteristic variable 
styles and intensities of deformations 
from these collisions are still preserved. 
The fusion of the supercontinent rough
ly 650 million years ago led to renewed 
and intensified subduction at its edges. 

This peripheral subduction probably 
generated the Avalonian-Cadomian belt, 
an eroded range of mountains that now 
occupies the eastern seaboard of North 
America and parts of western Europe. 
Geologic and paleomagnetic evidence 
suggests that 600 million years ago 
this belt was situated off South Ameri
ca and northwest Africa at the edge of 
the ancient supercontinent. 

The Avalonian-Cadomian belt en
compasses a great volume of low-grade 
volcanic and related sedimentary rocks 
650 million to 600 million years old. 
The rocks in this region are, for the 
most part, only mildly deformed. In 
many instances, they conform closely 
with the overlying strata. The absence 
of widespread deformation and the 
preservation of the low-grade volcanic 
and sedimentary rocks imply that the 
crust in these regions was only mini
mally disturbed. Such traits are consis
tent with the expected appearance of 
a peripheral orogeny. The presence of 
some local, intense deformation can be 
explained by collisions with island arcs 

NORTH 
AMERICA 

BEARDMORE 
OROGE N 

ANTARCTICA 

ONE SUPERCONTINENT RECONSTRUCTION implies that the 
Adelaidean and Beardmore mountain belts resulted from pe
ripheral subduction (a). Another reconstruction holds that 

continental collisions created those belts (b). Our model of su
percontinent-related orogenies will help distinguish between 
these reconstructions and provide a test for others. 
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LANDSAT IMAGE of the Appalachian Mountains in Pennsyl
vania (left) shows a regular pattern of folded mountains, char
acteristic of an interior orogeny. An equivalent view of the 

Andes in Peru (right) reveals more randomly distributed vol
canic mountains, a result of peripheral subduction of oceanic 
crust beneath western South America. 

and microcontinents. The signature of 
subduction vanished and was replaced 
by strike-slip faulting about 550 million 
years ago, coinciding with the breakup 
of the supercontinent. 

The present Arabian peninsula prob
ably formed as a result of peripheral 
orogenic activity during the same era. 
This region consists of a mosaic of mi
crocontinental blocks in which abun
dant volcanic and associated plutonic 
rocks-the telltale signs of island arc 
eruptions-date from 820 million to 
740 million years ago. Screens of an
cient ocean crust are sandwiched be
tween the blocks. Above these rocks 
lies a younger sequence of strata 640 
million to 600 million years old. 

We infer from this collage of material 
that the Arabian peninsula is an an
cient analogue of Alaska, a patchwork 
quilt of volcanic island arcs that origi
nated in the ocean around the super
continent. After the supercontinent frag
mented, transverse plate motions swept 
the pieces into northeast Africa, where 
they fused to become the modern Ara
bian shield. 

Thick, passive margin sediment lay
ers appeared nearly simultaneously in 
many parts of the world about 575 mil
lion to 550 million years ago, signifying 
the beginning of the breakup of the su
percontinent. As the continents dis
persed, they cooled and subsided. Sea
water flooded the sinking continents, 
creating large continental shelves. This 
event is consistent with the geologic 
record at that time. Vast accumulations 
of sedimentary layers are found in 
many areas, indicating a global rise in 
sea level and deposition of sediments 
in many relatively undisturbed settings. 
These passive margin sediments repre
sent the stratigraphic background on 

which geologists have read the later 
episode of tectonic activity and moun
tain building associated with the for
mation of Pangaea. 

M
any parts of the picture of the 
pre-Pangaea supercontinent re
main fuzzy. Researchers dis

agree on the ancient latitudes of many 
parts of the supercontinent (North and 
South America, for example). A recon
struction worked out by Ian W. D. Dal
ziel of the University of Texas at Austin 
(and a similar one by Hoffman) implies 
that peripheral subduction was respon
sible for an old mountain belt in Mo
zambique, at the same time suggesting 
that interior encounters between con
tinents led to the formation of the 
Adelaidean (Australia) and Beardmore 
(Antarctica) belts. 

An alternative continental reconstruc
tion by Gerard Bond and his colleagues 
at Lamont-Doherty Geological Observa
tory predicts exactly opposite styles of 
orogeny. In the future, improved paleo
magnetic data may settle this dispute, 
but our model of interior and exterior 
orogens can also help. A closer examina
tion of the style of orogenic activity in 
these belts should make it possible to 
decide between the two reconstructions. 

Attempting to reconstruct even earli
er supercontinents is exceedingly diffi
cult. Nevertheless, it is possible to de
duce the ages of the most extensive in
terior orogenies (indicating the fusion 
of a supercontinent) and pulses of rift
ing (associated with breakup). Conti
nental collisions followed by major rift
ing episodes seem to have occurred in 
pulses approximately 2,700 million to 
2,500 million, 2, 100 million to 2,000 
million, 1,700 million to 1,500 million 
and 1, 100 million to 1,000 million years 

ago. Although these ages are somewhat 
uncertain, they strongly suggest that 
the supercontinent cycle has been a 
long-standing feature of the evolution 
of the earth's surface. 

The orogenic belts described in this 
article have been known for many 
years; our work attempts to organize 
and explain them in a global context. 
The recognition of contrasting periph
eral and interior orogenic processes 
and the identification of the locations 
corresponding to each are creating a 
framework in which to view the devel
opment of mountain systems. Our mod
el should assist geoscientists as they 
attempt to reconstruct the ancient con
figuration of the continents and identi
fy the tectonic forces that have shaped 
our planet's past. 
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SUPERCONTINENT MODEL FOR THE CON-

TRASTING CHARACTER OF LATE PRO

TEROZOIC OROGENIC BELTS. ]. Brendan 
Murphy and R. Damian Nance in Geolo
gy, Vol. 19, No. 5, pages 469-472; May 
1991. 

DID THE BREAKOUT OF LAURENTIA TuRN 
GONDWANALAND INSIDE-OUT? Paul F. 
Hoffman in Science, Vol. 252, pages 
1409-1412; June 7, 1991. 
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Superantigens 
in Human Disease 

These proteins cause food poisoning and toxic shock. They may 
also contribute to arthritis and AIDS. Investigators are learning how 
superantigens overstimulate the immune system and induce disease 

by Howard M. Johnson, Jeffry K. Russell and Carol H. Pontzer 

N ormally, when a person's im
mune system encounters a pro
tein made by a virus or other 

microbe, fewer than one in "'10,000 of 
the white blood cells known as T lym
phocytes react. Although their num
ber is small, the cells orchestrate an at
tack that specifically targets the alien 
protein, or antigen, erasing the invad
er without harming healthy tissue. In 
contrast, proteins called superantigens 
whip the immune system into an un
productive, even destructive frenzy. 

These astonishing substances can 
arouse as many as one in five T cells, 
most of which are useless for fighting 
a current infection. What is worse, cer
tain of the activated cells may unleash 
an autoimmune attack and hurt the in
dividual they should protect, like a pit 
bull turning against its master. At times, 
superantigens may even have the op
posite effect: they somehow trigger the 
death of the cells they excite. They thus 
punch holes in the body's defensive 
shield. 

Recent studies have identified the 
steps by which superantigens stimulate 
excessive numbers of T cells. The work 
is helping to explain such medical mys
teries as how certain toxins cause the 
symptoms of food poisoning and of the 
toxic shock syndrome. At the same 
time, the research is opening up new 
avenues of investigation into causes and 

HOWARD M. JOHNSON, JEFFRY K. 
RUSSELL and CAROL H. PONTZER are 
colleagues at the University of Florida at 
Gainesville. Johnson is a graduate re
search professor in the department of 
microbiology and cell science. Russell is 
an assistant research scientist and Pont
zer is a postdoctoral associate in that 
same department. 
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possible treatments of a number of dis
eases, including arthritis, AIDS and can
cer. There is even reason to hope that 
the immune-stimulating and immune
depressing properties of superantigens 
can be turned to advantage and har
nessed for therapeutic applications. 

S cientists have gleaned much of 
what they understand about su
perantigens from studying the 

earliest known examples: a group of 
structurally related proteins called 
staphylococcal enterotoxins. One of us 
(Johnson) helped show in the 1970s 
that the enterotoxins were superanti
gens, although that term was not coined 
until many years later. 

Johnson and his colleagues at the 
University of Texas Medical Branch in 
Galveston uncovered the proteins' re
markable potency while attempting to 
discern how the toxins, which account 
for as much as 45 percent of all cases 
of food poisoning, make people sick. 
By 1970 physicians knew that when 
strains of the bacterium Staphylococcus 
aureus colonize food, they secrete one 
or more enterotoxins, which are now 
named alphabetically as A, B, C, D and 
E. Within hours after people ingest bad
ly contaminated, toxin-laden food, they 
begin to feel weak, feverish and nause
ated and to vomit or suffer diarrhea. 
Physicians also were aware that symp
toms abate within a day or two because 
intestinal enzymes degrade the toxins 
in that time. There were few clues, how
ever, to exactly how enterotoxins cause 
discomfort in the first place. 

Indeed, investigators had noted that 
intestinal tissue of affected patients 
looks virtually normal under the micro
scope. The proteins apparently did not 
damage the most obvious target of an 
intestinal invader: the specialized cells 
that regulate the passage of nutrients 

and water between the gut and the 
bloodstream. The only obvious abnor
mality was the presence of white cells 
in the tissue. Such infiltration was an 
expected response to any infection, and 
so there was little reason to think the 
cells were doing something unusual. 

Soon, however, there would be plenty 
of reason to think the cells were caus
ing harm. First, in 1970, Duane L. Pea
vy and his associates at the University 
of Florida at Gainesville observed that 
introduction of enterotoxin B to blood 
cells triggers the proliferation of lym
phocytes. Five years later Johnson, with 
his co-workers at the Cincinnati branch 
of the Food and Drug Administration, 
demonstrated that the affected lym
phocytes were T cells. They determined 
that toxin A stimulated T cell growth 
as well. 

Curious as to how readily entero
toxins cause T cell replication, Johnson 
initiated the studies that ultimately re
vealed the proteins' profound effect on 
the immune system. After moving to 
the University of Texas, he, together 
with Marlyn P. Langford and G. John 
Stanton, measured the minimal con
centrations of toxin A that would gen
erate proliferation. 

Amazingly, they found that only mi
nuscule amounts were needed. Just a 
few hundred molecules of toxin trig
gered a degree of replication that sur
passed what could be achieved by a bil
lion copies of a conventional antigen
for example, a protein on the influenza 
virus. Certain plant and microbial pro
teins had earlier been found to stimu
late prodigious lymphocyte multiplica
tion, but no protein was as strong as 
the enterotoxin. 

A small amount of toxin A also yield
ed extraordinarily high production of 
gamma interferon, one of several cy
tokines, or chemical messengers, pro-
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BACTERIAL CELLS (spheres) belong to the species Staphylococcus aureus. Strains 
of S. aureus cause food poisoning and the toxic shock syndrome by releasing suo 
perantigens, which activate abnormally high numbers of the immune system cells 
known as helper T lymphocytes. The cell at the top right is in the midst of decay· 
ing because it has been bombarded by an antibiotic. 

duced by the subset of T lymphocytes 
called helper cells. These cells direct 
much of the immune response. They 
do not attack microbes themselves; in
stead they rely on cytokines to activate 
both cytotoxic T lymphocytes, which 
kill infected cells, and B lymphocytes, 
which secrete antibodies against anti
gens. The interferon data implied that 
helper cells were among the targets of 
staphylococcal enterotoxins. 

HOW could massive helper cell 
activity lead to the miseries of 
food poisoning? An early tip 

came from Kendall A. Smith of Dart
mouth Medical School, who had other 
matters on his mind. 

While studying how normal antigens 
spur T cells to replicate, Smith deter
mined that helper T cells must produce 
interleukin-2, another cytokine, in or
der to respond to the antigens [see "In
terleukin-2," by Kendall A. Smith; SCI
ENTIFIC AMERICAN, March 1990]. This 
discovery suggested to Johnson that in
terleukin-2 probably also mediated the 
effect of superantigens on T cells. Con
ceivably, though, the toxins could acti
vate T cells by other means. 

In 1985 Roland Carlsson and his col
leagues at the University of Lund in Swe
den found evidence supporting a cen
tral role for interleukin-2. They showed 
that when a tiny amount of enterotox
in A was mixed with T lymphocytes, 
the collection of cells produced a huge 
quantity of the cytokine. A few years 
later Johnson and his graduate student 
Harold 1. Magazine confirmed that inter
leukin-2 mediates enterotoxin-induced 
T cell multiplication; the toxins do not 
bypass the interleukin pathway. 

At about the same time, Steven A. 
Rosenberg of the National Institutes of 
Health observed that infusion of high 
doses of interleukin-2 into the circula
tion of cancer patients (as part of an 
experimental therapy) caused disturb
ing side effects. The patients suffered 
from fever, malaise, nausea, vomiting 
and diarrhea-the very symptoms that 
bedevil victims of food poisoning. 

These varied data indicated that the 
enterotoxins make people ill by stimu
lating production of high levels of in
terleukin-2. The fact that infusion of 
this cytokine leads to the same symp
toms seen in food poisoning further 
implied that excess interleukin-2 does 
not cause trouble by acting locally. In
stead it makes its way into the blood
stream and then travels, or sends sig
nals, to brain centers that give rise to 
nausea, fever and gastric distress. 

By implication, one can speculate that 
excess interleukin-2 also causes the 
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AMINO 
TERMINUS 

CARBOXY 
TERMINUS 

CYLINDRICAL SHAPE common to several proteins is thought to occur in S. aureus 
enterotoxins, the superantigens responsible for food poisoning. Arrows represent 
beta structures, areas in which the backbone of a protein is extended rather than 
folded into coils known as alpha helices. Enterotoxins do include a few helices, but 
their locations in three·dimensional space have yet to be identified. The predomi
nance of beta structures suggests that much of the protein is exposed to its envi
ronment, ready to interact with other molecules. 

symptoms of the toxic shock syndrome. 
The superantigen responsible for this 
disorder is produced by a strain of S. 
aureus and is structurally similar to the 
S. aureus enterotoxins. Patients strick
en with toxic shock initially display 
signs of food poisoning, but later they 
suffer a dangerous slowing of the circu
lation. Presumably the illness becomes 
more severe because, unlike the bac
teria that bring on food poisoning, the 
strain causing toxic shock reproduces 
in the body. As a result, people are ex
posed to more toxin and hence to high
er or sustained levels of interleukin-2. � of 1988, then, scientists under

stood that stimulation of many 
millions of T cells leading to 

an overabundance of interleukin-2 was 
the link between enterotoxins and the 
symptoms of food poisoning. The ac
cumulated data, though, failed to ex
plain just how enterotoxins flip the 
"switch" that turns on so many T cells. 
Recent work is now filling in that blank. 

An analysis of structure is a first step 
when one is trying to understand how 
a given molecule communicates with 
cells in the body. Accordingly, much 
new research builds on the pioneering 
studies of Merlin S. Bergdoll. With his 
colleagues at the University of Wiscon
sin, Bergdoll determined the amino 
acid sequence of enterotoxin B in  1970. 
Since then, that group and others have 
uncovered the sequences of all the en-
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terotoxins and of the toxin responsible 
for the toxic shock syndrome. 

Related analyses have established that 
the poisons are all medium-size pro
teins rich in hydrophiliC, or water-lov
ing, amino acids. Each molecule also 
consists mainly of beta structures (con
formations in which the backbone of 
the protein is extended rather than fold
ed in on itself), although the proteins 
also include a few alpha helices (confor
mations in which the backbone forms 
a tight coil) [see "The Protein Folding 
Problem," by Frederic M. Richards; 
SCIENTIFIC AMERICAN, January 1991]. 
In other words, the enterotoxins are rel
atively noncompact; much of their sur
face is exposed to the body's aqueous 
environment and is thus available for 
interaction with other molecules. 

Further clues to how superantigens 
activate T cells came from studies by 
Carlsson in Sweden and Bernhard flei
scher and Hubert Schrezenmeier of the 
University of Ulm in Germany show
ing that the toxins behave like conven
tional antigens in some ways but ex
hibit critical differences in others. Be
fore helper T cells can recognize con
ventional protein antigens, the proteins 
must first undergo processing by macro
phages or other antigen-presenting cells. 
These cells essentially swallow antigens 
and chop them into pep tides, or small 
chains of amino acids. The presenters 
then display the peptide antigens at the 
cell surface in combination with what 

are called major histocompatibility com
plex (MHC) class II molecules. A pep
tide fits in a cleft on an MHC 

'
molecule 

much as a gem fits in a setting on a 
ring or as a hot dog fits in a hot dog 
bun. Once an antigen is displayed, the 
few helper cells in the body that bear 
receptors for the particular peptide link 
up with it. (Each T cell is specific for 
one kind of peptide antigen.) 

In 1988 the Swedish and German 
groups independently demonstrated 
that, as is true of garden-variety anti
gens, enterotoxin superantigens can 
arouse helper cells only if antigen-pre
senting cells display the proteins to the 
T cells. Moreover, it is MHC class II 
molecules that do the presenting. 

Yet, unlike typical antigens, the en
terotoxins bind MHC molecules direct
ly; they do not require uptake and pro
cessing. This strange behavior meant 
that T cells, too, respond to intact tox
ins. Such oddities suggested that eluci
dation of the enterotoxin-binding sites 
on MHC molecules and T cells might re
veal why more T cells react to super
antigens than to conventional antigens. 

Today it is clear that enterotoxins by
pass the inner surface of the peptide
recognizing pocket of the MHC mole
cule, attaching instead to its outer sur
face. Then the MHC -superantigen unit 
contacts the T cell receptor at a site 
distinct from the surface that envelops 
conventional antigens. To be more pre
cise, T cell receptors consist of two pro
tein chains, alpha and beta. Both chains 
include structurally invariant and vari
able regions that participate in the bind
ing of conventional peptide antigens. 
The enterotoxins are thought to link up 
with the beta-chain variable-or V-beta 
(Vf3)-region, at a part not involved in 
the binding of typical antigens. 

PEPTIDE (pink) held in the binding cleft 
of an MHC molecule (blue) is often 
likened to a hot dog in a bun. The im
age, made by Don C. Wiley of Harvard 
University and his co-workers, is based 
on an MHC class I molecule but presum
ably resembles MHC class II molecules. 
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PEPTIDE 
ANTIGEN 

T CELL RECEPTOR 

ANTIGEN-PRESENTING CELL 

ALPHA 
CHAIN 

TCELL 

BINDING TO T CELLS is accomplished differently by conven
tional antigens and superantigens. Conventional antigens (left 
side) must first be engulfed by antigen-presenting cells (a) , 
chopped and displayed as protein fragments, or peptides, in 
the peptide-binding cleft on MHC class II molecules (b). Then 
the antigens attract T cells bearing antigen-specific receptors 

... SUPERANTIGEN 

ANTIGEN-PRESENTING CELL 

BETA-CHAIN 
VARI ABLE (V�) 
REGION 

a 

(c) . The receptors' alpha and beta chains both touch the anti
gen (detail ) .  Superantigens bind directly to the outside of 
MHC molecules (right side, a and b) and then to the outside of 
T cell receptors (c) , attaching at a structurally variable part of 
the beta chain (detail) . linkage to the variable (V�) region ac
counts for the powerful effect of superantigens on T cells. 
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The Science 
GEltAI{O PlEL 

New by the founder of Scientific American ... 
ONLY ONE WORLD F __ "" �'�:�,'::.:� 
Our Own to Make and to Keep 

ONLY ONE 

WORLD 

Why is there such a disparity between industrialized 
and pre-industrialized nations? What does this mean 
to a world of limited ecological resources? Can devel
oped countries benefit by sharing their technology 
with developing countries? Gerard Piel-the guiding 
force behind Scientific Ame rican for over four 
decades- shares his blueprint for the planet's future 
as he tackles the tough questions facing the world 
today. Published in conjunction with the United 
Nations. $21.95 cloth (ISBN 2316) 

OlH 0\\ ' TO "\h."� \ \ O Tn " Eta' 

New ... 
ECOLOGY AND THE POLITICS 
OF SCARCITY REVISITED 
The Unraveling of the 
American Dream 

Th'e decline of nuclear power.  
Global warming. Destruction of rain 
forests. Demographic changes. Acid 
rain. Up-dating the 1977 classic, 
William Ophuls and A. Stephen 
Boyan, Jr.  take an uncompromising 
look at the political and cultural 
order, how it inevitably leads to eco
logical disaster, and what we can do 
about it. 
$1 5.95 paper (ISBN 2313) 

New ... 
CODES. PUZZLES. 
AND CONSPIRACY 
A New Mathematical Thriller From 
Dr, Ecco 

Dr. Ecco is back with another mathe
matical thriller by Dennis Shasha. This 
unique marriage of mystery and mathe
matics challenges you to solve detective 
stories with clues from original puzzles, 
games, and codes. No mathematical train
ing is required-<lnly clever thinking and 
a passion for puzzles. $11.95 paper 
(ISBN 2314) $17.95 cloth (ISBN 2275) 
Your price $14.36 

CAN YOU WIN? 
The Real Odds for Casino 
Gambling. Sports Betting. and 
lotteries 

The statistical facts about gam
bling. Which casino games you 
can beat.  What state lottery 
odds really mean. Why you'll 
p r o b a b l y  lose.  Includes the 
rules and odds for popular casi
no games, sports betti ng, state 
lotteries,  and horse racing.  
Statistician and game theorist 
Mike Orkin also explores the 
Prisoner's Dilemma, where you 
learn how to be nice without 
being taken advantage of. 
$11.95 paper (ISBN 2155) 

FRACTALS. CHAOS. 
POWER LAWS 
Minutes From an Infinite 
Paradise 

"An inviting exposition of the 
worldly and mathematical mani
festations of self-similarity." 
-American Mathematical 
Monthly 

Renowned physicist Manfred 
Schroeder traces the self-simi
larity concept in mathematics 
and reveals its fascinating impli
cations in physics, chemistry, 
music, and the visual arts. 
$32.95 cloth (ISBN 2136) 
Your price $26.5 9 

Your price $17.56 

FaCing the Tough 
Questions 
About Our 

Overcrowded 
Country 

HOW TO 
THINK 

ABOUT 
STATISTICS 

REVISED EDITION 
John L. Phillips, Jr. 

New ... 
ELEPHANTS IN THE 
VOLKSWAGEN 
Facing the Tough Questions 

About Our Overcrowded 
Country 

"Casts a new light on some of the 
central problems of human survival." 
-Garrett Hardin, author of Population, 
Evolution, and Birth Control. 

A serious, multifaceted examination of 
the popUlation crisis and how it relates 
to food and energy supplies, urban 
issues, national defense, labor, and 

more. Explores political dilemmas as 
well as personal guidelines. $13.95 
paper (ISBN 2268) $22.95 cloth 
(ISBN 2267) Your price $18.36 

New ... 
HOW TO THINK 
ABOUT STATISTICS 
Revised Edition 

Benjamin Disraeli said "there are 
lies, damn lies, and then there are sta
tistics." John L. Phillips, Jr. shows 
you how to understand, interpret, and 
apply statistics. Filled with compelling 
examples, it covers everything from 
polls, surveys, and economic indica
tors, to advertising claims and research 
findings. $14.95 paper (ISBN 2287) 
$24.95 cloth (ISBN 2288) 
Your price $18.36 

Plus Save on Videos Too! 

FRACTALS 
An Animated Discussion with 
Edward lorenz and 
Benoit B, Mandelbrot 

This video turns the Mandelbrot 
set and the Lorenz attractor into 
visible objects as their discover
ers discuss the details of their 
work. Includes computer-gener
ated illustrations of chaos and 
self-similarity. $59.95 
(ISBN 2213) Your price $47.99 

POWERS OF TEN 
The Films of Charles and 
Ray Eames 

This extraordinary film looks at 
42 powers of ten between the 
largest known dimension and 
the smallest.  It  explores our 
visual perception each step of 
the way and describes what and 
why we see what we do. 
$39.95 (ISBN 5029) 
Your price $3 5.00 
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of Savings 
New ... 
SMOKING 
The Artificial Passion 

"A clearheaded explanation of who 
smokes and why ... intelligent, 
witty, and compassionate." 
-The Atlantic 

How can millions of people contin
ue to smoke despite the obvious 
dangers? Drawing on the vast litera
ture, David Krogh explores what we 
know about man's passion f o r  
tobacco-how i t  affects the body, its 
genetic influences, and what it can 
tell us about addiction in general. 
$17.95 cloth (ISBN 2246) 
Your price $14.36 

New ... 
HELPLESSNESS 
On Development. 
Depression & Death 

"A welcome refreshment. .. Readers 
are in for a treat." 
-Psychology Today 

Is helplessness innate or learned? 
Martin Seligman incorporates experi
mental findings with actual case histo
ries to show how helplessness is mani
fested in pessimism, resignation, child
hood failures, fear of decision making, 
and loss of self. 
$1 5.95 paper (ISBN 2328) 

VISIONS OF SYMMETRY 
Notebooks. Periodic Drawings. 
and Related Work of M.C. 
Escher 

The ultimate interplay between art 

and science. Doris Schattschneider 
shares full color reproductions 
of Escher's symmetry drawings 
-including 80 previously 
unpublished ones-and the con
tents of two notebooks, in which 
the artist outlines his theory of 
symmetry. $44.95 cloth 
(ISBN 2126) Your price $3 5.96 

Popular 
Reference Titles 
MOLECULAR CELL 

BIOLOGY 
Second Edition 

James Darnell, Harvey Lodish, 
and David Baltimore $56.95 cloth 
(ISBN 1981) Your price $4 5.56 
DNA REPLICATION 
Second Edition 
Arthur Kornberg and Tania A. 
Baker $64.95 cloth (ISBN 2003) 
Your price $ 51.99 
BIOCHEMISTRY 
Third Edition 
Lubert Stryer (ISBN 1843) $56.95 
Your Price $4 5.56 

UNCERTAINTY 
The Life and Science of Werner 
Heisenberg 

"The definitive biography of a 
great and tragic physicist. .. thor
ough, judicious, and revealing:' 
- Richard Rhodes, author of 
The Making of the Atomic Bomb 

The first, full-scale biography 
on Werner Heisenberg; by 
David C. Cassidy. $29.95 cloth 
(ISBN 2243) 
Your price $23.99 

AGE OF PROPAGANDA 
The Everyday Use and Abuse 
of Persuasion 

New ... 
THINKING. PROBLEM 
SOLVING. COGNITION 
Second Edition 

Why do some people come up with 
creative solutions to problems, 
while others gee mentally para
lyzed? Covering everything from 
everyday thinking and expert prob
lem solving to analogical reasoning, 
psychologist Richard Mayer uses 
dozens of probing exercises to 
explore all aspects of higher cogni
tive processes. $22.95 paper 
(ISBN 2215) 

New ... 
THE SCIENCE OF 
MUSICAL SOUND 
Revised Edition 

John R. Pierce takes a fascinating 
look at how physics, electronics, 
mathematics, and psychology all con
tribute to music. Covers the physical 
and mathematical properties of sound 
waves, the relationship between sound 
and music, the physical correlates of 
consonance and harmony, the phenom
ena of hearing and sound perception, 
and architectural acoustics. $14.95 
paper (ISBN 6005) 

Two prominent psychologists, 
Anthony Pratkanis and Elliot 
Aronson take an analytical look 
at the science of persuasion. 
How people are tricked into per
suading themselves. Why 
appeals to guilt and fear suc
ceed. How to resist manipula
tion. How political ads really 
work. And much more. 

THE EPICUREAN 
LABORATORY 
Exploring the Science of 
Cooking 

Why gelatin works in a salmon 
mouse. How bread rises. What 
makes red peppers burn your 
tongue. A fascinating look at the 
scientific principles of cooking 
including 22 mouth watering 
recipes that reinforce the chem
istry behind the cuisine. 
$1 5.95 paper (ISBN 2162) 

$11.95 paper (ISBN 2211) 
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It is also clear that each enterotox
in attracts particular V� types. For in
stance, one enterotoxin may be recog
nized by the types numbered 5 and 
12, whereas another might be recog
nized by types 12, 15 and 18. Investiga
tors estimate that every human being 
has fewer than 30 V� types, although 
the fraction of helper T cells carrying 
any given type can differ from person 
to person. Hence, a conventional anti
gen can activate only the relatively few 
helper cells specific for that antigen. 
A given enterotoxin, however, can acti
vate many times that number of helpers 
(having a huge variety of peptide-anti
gen specificities) as long as the T cells 
bear selected V � types. 

This tidy pIcture, which did not 
emerge easily, is a testament to the per
severance of several research groups. 
We and other teams concentrated on 
the unusual binding to the MHC class 
II molecule. In the meantime Philippa 
Marrack and John Kappler of the Na
tional Jewish Center for Immunology 
and Respiratory Medicine in Denver and 
Charles A. Janeway, Jr., and colleagues 
at Yale University directed much of the 
initial research on the irlteraction of su
perantigens and T cells. 

Don C. Wiley of Harvard Universi
ty paved the way for our studies of the 
interaction between enterotoxins and 
MHC molecules, when he and his co
workers deduced the probable three
dimensional structure of MHC class II 
molecules. As is true of the T cell re
ceptor, cells fashion MHC class II mol
ecules from two intersecting protein 
chains, called alpha and beta. The re
gion that forms the binding cleft, or 
hot dog bun, for conventional antigens 
consists of a helix donated by the al
pha chain (one half of the bun), a helix 
donated by the beta chain (the other 
half of the bun) and a nonhelical con
nector at the floor of the cleft (where 
the halves join), constructed from seg
ments of both chains. 

T o identify where enterotoxins 
might bind the MHC molecule, 
we took advantage of the finding 

by other investigators that a peptide 
having a well-defined structure withirl a 
larger protein will generally adopt that 
same structure or a similar one if it is 
synthesized solely as a peptide. When 
we produced the three major compo
nents of the MHC molecule's antigen
binding region and then exposed each 
of them separately to enterotoxin A, a 
definite pattern emerged. 

The toxin bound only those pep tides 
corresponding to the sides of the anti
gen-binding domain, not to the floor. 
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When we then made beta-chain helices 
in which the amino acid alanine substi
tuted for native amino acids at selected 
sites, we found that only substitutions 
on a surface away from the one that 
binds conventional antigens decreased 
binding by toxin A. Together these find
ings established that, in common with 
conventional antigens, enterotoxin su-

perantigens attach to the peptide-anti
gen binding region of the MHC class II 
molecule, but they lodge at the outside 
surface and not at the surface that con
tacts typical antigens. 

More recently we have identified sev
eral segments of enterotoxin A that can 
interact with MHC molecules. We did 
this by mixing fragments of the entero-

How Superantigens 
Cause Disease 

RESPONSE TO CONVENTIONAL ANTIGENS 

C onventional foreign antigens 
(left) arouse only those helper 

T cells whose receptors can bind 
the antigens snugly-that is, ex
actly the Tcells needed to fight an 
existing infection. Superantigens 
(right) indiscriminately activate any 
Tcells whose receptors include se
lected V� segments. They there
by arouse millions of helper cells, 
sometimes with dire consequences 
(gold boxes). 

1. About 0.01 percent of helper T 
cells - those specific for a presented 
antigen - bind to the antigen. 

2. Bound cells secrete interleukin-2. 

3. Interleukin-2 causes antigen
specific T cells to proliferate. 

ANTIGEN-PRESENTING CELL 

INTERLEUKIN-2 

INFECTION IS ERADICATED 
Immune system destroys infected 
cells (which display the antigen) 
without hurting healthy cells. 

DAUGHTEF 
CELLS 
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toxin with MHC molecules on cells and 
determining which of the pieces com
bined with the MHC molecules. Most of 
the reactive parts came from one end 
of the enterotoxin, the region called the 
amino terminus. 

During this study, we made a discov
ery that could have therapeutic signifi
cance. We found that amino terminal 

pep tides bind so readily to the MHC 
molecule that they essentially bar the 
intact enterotoxin from binding. The 
pep tides thereby block the enterotoxin 
from stimulating lymphocytes. Such re
active fragments might eventually serve 
as medications to ease food poisoning, 
toxic shock and other disorders. 

Work on the other half of the story, 

RESPONSE TO SUPERANTIGENS 

AUTOIMMUNITY 

FEVER, MALAISE, 
NAUSEA, VOMITING, 
DIARRHEA, SHOCK 
Symptoms are caused by 
excess inter1eukin-2. 

Activation and multiplication of 
the few T cells that recognize the 
self can provoke an attack on 
healthy tissue. 

IMMUNE DEPRESSION 
T cells aroused by superantigens may die after 
activation, making them unavailable to combat 
later infections. At times, though, immune 
depression may help counteract autoimmunity. 

interaction of superantigens with T 
cells, gained prominence in 1989. That 
was the year two different teams con
cluded that MHC -bound enterotoxins 
can activate T cells simply by linking 
up with the V � region of the T cell re
ceptor. Marrack and Kappler and their 
co-workers in Colorado formed one of 
the teams. And Janeway and his group 

1. About 20 percent of T cells (bear
ing receptors for differing peptide 
antigens) bind to the superantigen 
at their V � region. 

2. Bound T cells secrete 
inter1eukin-2, resulting in abnormally 
high levels of the substance. 

3. T cells replicate, generating 
massive numbers of T cells. 
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at Yale made the discovery with Steve 
Buxser of the Upjohn Company. 

Marrack and Kappler's group then 
proposed the term "superantigen" to 
describe such molecules. The word spe
cifically refers to a protein that acti
vates many different T cell clones (each 

NORMAL MOUSE 

ANTIBODIES 

AAAAAAAAAA 

LPS AND ENTEROTOXIN 

A 

with its own peptide-antigen specifici
ty) by binding to selected V � structures. 

Since then, Nicholas R. J. Gascoigne 
and Kristina T. Ames of the Scripps 
Clinic in La Jolla, Calif., found the first 
direct evidence that superantigens must 
be attached to MHC molecules in order 

MOUSE LACKING 
TCELLS 

ANTIBODIES 

AAAAAAAAAA 

LPS AND ENTEROTOXIN 

AAAAAAAAAA 
MOUSE EXPERIMENTS suggest that superantigens can impair immunity by activat
ing suppressor T cells. When LPS, a conventional antigen, was added to blood from 
normal mice (top left) and from those that lack T cells (top right) , the expected oc
curred: LPS stimulated B lymphocytes, the body's antibody makers, to release anti
LPS antibodies. When both LPS and an enterotoxin were added to fresh samples, the 
enterotoxin inhibited antibody production in the normal blood (bottom left) but not 
in the samples lacking T cells (bottom right) . Because the blood differed only in T 
cells, the data indicated that T cells had suppressed the antibodies. 
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to link up with the V � part of a T cell 
receptor. When enterotoxin A was as
sociated with an MHC class II molecule, 
it bound to a particular V � segment on 
a synthetic beta chain. Free superanti
gen by itself, however, could not attach 
to the chain. Linkage to the MHC mol
ecule may change the shape of entero
toxins in a way that makes the site re
sponsible for V � binding accessible to T 
cells, or such linkage may increase the 
site's affinity for the V � region. 

Growing evidence indicates that sev
eral microbial superantigens, including 
proteins made by streptococcal bacte
ria and mycoplasmas, arouse T cells in 
much the way enterotoxins do-that 
is, by docking with particular V � types. 
Substances called minor lymphocyte
stimulating (Mls) antigens, which are 
found in mice, behave similarly. 

The Mls proteins were once thought 
to be native to the rodents, and so they 
were referred to as self-superantigens. 
Now, however, the MIs antigens are 
known to derive from the mouse mam
mary tumor virus (MMTV). The organ
ism is a retrovirus; it incorporates its 
genes into the DNA of mice, who then 
synthesize the viral Mls antigens as if 
the proteins were their own. 

Certain of these or other superanti
gens may well contribute to autoim
mune diseases, in which components 
of the immune system attack normal 
tissue. After all, it seems reasonable to 
guess that arousal of 20 percent of a 
person's T cell repertoire could lead 
to the undesirable replication of the 
few circulating T cells that recognize 
the self. (The immune system normal
ly deletes or inactivates self-reactive T 
cells, but occasionally a few escape the 
surveillance mechanism.) 

Consistent with this notion, T cells 
bearing certain V � types have been im
plicated in various autoimmune con
ditions, including arthritis and multi
ple sclerosis. These findings imply that 
the destructive cells might be activat
ed by a super antigen that binds to the 
identified V� types. Moreover, research 
led by Barry C. Cole of the Universi
ty of Utah has shown that a superanti
gen produced by Mycoplasma arthridi
tis may cause arthritis in rats. 

O n the other hand, some evi
dence suggests that superanti
gens occasionally depress the 

immune system. T cell clones aroused 
by superantigens often disappear or be
come inactive after being stimulated. 
And several groups reported last year 
that at least one Mls superantigen leads 
to the destruction of several subsets of 
T cells in mice. 
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One consequence might be cancer. 
After a large fraction of T cells was 

. destroyed, the immune system would 
presumably have difficulty detecting 
and eliminating cancer cells. Indeed, 
deletion of T cells could explain in 
part why the mouse mammary tumor 
virus-carrying genes that encode MIs 
superantigens-gives rise to tumors. 

Some researchers have also proposed 
that superantigens might contribute to 
the immunodeficiency of AIDS. For rea
sons that are still mysterious, the num
ber of helper T cells in people infected 
with the AIDS-causing human immuno
deficiency virus (HIV) declines dramat
ically, leaving patients vulnerable to se
vere infections that eventually prove fa
tal. Last year Luisa Imberti and Dan
iele Primi of the University of Brescia in 
Italy reported that T cells with cer
tain V � types were notably absent in 
a group of HIV-positive patients-a 
"footprint" that investigators would ex
pect to find if one or more super
antigens were at work. The notion, one 
of several reasonable explanations for 
the T cell death associated with HIV, is 
speculative, of course, but intriguing. 

So far this article has concentrated 
on the link between superantigen-in
duced immune disorders and helper 
T cell activity. But the possible derang
ing effects of superantigens on B cells 
should not be ignored. In studies con
ducted in the 1970s Johnson found 
that staphylococcal enterotoxins some
times enhance antibody production by 
B cells and sometimes inhibit it, de
pending on the initial state of immune 
arousal. Johnson's studies also indicat
ed that inhibition of antibody produc
tion is mediated by suppressor T cells. 

Enhancement and suppression may 
each be destructive. Inhibition of anti
body production can depress immune 
functioning. Overzealous production 
can lead to immune complex disorders, 
in which antibodies attract various 
components of the immune system to 
healthy tissues, clogging them and im
peding normal functioning. 

Research on superantigens is doing 
more than clarifying the causes of dis
ease. It is generating ideas for treat
ment. As we suggested above, synthet
ic peptides might help inhibit super
antigens, by competing for binding sites 
on helper T cells or MHC molecules. 

Strangely enough, controlled delivery 
of selected superantigens might prove 
therapeutic for some diseases. For in
stance, studies in rodents suggest it 
may be possible for certain superanti
gens to knock out undesirable T cell 
populations and thereby quiet autoim
mune attacks on normal tissue. By ad
ministering enterotoxin B to mice, 

CHILD WITH AIDS is being given AZT by his adoptive mother. Some evidence sug
gests that one or more superantigens on the AIDS virus may contribute to the 
lethal depletion of helper T cells in infected individuals. 

Caius Kim and others at the Universi
ty of Toronto have reduced the severi
ty of lupus nephritis, an autoimmune 
disorder. Similarly, by giving the same 
toxin to mice, our group, in collabora
tion with Joel Schiffenbauer and Jeanne 
M. Soos at Gainesville, has protected 
animals against experimental multi
ple sclerosis. Conversely, superantigens 
could be delivered to shore up a de
pressed immune system by stimulating 
T cell proliferation-that is, if the ten
dency of superantigens themselves to 
delete T cells could be checked. 

In support of such treatment scenar
ios, Nathan D. Griggs, also at Gainesville, 
has made the surprising discovery that 
a small fragment of toxin A, like tox
in A itself, can activate human T cells. 

Studies of other proteins have shown 
that fragments often block the activity 
of a full protein (usually by competi
tively occupying the binding site on 
a target molecule) but that they rarely 
mimic the intact protein. Griggs's find
ing suggests that researchers may well 
be able to design superantigenic drugs 
by mixing and matching fragments 
with selected properties. 

The prospect of both treating super
antigen-induced diseases and enlisting 
superantigens to correct immune disor
ders serves as a continuous spur to fur
ther research. These studies are sure 
to identify still other superantigens and 
should offer important insights into 
the causes of and therapies for hereto
fore incurable immune diseases. 
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The International Thermonuclear 
Experimental Reactor 

This tokamak fusion reactor, sponsored by four industrial powers, will be 
the most powerful ever built. By fusing deuterium and tritium, ITER 

should generate more energy than it consumes 

by Robert W. Conn, Valery A. Chuyanov, Nobuyuki Inoue and Donald R. Sweetman 

�their Geneva summit of Novem
ber 1985, Mikhail S. Gorbachev 

and Ronald Reagan discussed 
several topics of worldwide concern: 
strategic defense, arms control and hu
man rights, among others. Unknown to 
many was a statement in the final com
munique that has led to a project with
out precedent in the history of interna
tional cooperation in science and tech
nology. The two leaders called for joint 
work to develop fusion energy "for the 
benefit of all mankind." In response to 
this summit call, scientists and engi
neers at the world's major fusion re
search programs-conducted by the 
European Community, Japan, the Com
monwealth of Independent States (the 
former Soviet Union) and the U.S.
agreed in 1987 to embark on a joint 
venture to design a fusion experimen
tal device. They named it the Interna
tional Thermonuclear Experimental Re
actor-ITER, for short. 

ITER is now about 13 years away 
from completion. Its ability to generate 
more than 1,000 times the power of 
current fusion reactors will make ITER 
the penultimate experiment in the quest 
for a practical device of this kind. The 
scientific and engineering knowledge 
gained from ITER should lead to the 
demonstration of a fusion reactor pow
er station, perhaps within the next 
three decades. 

Indeed, the promise of harnessing 
fusion has led to substantial commit-

PLASMA CHAMBER interior of toka
maks, such as this one of the JT-60 ma
chine in Naka, Japan, is lined with car
bon-fiber composite tiles to protect 
against the tremendous heat generated 
by the plasma. The sides are sometimes 
referred to as the first wall. The ports 
hold equipment that heats as well as 
controls the plasma. 

ments of the four powers involved. 
Last July the participants agreed to em
bark on a six-year effort to produce the 
final engineering design of the ITER 
reactor. Design centers will be located 
at the University of California at San 
Diego, the Max Planck Institute for Plas
ma Physics in Garching and the Naka 
Fusion Research Establishment of the 
Japan Atomic Energy Research Insti
tute. An ITER council, centered in Mos
cow, will provide general oversight. Each 
group has pledged to spend about $40 
million annually to support the design 
team and the required research, devel
opment and testing. 

In the spirit of cooperation (and in 
a bow to diplomacy), the four parties 
agreed to name a European to head the 
central design team, a Japanese to act 
as the principal deputy, a Russian to 
head the San Diego center, an Ameri
can to direct the Garching center, a Eu
ropean to lead the Naka center and a 
Russian to chair the ITER council. The 
fact that these complex appointments 
were made in a relatively brief period 
of less than nine months demonstrates 
the seriousness of all concerned. 

Why the seriousness, why fUSion, 
why now? And what might the ITER 
machine look like, and what will it ac-

complish? We focused on these issues 
when we served on the ITER Scientif
ic and Technical Advisory Committee 
during the first phase of the conceptu
al design. The answers we describe in 
this article are the fruits of the interna
tional team's efforts. They are also the 
result of scientific research that has 
persisted for more than 40 years [see 
"The Engineering of Magnetic Fusion 
Reactors," by Robert W. Conn; SCIEN
TIFIC AMERICAN, October 1983l. 

T he quest for a practical reactor 
continues because fusion liber
ates a tremendous amount of en

ergy from a small amount of fuel. The 
process powers the sun and stars; it 
was first elucidated by Hans A. Bethe 
of Cornell University in the late 1930s. 
To produce energy, fusion reactors will 
rely on two isotopes of hydrogen: deu
terium, which has an extra neutron and 
is sometimes called heavy hydrogen, 
and tritium, which has two extra neu
trons. These nuclei fuse together far 
more effiCiently than any other combi
nation of light nuclei. Ordinary hydro
gen, which the sun burns, fuses much 
too slowly (thank goodness, for other
wise the life of the sun and the uni
verse would be altogether too short). 

ROBERT W. CONN, VALERY A. CHUYANOV, NOBUYUKI INOUE and DONALD R. 
SWEETMAN were ITER advisory committee members during the conceptual design 
phase. Conn, who received his Ph.D. from the California Institute of Technology, is pro
fessor of nuclear engineering and director of the Institute of Plasma and Fusion Re
search at the University of California, Los Angeles. He has served on science and policy 
committees for the U.S. Department of Energy and is a member of the National Acade
my of Engineering. Chuyanov has led several tokamak projects in Russia. He received 
his doctorate from Moscow University and heads the physical engineering department 
at the I. V. Kurchatov Institute of Atomic Energy. Inoue received his Ph.D. from Kyoto 
University and is now professor of nuclear engineering at the University of Tokyo. He 
has served on several technical and policy review committees for the Japanese govern
ment. Sweetman, a plasma physicist at Culham Laboratory in Abingdon, U.K., is also 
chief executive of fusion research of Britain's Atomic Energy Authority. He completed 
his Ph.D. at the University of Birmingham in England. 
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Equally important, the fuel for fusion 
reactors is readily available. Deuterium 
occurs naturally in water: about one of 
every 6,700 hydrogen atoms has a deu
terium nucleus. Tritium is less preva
lent. It is radioactive and has a half-life 
of 12.3 years, so it does not occur nat
urally in large amounts. The isotope, 
however, can be produced from an 
abundant natural stockpile, the geolog
ic deposits of the metal lithium. 

Nuclear fusion reactors also promise 
to be environmentally benign. An acci
dental, runaway reaction cannot occur, 
because the amount of deuterium and 
tritium in the machine at any given time 
is small. Any uncontrolled burning will 
quickly consume all the available fuel 
and then sputter out. Furthermore, the 
fusion of deuterium and tritium gener
ates only energetic neutrons and alpha 
particles (helium nuclei), which are not 
themselves radioactive. The main con
cern about radiation comes from a sec
ondary process. Energetic neutrons can 
transmute the nuclei of the materials 
that make up the reactor structure and 
components. The materials then be
come radioactive. Fortunately, research 
has shown that the proper selection of 
construction materials should be able 
to keep the level of this induced ra
dioactivity very low. 

Despite the years of work on fuSion, 
combining the positively charged nuclei 
to produce useful amounts of ener
gy has proved elusive. To overcome the 
natural electrical repulsion, the nuclei 
must become highly energetic. The deu-

terium and tritium must reach at least 
50 million kelvins (in contrast, the cen
ter of the sun is about 15 million kel
vins). Measured in electron volts (eV), 
this temperature equals 4,500 eV and 
represents the fuel ignition temperature. 

At such temperatures the electrons 
are stripped from the nuclei (in fact, 
only 13.56 eV are needed to ionize hy
drogen). The collection of deuterium 
and tritium, then, is more properly re
ferred to as a plasma, an electrically 
neutral assemblage of positively charged 
nuclei and negatively charged electrons. 

Maintaining the high plasma tem
perature has been one of the crucial 
tasks in fusion research. Energy is lost 
through several processes. For instance, 
the charged particles in the plasma ra
diate electromagnetic energy when they 
interact with one another. Fusion pro
duces tremendous amounts of energet
ic neutrons, which easily escape the 
plasma. Radiation, heat conduction and 
the turbulent convection of plasma par
ticles are just some of the other pro
cesses that lower the plasma tempera
ture over time. 

Of course, one can continually stoke 
the plasma fire by injecting energy 
from the outSide, using radio-frequen
cy waves or beams of high-energy neu
tral particles. There is, however, an 
effiCient, self-sustaining source of addi
tional heat: the energetic alpha parti
cles that are produced. These helium 
nuclei are the primary ash of fusion re
actions. They have about 3.5 million eV 
of energy, and because they are twice 

positively charged they are easily con
fined by magnetic fields. The alpha par
ticles would give up their energy as heat 
if they were to collide with the plasma 
particles. So far no experiment has been 
able to generate a sufficient number of 
energetic alpha particles to compensate 
completely for the heat energy lost. 

Investigators refer to the overall mean 
time for heat to escape the plasma as 
the energy confinement time. This time 
is represented by the Greek letter tau, 
T. The product of the confinement time 
and the plasma density, n, indicates 
the ability of the plasma to retain its 
heat and is called the confinement qual
ity. Practically speaking, for a fusion re
action both to sustain itself and to pro
vide usable energy, m must be greater 
than 2xl02o, in units of seconds and 
particles per cubic meter, at a tempera
ture, T, of 10,000 eV (about 100 million 
kelvins). The objective of fusion re
search, then, is to achieve the triple 
product of n, T and T of about 2 xl 024 
second-eV per cubic meter. 

T he design concept that has come 
the closest by far to achieving 
these conditions is the tokamak. 

Conceived in the early 1950s by the 
Russian physicists Andrei D. Sakharov 
and Igor Y. Tanun, the tokamak derives 
its name from the Russian words for 
toroidal magnetic chamber. The princi
ples behind the device are relatively 
simple. Plasma is first produced in a 
vacuum chamber shaped like a torus, 
or doughnut. A set of electromagnets 
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BREAKEVEN is being approached by current tokamak reac
tors: TFTR, Dm·D, JET and JT-60. To reach this state, the con
finement quality-that is, the product of the plasma density 
and the average time for energy to escape-must be at least 
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5x 1019 seconds per cubic meter. ITER is designed to exceed 
this value by a factor of 10 at a central plasma temperature 
of about 20,000 eV. It thus should reach ignition, in which 
the energy produced by fusion sustains the plasma bum. 
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outside the chamber produces a toroid
al magnetic field along the axis of the 

. doughnut. The field acts like a sleeve 
that maintains the pressure within the 
plasma and keeps the plasma away 
from the chamber walls. 

Another set of external electromag
nets located at the center of the torus 
(the doughnut hole) is used to induce 
current in the plasma that flows in the 
toroidal direction. The current heats 
the plasma to a temperature of about 
1,000 eV. The plasma current produces 
a magnetic field that loops around the 
toroid. This field prevents the plasma 
particles from drifting out of the main 
magnetic confinement region. Finally, 
external conductors generate a vertical 
magnetic field to keep the plasma from 
moving up and down, or in and out, 
within the chamber. 

The former Soviet Union was the 
only country to pursue the tokamak 
concept seriously, until the mid-1960s. 
Then, Lev A. Artsimovich and his col
leagues at the LV. Kurchatov Institute 
of Atomic Energy in Moscow were able 
to lengthen the energy confinement 
time and increase the plasma tempera
ture significantly. Their achievements 
led to worldwide research in tokamaks. 

As a result, the design has advanced 
substantially. In the mid-1970s toka
mak devices reached a temperature of 
3,000 eV and a confinement quality 
value of about 1018 seconds per cubic 
meter. Today the most powerful toka
mak experiments-the Joint European 
Torus (JET), the JT-60 tokamak in Japan, 
and the Tokamak Fusion Test Reactor 
(TFTR) and Dffi-D tokamaks in the U.S.
have achieved plasma temperatures of 
30,000 eV and confinement quality val
ues of 2 xl 019 seconds per cubic meter. 
Overall the triple product of denSity, 
confinement time and temperature has 
increased by more than a factor of 100 
during the past 20 years. 

Last October the team at JET took 
fusion research another major step for
ward. Using deuterium and tritium, JET 
produced more than one million watts 
of fusion power for two seconds. This 
energy exceeds by two orders of mag
nitude the energy produced by previ
ous controlled-fusion experiments. Sig
nificantly as well, the outcome con
firmed the predicted performance. More 
impressive results may come after the 
summer of 1993, when TFTR will begin 
its own deuterium-tritium experiments. 
Researchers hope those reactions will 
generate 30 million watts of fusion pow
er. That amount approximately equals 
the power needed to maintain the plas
ma, a state called breakeven. 

Two other, more subtle indicators of 
progress must also be considered. First, 

TOROIDAL-FIELD 
MAGNET 
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MAGNET VERTICAL-FIELD 
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TOKAMAK PRINCWLE relies on three sets of electromagnets. One series of mag
nets produces a toroidal field that acts as a sleeve to confine the plasma. The cen
tral transformer magnets are used to induce an electric current in the plasma. 
That current, which flows toroidally. heats the plasma. The vertical-field magnets 
act to keep the plasma centered and in stable equilibrium. 

there is beta. It is the ratio of the plas
ma pressure to the pressure exerted by 
the external magnetic field that holds 
the plasma. Essentially, it is a measure 
of the effiCiency by which the magnets 
confine the plasma. For a given plasma 
pressure, the higher the value of beta, 
the smaller the magnetic field-and 
hence the smaller and more economi
cal the magnets can be. In the mid-
1970s experiments had beta values of 
about 1 percent, which is about 2 to 6 
percent less than what is considered 
desirable for practical tokamaks. Re
searchers have been able to increase 
beta through several techniques, such 
as reshaping the plasma cross section 
from a circle into a vertical ellipse. The 
Dill-D tokamak at the General Atomics 
in San Diego has achieved the highest 
tokamak beta value, about 10 percent. 
This value exceeds the desired beta 
substantially and demonstrates an im
portant aspect of the economic practi
cality of these magnetic confinement 
schemes. 

Second, there is the matter of main
taining current flow in the plasma. Re
call that this current is induced by ex
ternal electromagnets. The laws of elec
trodynamics state that an induced 
direct current can be sustained only by 
a magnetic field that grows increasing
ly strong. No current will flow if the 
magnetic field remains constant. The 

external magnets that induce the plas
ma current must therefore generate a 
field that increases indefinitely-a prac
tical impossibility. Instead workers must 
shut down the plasma after a certain 
time and then reset the amount of cur
rent flowing through the magnets to 
the original level. Only an external, 
noninductive means of sustaining the 
plasma current can result in a steady 
plasma operation. 

In 1971 Roy]. Bickerton, Jack W. Con
ner and ]. Bryan Taylor of the Culham 
Laboratory in Abingdon, U.K., suggest
ed a way to maintain the current. They 
predicted the radial pressure gradient 
and viscous forces running parallel to 
the field would combine in sufficiently 
hot plasmas to produce a self-driven, 
toroidal current. Researchers call this 
self-driven electrical flow the bootstrap 
current. Here, finally, seemed to be 
something nature might provide free of 
cost to enable tokamaks to operate 
steadily. Experiments to confirm the ex
istence of the bootstrap current proved 
futile until 1989, when TFTR, and then 
JET and JT-60, finally discovered it. 

The results obtained with the boot
strap current in JT-60 are particularly 
important for practical fusion. In cer
tain cases, up to 80 percent of the 
500,000 amperes of plasma current 
came from the free bootstrap current. 
In separate experiments, workers suc-
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The ITER Tokamak 

This experimental reactor will be the largest tokamak 
ever built, about 25 meters high. The plasma chamber 

itself will measure 4.3 by 8.4 meters. The cutaway view 
(below) shows the essential features of the machine. 
Among the most important are the components for heat 
protection, many of which are now only conceptual 

designs. One such structure (a) would consist of three 
main parts: the first wall, the blanket and the shield. It not 
only insulates but also might produce tritium. Heat from 
the plasma initially encounters the first wall, which 
consists of carbon-fiber composite tiles mounted on water
cooled pipes. The blanket would absorb the neutrons 
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ceeded in sustaining two million am
peres of toroidal plasma current. 

D espite the progress in tokamak 
research, several issues remain. 
Investigators still do not under

stand the fundamental nature of the 
turbulent transport of particles and 
heat across the lines of magnetic force, 
a process that reduces the temperature 
of the plasma. Knowledge of the physics 
of ignition and sustained fusion burn
ing is incomplete as well. ITER will ad
dress these issues. Its prinCipal ob
jectives are to achieve ignited, burning 
plasma conditions that would be typi
cal in a true fusion reactor and to test 
and demonstrate the technologies re
quired for practical fusion. 

Goals for the ITER program were es-
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tablished by an international collabora
tion of 40 to 60 professionals, includ
ing us and our colleagues who served 
on the advisory committee. The team 
worked together for extended periods 
at the Max Planck Institute for Plasma 
Physics, from 1987 to 1990, and the 
members met frequently with the ad
visory committee at the International 
Atomic Energy Agency in Vienna, the 
official host agency for the program. 
After the team defined the technical 
characteristics of the ITER tokamak ma
chine, it proceeded to produce a con
ceptual design for the facility. It then 
developed a plan for the operation and 
research program, an important matter 
because the machine will operate for at 
least 15 years. 

The team also settled on the sched-

ACCESS AND 
MAINTENANCE 
PORTS 

PLASMA CHAMBER 

ACCESS PORT TO 
PLASMA CHAMBER 

ule for ITER. Construction will take 
place from 1997 to 2004; the device 
will be commissioned in 2005. Of 
course, the schedule depends on the 
continued agreement of the partici
pants. Political factors make a guaran
tee difficult. We expect, however, that 
the countries should be able to decide 
on the construction site within four 
years, although they will still have an
other year before rendering a final de
cision to proceed. 

We estimate $1 billion will be spent 
to complete the engineering design and 
perform related research and develop
ment. That cost is to be divided equal
ly among the four powers involved and 
spread over the six-year design period. 
The construction cost is estimated to 
be about $5.8 billion during the six to 
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produced in the reaction. To breed tritium, the blanket might contain lithium 
and perhaps beryllium in stainless-steel rods. The shield might consist of 
stainless-steel structures cooled by water and would absorb radiation as well as 
heat. Another important component is the divertor target plate (b), which 
would absorb the energy of the charged particles from the plasma. It might be 
constructed of carbon-fiber composite tiles mounted on water-cooling tubes. 
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seven years needed to build ITER. 
Whether the construction cost will be 
evenly divided among the participants 
or whether the country hosting the 
project will pay more so as to counter
balance the benefits to its local econo
my remains to be determined. During 
construction, an additional $500 million 
is required for research and develop
ment. Summing these figures gives a 
total design and construction cost of 
about $7.5 billion over 13 years. 

After construction, the ITER program 
will consist of two principal stages. The 
first, called the physics stage, will last 
six to eight years. During this phase, 
workers will attempt to achieve ignited, 
burning plasma conditions similar to 
those in a working fusion reactor. After 
initial start-up and full testing, the re-

search effort will focus on the steady 
operation of the plasma and on the 
technical requirements for deuterium 
and tritium fusion. Researchers will 
also investigate the effects of alpha-par
ticle heating of the plasma, the dynam
ics and control of the plasma burn, and 
the diffusion and removal of the heli
um after it has given up all its energy. 

The next stage will be a multiyear 
program focusing on technology and 
engineering. Many technologies will 
have already been demonstrated in the 
physics phase-most notably, the oper
ation of the superconducting magnets, 
the plasma heating and current mainte
nance systems, the refueling and ash 
exhaust devices, the remote mainte
nance tools and the external support 
systems. As such, the technology phase 

will test the integrated performance and 
durability of the equipment as well as 
alternative materials and designs. 

The design and engineering should 
yield an ITER reactor that can generate 
1,000 megawatts from the fusion of 
deuterium and tritium. The achievement 
will be a considerable one. The project
ed fusion power output is three orders 
of magnitude greater than that achieved 
by JET, the most powerful fusion reac
tor today. The plasma system will oper
ate initially in a pulsed mode, sustaining 
the operation for more than three min
utes before the current in the trans
former magnets needs to be reset. Even
tually the plasma should be able to func
tion steadily, using some combination 
of the naturally occurring bootstrap 
current and a supplementary system to 
drive the current. Such a system is now 
being studied by ]T-60 and TFTR. The 
plasma current should reach about 25 
million amperes, exceeding the current 
used in JET by 20 million amperes. The 
dimensions of the ITER tokamak will be 
roughly twice that of the largest now 
operating: the elliptical cross section of 
the torus will be 4.3 meters wide and 
8.4 meters high, and the major radius 
will be somewhat more than six meters. 

To confine the plasma, 16 D-shaped, 
superconducting magnets will generate 
the strong toroidal magnetic field. At 
14.8 meters high and 7.1 meters wide, 
these superconducting magnets will be 
the largest in the world. Liquid helium 
will keep the superconducting wire, 
made of a niobium-tin alloy embedded 
in copper, at about 4.5 kelvins. The su
perconductor will be able to carry 
35,000 amperes of current. Each mag
net will have 240 turns of this wire. 

The system will thus be able to gen
erate a magnetic field of 4.85 tesla at 
the center of the plasma. But because 
of the toroidal nature of the confine
ment, the maximum field produced on 
the vertical inner leg of the D is 1 1.2 
tesla. This field, which is 200,000 times 
the average magnetic field of the earth, 
stores more than eight times the energy 
of today's tokamak magnets. Other su
perconducting magnets will produce the 
transformer flux and shape the plasma 
cross section. 

The superconducting magnets must 
be kept insulated from the nearby plas
ma. The immense amount of heat from 
the fusion reactions would make refrig
eration of the magnets impractical. 
More important, the energetic neutrons 
released in the reaction would damage 
the magnet materials. These neutrons 
make up 80 percent of the heat re
leased by each fusion reaction. The re
maining 20 percent is deposited in the 
plasma by the alpha particles. The plas-
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ma heat escapes in the form of electro
magnetic radiation (primarily x-rays) 
and charged particles that have man
aged to diffuse away from the main 
body of the plasma. 

The torus chamber facing the plasma 
is the first layer of heat protection. 
Called the first wall, it will be construct
ed of stainless-steel panels cooled by 
water. Armor tiles of carbon-fiber com
posite material will protect the pan
els against melting and fatigue. This 
arrangement is similar to an existing 
structure that operates in an extreme 
environment: the underbelly tiles of the 
space shuttle, which protect the craft 
during reentry. These tiles, which can 
be removed for maintenance, should be 
able to operate at temperatures above 
1,800 kelvins and will radiate most of 
the heat they absorb. 

The heat escaping as charged par
ticles will follow the lines of magnetic 
force to the top and bottom of the plas
ma chamber. There a special system of 
plates known as the divertor will ab
sorb about 100 megawatts. The diver
tor is one of the most critical parts of 
the ITER machine, for the power load
ing can approach 25 million watts per 
square meter. In contrast, the average 
solar radiation reaching the earth's out
er atmosphere is about 1,300 watts per 
square meter. Again, carbon-fiber com
posite tiles bonded to a cooled heat sink 
have been proposed for the divertor, 
but much research and development 
remains. 

B ehind the first wall will be a 1.5-
meter-thick system called the 
blanket and shield. This system 

is the centerpiece of the ITER technolo
gy phase and is the only main system 
that has never been tested. Researchers 
have proposed several designs. The final 
one will be decided sometime in the 
next six years, during the engineering 
design phase. 

One proposal illustrates the essential 
features of the system. It calls for the 
blanket to consist of hollow, stainless
steel rods. Inside these rods would be 
spheres, one millimeter in diameter, of 
a lithium ceramic, such as lithium ox
ide or lithium aluminate. (Alternatively, 
the lithium could take the form of lay
ers of sintered material.) Water coolant 
would pass outside the rods to remove 
the heat, keeping the spheres inside be
tween 670 and 870 kelvins. 

Structured this way, the blanket 
should be able to remove most of the 
energy of the neutrons (in the form 
of heat). The neutrons will be slowed 
enough to be efficiently absorbed by the 
blanket. The absorption is actually a 
means to generate, or breed, more fuel. 
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Natural isotopes of lithium, especially 
lithium 6, readily take in energetic neu
trons and disintegrate into helium and 
tritium. In fact, more tritium can be pro
duced than is consumed if researchers 
incorporate some beryllium in the blan
ket. When beryllium absorbs a high-en
ergy neutron, it produces two addition
al, secondary neutrons that can be cap
tured by the lithium. 

The tritium produced in the rods 
will diffuse from the lithium ceramic 
spheres. Low-pressure helium gas pass
es inside the steel tubes, purging them 
and carrying the tritium to a recov
ery and recycling system. The gas also 
serves to promote transfer of heat 
from the pack of lithium spheres to the 
walls of the container tube. 

Behind this zone of tritium breeding 
and heat removal is the final barrier to 
the magnets: the water-cooled shield. 
Although primarily constructed of stain
less steel, the shield will also contain 
lead and boron carbide. That combina
tion is effective in attenuating the neu
trons that escape the blanket. For each 
watt of neutron power that crosses the 
first wall, less than 60 microwatts of 
heat reach the magnet system. Further
more, the shield blocks the gamma rays 
that are generated when neutrons in
teract with the atoms of the blanket. It 
thus serves to protect workers and the 
public from exposure to the radiation. 

Many other systems will have to be 
developed for a fully functional ITER 
reactor. For instance, a means to inject 
deuterium and tritium is needed to re
plenish the plasma. An exhaust system 
must be able to remove helium and 
maintain a vacuum in the torus. The ra
dioactivity of the torus means robots 
are necessary for maintenance. 

A true fusion power plant, one that 
produces electriCity, will ultimately re
quire a way to recover the heat generat
ed by the reaction. The coolant of the 
blanket and shield would serve this 
purpose. It would be used to carry the 
approximately 2,500 megawatts of heat 
energy produced by the reactor. The 
coolant would give up its heat via a 
steam generator. The steam would then 
drive a turbine to produce about 1,000 
megawatts of electric power. 

Although the ITER reactor itself will 
be built to test the integrated compo
nents of a tokamak, it will not produce 
electricity. The requirements for an elec
tricity-generating reactor will be tested 
in the second part of the ITER operat
ing program, which may mean the ma
terials and designs in the basic ITER 
machinery must be modified. 

This second part of the ITER program 
will therefore be devoted to studying 
new materials and concepts that may 

be more suited to a power plant. For 
the blanket and shield, investigators 
will test materials such as vanadium al
loys and fiber-reinforced ceramics made 
of silicon carbide, which do not become 
nearly so radioactive as stainless steel. 
Researchers have also proposed using 
lithium or a lithium-lead alloy in liquid 
form to generate the tritium. As a liquid, 
the lithium would also act as a coolant. 

T o test the appropriateness of the 
designs, one must fix the inten
sity of the neutron flux high 

enough so that the results are scalable 
to a power station. In ITER the flux of 
primary fusion neutrons will be 1.2 
megawatts per square meter-sufficient 
to observe how effectively a particular 
blanket and shield design will perform. 
Changes in thermal and physical prop
erties of the ceramics will be observable 
in about one month of continuous expo
sure, or its equivalent. After one to three 
years, the changes in the properties of 
metal structures can be explored. 

Because of the length of these prop
erty-change tests, they may be carried 
out in a separate, much smaller fusion 
machine rather than in ITER itself. Tests 
performed in ITER will require the de
vice to function continuously for one 
week or more at any given time. When 
one combines the number of tests with 
the time for each and the variety of de
signs, it becomes apparent why a pro
gram covering many years is necessary. 
The program also demonstrates the 
importance of the ITER technology mis
sion as a pilot fusion power station. 

The ITER program may also be 
breaking new ground in another sense. 
"Big science" projects, such as the Su
perconducting Supercollider and the 
Human Genome Project, now push at 
the limit of u.S. resources. In contrast, 
ITER has been fully international from 
its conception. It may be demonstrat
ing a new paradigm for large-scale sci
entific projects. But even if it does not, 
we can be assured ITER will take us to 
the next frontier of fusion research. 
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Solid Acid Catalysts 
Great progress has been made in the design of these important 
industrial materials. Some novel solid acid catalysts can reduce 

the emission of environmentally harmful products 

H idden among the tiny galleries, 
pores and cavities of solid acid 
catalysts is the basis for much 

of the manufacturing industry. Within 
their internal pathways and chambers, 
these agents-like other catalysts
speed up reactions that would occur 
at much slower rates in their absence. 
But, unlike other catalysts, solid acids 
offer the potential for superior effec
tiveness and environmental integrity. 

Every year more than a trillion dol
lars' worth of goods is manufactured 
with the aid of man-made catalysts. 
Without them, fertilizers, pharmaceu
ticals, fuels, synthetic fibers, solvents 
and surfactants would be in short sup
ply. Indeed, 90 percent of all manu
factured items entail catalysis at some 
stage of production. Because these 
agents play such a pivotal role in petro
chemical and other industries, chemists 
and materials scientists are forever 
searching for novel catalysts and seek
ing to improve those already in use. 

This quest has now assumed fresh 
urgency. New and pending industrial 
legislation in the U.S., Europe and other 
countries requires more stringent envi
ronmental protection. For instance, it 
will soon become illegal to release into 
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the atmosphere such products as the 
carcinogen benzene, which is a compo
nent of gasoline. Other substances sub
ject to regulation include poisonous 
carbon monoxide, corrosive and reac
tive oxides of sulfur and nitrogen, as 
well as carbon dioxide and volatile hy
drocarbons, which contribute to the 
greenhouse effect. 

As ingredients of important industri
al processes, catalysts have a crucial 
part to play in suppressing or altogeth
er eliminating the generation of these 
environmentally detrimental products. 
Thanks to continuing research, it is be
coming feasible for some catalysts to 
yield transport fuels that are essential
ly free of benzene. Other catalysts can 
produce gasoline components that 
boost octane ratings, thereby enhanc
ing engine performance and diminish
ing the need for lead [see "Bimetallic 
Catalysts," by John H. Sinfelt; SCIENTIF
IC AMERICAN, September 19851. 

Yet many of the effective catalysts, 
including those that could be used 
to limit toxic by-products, have draw
backs. Often they themselves are high
ly toxic or corrosive acids in liquid form, 
such as hydrogen flouride. In 1989, for 
instance, 44 million tons of sulfuric 
acid and 12 million tons of phosphoric 
acid were used industrially in the U.S.
albeit not all for catalysis. These acids 
corrode storage and disposal contain
ers and can be dangerous to transport 
and handle. In addition, because the re
agents are mixed into the acids, sepa
rating the products of the reaction from 
the liquid is often a difficult and ener
gy-consuming process. 

Apart from making it easy to har
vest the reaction products, solid acid 
catalysts can also allay concerns about 
safety and environmentally hazardous 
emissions. Because these solids hold 
their acidity internally, they are easy 
to handle-they can even be held safely 
in the palm of one's hand. Moreover, 
they are very effective: some of them 
exceed the acidity of concentrated sul
furic acid by a factor of more than 10 

million. Roughly half the catalytic reac
tions involved in manufacturing use 
them as the vital agents of change. 

Superior solid acid catalysts are need
ed for existing industrial processes and 
for environmental considerations. Work 
on designing more effective, innovative 
solid acid catalysts has been advancing 
steadily over the past few decades. Re
cently the refined techniques of solid 
state chemistry and computer model
ing have allowed researchers, myself in
cluded, to tailor several different forms 
of solid acid catalysts. �thOUgh they differ in structure 

from liquid acids, solid acid cat
alysts work on the same princi

ple. Acids are characterized by their 
ability to give up hydrogen ions, or 
protons: H+. Strong acids readily give 
up large numbers of these ions. Pro
tons are often released from such en
tities as ionizable hydroxyl groups in 
which the bond between oxygen and 
hydrogen is severed to yield 0- and H+. 
Protons may also be released from hy
drated ions, such as H30+ or HS02+' 

The ability to lend protons makes 
acids valuable as catalysts. When a reac
tant receives and incorporates protons 
from an acid, it forms what is called a 
reactive intermediate. This positively 
charged intermediate changes shape 
and configuration. Then it may follow 
one of two courses. The intermediate 
may simply shed a proton (returning it 
to the catalyst), thereby forming an iso
mer-a compound having the same 
molecular composition as its parent but 
a different molecular structure. Or the 
intermediate may undergo further re
action, which culminates in the creation 
of a new molecule. Again, the proton is 
returned to the catalyst. 

Among the first kinds of solid acid 
catalysts to be used industrially were sil
ica-alumina gels. These agents catalyze 
the cracking of hydrocarbons-the pro
cess by which the complicated, bulky 
molecules that make oil viscous are con
verted into smaller molecules with high 

© 1992 SCIENTIFIC AMERICAN, INC



volatility, like those of gasoline. Silica
alllllllna gels have no defined structure 

. and contain many micropores, which 
range in diameter from a few to a few 
hundred angstroms (10 millionths of a 
millimeter). Lining each micropore are 
loosely attached protons that provide 
the acidic catalytic activity of the gel. 

Some characteristics of silica-alumi
na gels-especially their highly variable 
pore size and their amorphous quali
ty-make them less than ideal catalysts. 
These compounds tend to lose their 
activity during hydrocarbon cracking 
because large carbonaceous products, 
created by the polymerization of some 
of the initial products of catalysis, 
form in their cavities. As a result, many 
unwanted side reactions occur, until 
the products accumulate and clog the 
pores. In addition, because the gels, 

unlike crystals, have no regular struc
ture, their protons are unevenly dis
tributed, and it is therefore difficult to 
control catalysis precisely. 

In the mid-1960s silica-alllllllna gels 
were for the most part replaced by more 
effective solid acid catalysts called zeo
lites. These "boiling stones" (from the 
Greek zeo, to boil, and lithos, stone) are 
highly porous crystals laced with mi
nute channels that range in diameter 
from three to eight angstroms [see 
"Synthetic Zeolites," by George T. Kerr; 
SCIENTIFIC AMEruCAN, July 1989l. Zeo
lites do not share the disadvantages of 
silica-alllllllna gels. The pores inside 
these remarkable crystalline structures 
are so small that the creation of large 
molecules leading to carbonaceous 
buildup is greatly suppressed. 

Depending on a zeolite's precise 

atomic architecture, as much as 50 
percent of its volume may be com
posed of pores. Essentially all the atoms 
that constitute its framework structure 
are accessible to any molecule small 
enough to enter the internal network 
of channels. In other words, most atoms 
in a zeolite are surface atoms. If a 
spoonful of an acid zeolitic catalyst 
were spread out to a thickness of one 
molecule, it would have an area larger 
than that of a baseball field. 

In addition to the extensive surface 
area, a well-defined, regular microenvi
ronment surrounds the detachable pro
tons in the cavities of zeolites. The pro
tons, or active sites, are therefore evenly 
distributed through the entire internal 
structure. Although it is extremely dif
ficult to determine the number and na
ture of active sites in many other types 

POROUS SHEETS of aluminophosphates-like this one-soon 
may be adapted to serve as solid acid catalysts, if hydro
gen ions can be introduced so as to make the pores in these 

sheets acidic. The different colors mark the bonds between 
various atoms: aluminum (yellow), phosphorus (purple), oxy
gen (red), carbon (green) and nitrogen (blue). 
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of solid catalysts, such determinations 
are easily made for zeolites. We know 
that some of them, for example, have 
as many as 10 million trillion active 
sites per gram lining their pores. 

Indeed, the realization that measure
ments from the realms of surface sci
ence and solid state science were one 
and the same with regard to zeolites led 
to a greater understanding of these ma
terials. In 1980 my students at the Uni
versity of Cambridge and I embarked 
on a series of solid state chemical ad
ventures that brought to light many 
facts about a range of new zeolitic cat
alysts. For instance, in collaboration 
with Anthony K. Cheetham of the Uni
versity of Oxford, we used the scatter
ing of neutrons, or neutron diffraction, 
to determine precisely the nature of the 
site of the detachable proton in the hy
drocarbon-cracking catalyst lanthanum 
ion-exchanged zeolite-Y, or La Y. 

In inorganic catalysts, just as in en
zyme catalysts, a knowledge of the de
tailed structure of the active site pro
vides the beginning of wisdom. Such 
understanding is the basis for the ra-

tional design of improved catalysts. Be
cause protons scatter neutrons more 
intensely than they do x-rays, protons 
are rendered more visible when exposed 
to beams of neutrons. We have, howev
er, also used x-ray diffraction, magnet
ic resonance spectroscopy, high-resolu
tion microscopy and many other tech
niques to reveal the secrets of the 
composition and framework structure 
of these catalysts. 

One of the most important qualities 
of zeolites that has become more ap
parent, partly through electron micro
scope imaging techniques, is their abili
ty to exhibit shape-selective catalysis. 
This principle, the study of which was 
initiated in the early 1960s by Paul B. 
Weisz and his colleagues at Mobil Re
search and Development Corporation, 
is quite simple. When reactions take 
place within the tiny pores of a particu
lar zeolite, only those product mol
ecules that readily fit into and migrate 
along the channels will emerge. In other 
words, the shape of the cavities can 
control the shape of the product of the 
catalyzed reaction. 

Many industrially important reac
tions are catalyzed by a solid acid cata
lyst called ZSM-5, which operates using 
the concept of shape selectivity. A good 
example is the synthesis of para-xy
lene, the precursor of nylon. When mol
ecules of the chemical toluene combine 
with methyl alcohol in a ZSM-5 catalyst, 
only the commercially desirable, rod
shaped molecules of para-xylene are 
released-not the less desirable, boom
erang-shaped molecules of artha-xy
lene. This catalyst also yields ethyl
benzene when ethylene is added to 
benzene-without the use of aluminum 
trichloride, a chemically unpleasant and 
environmentally harmful catalyst. Ethyl
benzene is the precursor of styrene. 

David R. Corbin and his associates at 
Du Pont have ingeniously extended the 
strategy of shape-selective catalysis by 
using an acid zeolite called Rho. Rho, 
which was first synthesized by Richard 
Barrer of Imperial College in London, 
brings about the production of methyl
amines from methanol and ammonia. 
A standard acid catalyst, like a silica
alumina gel, yields three progressive-

Some Important Reactions That Use Solid Acid Catalysts 

PROCESS 

HYDROCARBON CRACKING 
Large viscous molecules are converted 
into a series of smaller, more volatile ones. 

DISPROPORTIONATION 
OF AROMATIC COMPOUNDS 
Two molecules of one compound are 
catalytically rearranged into two dif
ferent compounds. 

ALKYLATION 
A hydrocarbon fragment is added to 
an organic compound through the use 
of an alkene such as ethylene or 2-
methyl propene. The process is regard
ed as the reverse of cracking. 

CONVERSION OF METHANOL 
TO GASOLINE 
Methanol, a relatively abundant chemi· 
cal compound, is readily transformed 
into a source of fuel. 

SYNTHESIS OF METHYL TERTIARY 
BUTYL ETHER (MTBE) 
This valuable gasoline component, 
which boosts octane ratings and there· 
by engine performance, is formed 
through acid catalysis. 

FORMATION OF ETHYL ACETATE 
This important solvent and component 
of perfumes and flavorings can be made 
from ethylene and acetic acid. 
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2(C6H5CH3) 

TWO TOLUENES 

C6H6 + C2H4 

BENZENE ETHYLENE 

CH2C(CH3)2 + (CH3l3CH 

2-METHYLPROPENE ISOBUTANE 

n(CH30H) 

METHANOL 

CH30H + CH2C(CH3)2 

METHANOL 2-METHYLPROPENE 

C2H4 + CH3COOH 

ETHYLENE ACETIC ACID 

EXAMPLE 

CATALYST 

) 
La Y 

ZSM-5 

ZSM-5 

ACIDIC 
CLAY 

) 
ZSM-5 

ACIDIC 
CLAY 

ACIDIC 
CLAY 

) 

) 

) 

) 

) 

n(C2H4) + n(C6H6) + n(C4Ha) 

ETHYLENE BENZENE BUTENE 

C6H6 + CaH10 

BENZENE XYLENE 

C6H5C2H5 

ETHYLBENZENE 
(PRECURSOR OF STYRENE) 

(CH3l3CCH2CH(CH3)2 

ISOOCTANE 

n(CH2) + n(H20) 

GASOLINE WATER 

CH3COOC2H5 

ETHYL ACETATE 
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FOUR KEGGIN IONS (left) are composed of a central atom of sil
icon or phosphorus (tiny yellow), surrounded by oxygen (red) 
and molybdenum or tungsten (larger yellow). Structures made 

up of Keggin ions absorb polar molecules (red and white), 
which have a slight electrical charge, to become swollen 
quasiliquids (right) with a large surface area and high acidity. 

ly more bulky types of methylamines
let us call them a, band c-in the ther
modynamically predicted proportions 
15:23:62. The methylamines are pro
duced in those proportions because the 
pores of the catalyst permit the free 
movement of each product. 

In acid zeolite Rho, however, the 
pore size is restricted, so that little of 
the bulkiest methylamine (c, or trimeth
ylamine) can migrate out. The prod
uct ratio therefore becomes 14: 86: 04. 
Dimethylamine, or b, is an important 
chemical building block for synthet
ic resins, fibers, dyes and pharmaceu
ticals. It is obviously favored in high 
yield. By taking advantage of the cavi
ties of Rho, a more desirable product 
can be generated. 

T he large surface area and the 
many active sites of zeolites 
make them very effective cata

lysts. Yet whereas zeolites provide a 
more or less rigid three-dimensional 
network of interconnecting channels for 
catalysis, some inorganic solids offer 
two-dimensional access to their inte
riors. The two-dimensional solid acid 
catalysts can be almost as effective as 
zeolites for certain reactions. 

Indeed, high-area solid acids that are 
entirely different from zeolites can be 
designed and manipulated so as to cre
ate microenvironments conducive for 
controlled catalysis. Studies that my 
colleagues and I started 20 years ago 
at the University College of Wales in 
Aberystwyth have led to the develop-

ment of such a series of novel solid 
acid catalysts, called modified clays. 

My work on the catalytic properties 
of solid acids began almost by acci
dent. As a physical chemist, I wanted 
to investigate the dynamics of the sand
wichlike compounds that form when 
molecules are incorporated, or interca
lated, into the spaces between the indi
vidual sheets of clays. Clays are some 
of the most abundant, porous and be
nign materials on the earth. They are 
composed of layers of atoms, almost 
invariably silicon, oxygen, aluminum or 
magnesium in crystalline form. In most 
clays the layers themselves have a neg
ative charge and are held together by 
the positive charge of sodium and cal
cium ions that reside in the interlamel
lar spaces between the layers [see "The 
First Organisms," by A. G. Cairns-Smith; 
SCIENTIFIC AMERICAN, June 1985]. 

My colleagues and I were particularly 
interested in understanding the phe
nomenon of intercalation, and we also 
wanted to improve the characterization 
of clays using new techniques based 
on x-rays, neutrons and electrons. In 
collaboration with Howard Purnell and 
James A. Ballantine of the University 
College of Swansea, my students and I 
made two modest discoveries that later 
proved exceptionally useful in the for
mation of solid acid catalysts. 

First, we established it was easy to 
replace the sodium, calcium or other 
alkaline earth ions in the interlamellar 
spaces with hydrated protons in the 
form H30+. In particular, we studied 

this process in a clay called montmoril
lonite, which is composed of alumino
silicate layers. Such substitution of ions 
did not change the integrity of the clay. 
By altering the ions in the interlamellar 
spaces, we had simply changed a salt 
clay into an acidic one. 

Second, we discovered the remark
able facility with which these clays cat
alyzed certain reactions. For example, 
alkenes such as hexene, an unsaturated 
hydrocarbon, could be combined with 
water in the interlamellar spaces to 
produce dihexyl ethers-important sol
vents. The protons stationed in the in
terlamellar space successfully served 
as catalytic agents. It soon became ap
parent that the acidic clays we had cre
ated could catalyze many commercial 
reactions, some of which have now tak
en on environmental significance. 

A particularly exciting discovery was 
the ease with which our acidic clay 
catalyzed the formation of ethyl acetate, 
an important industrial solvent and an 
essential ingredient of perfumes and 
flavorings. More than 100,000 tons of 
this fragrant, colorless liquid are manu
factured every year, normally by two 
separate catalytic steps. The first step 
uses concentrated sulfuric acid as a cat
alyst to hydrate ethylene into ethanol. 
The second uses sulfuric acid to acceler
ate the joining of ethanol with acetic 
acid to yield water and ethyl acetate. 
But these steps are less than ideal. Not 
only do they use a liquid corrosive acid, 
but the water eliminated during the sec
ond process dilutes the acid, weakening 
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PORES OF ZEOUfE ZSM-5, which mea
sure 5.5 angstroms in diameter, are 
seen as regular white patches in an 
electron micrograph (bottom left). A 
model of a single pore (upper left) 
shows the atomic arrangement of sil-

icon (yellow) and oxygen (red). If a silicon atom is chemically 
replaced by an aluminum atom (blue), a hydrogen ion (white) 
attaches to an oxygen atom to preserve the structure's elec
troneutrality (center). This proton gives the pore its catalytic 
acidity. When a reagent such as methanol incorporates the 
proton (right), it becoms a reactive intermediate. 

it so that great quantities are required. 
But our acidic clay could form ethyl 

acetate in one step, obviating the need 
for the potent liquid sulfuric acid. The 
solid acid catalyst also circumvents the 
problem of dilution because no water 
is produced when intercalated acetic 
acid is combined with ethylene to form 
ethyl acetate. 

Not all clays make effective catalysts, 
however. Some have impurities that 
render them unstable. Clays from cer
tain geologic provenances-montmoril
lonite from Wyoming, for example
have small amounts of transition-metal 
impurities in their layers. Despite their 
low abundance, these impurities in
duce side reactions that interfere with 
the main reaction to be catalyzed. 

Clays that are free of such impurities 
make valuable catalysts, ones that can 
curb the production of environmentally 
adverse compounds. One of the fastest
growing additives for gasoline is methyl 
tertiary butyl ether (MTBE). This com
pound is a favored octane booster in 
the new generation of lead-free gaso
lines. MTBE also diminishes the vapor 
pressure of the fuel, so that liberation 
of greenhouse gases is reduced when 
an engine idles. It has the added advan
tage of contributing oxygen to the fuel, 
facilitating more complete combustion. 
As a result, the fuel releases less car
bon monoxide and other pollutants. 

Our acid montmorillonite, which is 
free of transition-metal impurities, 
proves very efficient in catalyzing the 
formation of MTBE from methyl alco
hol and 2-methylpropene at temper
atures less than 100 degrees Celsius. 
The currently favored catalysts for this 
process are sulfonated resins, which 
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contain sulfur that ultimately con
tributes to soil pollution when the cata
lysts are discarded. The clay catalyst, 
however, exists in harmony with the 
environment, and disposed quantities 
of it may be safely used as landfill. 

Work carried out recently in Japan 
on a totally different kind of solid acid, 
called a heteropoly acid, had its origins 
in a discovery made in 1834 by the 
Swedish chemist Jons Jakob Berzelius. 
Berzelius, apart from coining the term 
"catalysis," found a new kind of acid; 
100 years later x-ray crystallographer 
JD.F. Keggin determined the structure 
of this class of acid. He found that 
these oxygen-rich compounds include 
a central atom-either phosphorus, ar
senic, silicon or germanium-and atoms 
of molybdenum or tungsten as well as 
high concentrations of detachable pro
tons. The heteropoly acids were subse
quently named Keggin ion systems. 

J
ust as clays swell when they take 
up water and organic molecules, 
so do heteropoly acids. These com
pounds can incorporate ample 

quantities of water and a range of oth
er polar molecules-those that have no 
overall electrical charge but have one 
slightly negative end and one slightly 
positive end. 

The resulting swollen solid is a quasi
liquid in which hydrated protons and 
other incorporated molecules have great 
mobility, just as they do in the inter
lamellar spaces of other acid catalysts. 
Reactants have access to many protons 
in such a swollen system because the 
surface area is large, just as it is in 
three-dimensional catalysts, such as ze
olites. The precise molecular details of 

the swelling process remain a mystery. 
Yoshio Ino and Makoto Misono and 

their colleagues at the Tokyo Institute 
of Technology and Tokyo University 
have demonstrated catalytic capabili
ties for these solid Keggin ion systems. 
In particular, they have been able to 
convert alkenes such as ethylene and 
propylene into alcohols such as ethyl 
alcohol and isopropanol, which are in 
great demand. Normally, corrosive liq
uids, including concentrated sulfuric 
acid, are used for this reaction. 

Although Keggin ion acid catalysts 
lack the shape selectivity of zeolites, it 
has become possible to insert positive
ly charged, aluminum-rich analogues of 
the Keggin ions into the interlamellar 
spaces of clays. The study of the result
ing pillared clays, pioneered by Barrer, 
has been actively pursued by D.EW. 
Vaughan of Exxon Research and Engi
neering Company in New Jersey. 

Pillaring the clays for catalysis has 
two benefits. First, this process renders 
the interlamellar space of the parent 
clay two-dimensionally porous. Also, 
the process confers thermal stability 
on the clay by preventing the collapse 
of the layers during heat treatment. Pil
lared clays do not, however, seem to be 
sufficiently able to withstand the severe 
conditions required for the catalytic 
cracking of oil. But they do show great 
promise as clean and effective acid cat
alysts for the production of esters and 
ethers, which are in ever increasing de
mand as commodities in myriad manu
facturing processes. 

Clearly, great strides have been taken 
in designing viable solid acid catalysts 
that can serve as alternatives to the 
harmful liquids or inferior solids cur-

© 1992 SCIENTIFIC AMERICAN, INC



rently in use. But the demanding goal 
of producing ever cleaner fuels remains . 

. As oil supplies dwindle, hydrocarbons 
from the bottom of the barrel will be 
used to make fuels. This heavier oil is 
richer in contaminants and must there
fore be catalytically cracked in a way 
that suppresses the release of sulfur
rich or nitrogenous by-products. In ad
dition, automobile gasoline must be 
devoid of benzene. Most demanding of 
all, solid acids must be found that are 
capable of catalyzing the production of 
isooctane from the alkylation of butane 
by 2-methylpropene, the key reaction in 
the production of high-octane gasoline. 

Several strategies can be used to 
achieve these goals. One approach is 
to exploit the vast range of micro
porous structures composed of alumi
nophosphates. A decade ago Stephen 
Wilson and Edith Flanigen and their 
colleagues at Union Carbide reported 
finding a wide variety of aluminophos
phate, or ALPO, molecular sieves. Some 
of the sieves had framework structures 
like those of zeolites; others were quite 
novel. The Union Carbide group and 
others-notably, Mark E. Davis of the 
California Institute of Technology, Jo
seph V. Smith and his group at the Uni
versity of Chicago and Charis Theoc
haris and his colleagues at BruneI Uni
versity in England-discovered that 
many metal ions, such as cobalt, zinc, 
magnesium and manganese, could re
place aluminum ions. This substitution 
led to the creation of several solid acids. 

The precise acidity of the resulting 
solid depends in part on the 
structure of the molecular sieve 

and in part on the nature of the metal 
ion. In general, ALPOs in which the alu
minum has been partly replaced with 
magnesium tend to be more acidic than 
their manganese or cobalt counterparts. 
Much more investigation is required be
fore we can tell whether these three-di
mensional inorganic templates can 
function as powerful catalysts. 

My own work, carried out with Ri
chard Jones in association with Ruren 
Xu and Jiesheng Chen of Jilin Universi
ty in China, has led to the discovery of 
a structure with porous sheets of alu
minophosphates. This structure is an 
intermediate between the three-dimen
Sional zeolites or ALPOs and the two
dimensional clays. Although this con
structed solid is not intrinsically acidic, 
it should be possible to manipulate this 
faSCinating structure so as to confer on 
it the appropriate acidity. 

Another approach to the creation 
of solid acids is to adapt the structure 
and properties of existing zeolites sub
tly, using computational chemistry as 

TWO SOUD ACID CATALYSTS, Theta-l (top) and ZSM-5 (bottom), have pores that 
are similar in size to the diameter of two isomers of butene: 2-methylpropene 
(green and white), which is commercially valuable, and I-butene (not shown), 
which is less so. Because of the shape of the pores, both catalysts isomerize 1-
butene into 2-methylpropene. Unneeded by-products can also form in ZSM-5, how
ever, making it less effective than Theta-l for this process. 
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PIllARED CLAY, depicted here as a polyhedral model, is a form of solid acid cata
lyst that combines acidic clays with Keggin-like ions_ The clay layers are composed 
of silicon (blue) and magnesium (purple). The Keggin-like ions-composed of oxy
gen (red) and aluminum (yellow)-reside in the spaces between the layers. 

a guiding principle. Indeed, synthesiz
ing known zeolitic structures with en
hanced silicon to aluminum ratios of
fers much promise. For instance, crack
ing catalysts can be endowed with 
considerably more acidity-even though 
the number of protons released falls
by increasing the silicon to aluminum 
ratio 20 to 30 percent. The reasons for 
this result are not understood. Ostensi
bly, there is an optimum ratio at which 
the intrinsic acidity is greatest. 

Using zeolite catalysts with greater 
amounts of silicon, Ian E. Maxwell, Wim 
Stork and Arend Hoek of Shell Research 
Laboratory in Amsterdam achieved a 
2S0-fold decrease in the sulfur content 
of some gasoline products. New Shell 
catalysts that incorporate minute par
ticles of nickel and tungsten have also 
facilitated hydrocarbon cracking and 
the conversion of benzene and oth
er aromatics to their noncarcinogenic 
forms. Similar strategies, using a zeolite 
called mordenite, which contains small 
amounts of platinum, have enabled 
Shell researchers to develop high-octane 
gasolines from the hydroisomerization 
of a pentane-hexane mixture. 

T he different forms of solid acid 
catalysts described above were 
discovered in the chemist's lab

oratory through a combination of pa
tience, passion and serendipity. Of late, 
however, rational computational ap
proaches have increasingly been in
volved in the search for new catalysts. 
This work is one of the most exciting 
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developments in the realm of solid acid 
catalyst research today. 

Catalysts of the uniform heteroge
neous variety-in which the detachable 
protons are uniformly and accessibly 
distributed through the solid-are easi
er to analyze mathematically. Comput
ers can readily deal with systems that 
repeat. Because of their regularity, such 
catalysts are amenable to molecular dy
namics and quantum mechanical cal
culations. Not so readily amenable to 
computational analysis are nonuniform 
catalysts like silica gels or multiphasic 
ones conSisting of finely divided met
als supported on alumina that convert 
syngas (a mixture of carbon monoxide 
and hydrogen) into hydrocarbons [see 
"Chemical Fuels from the Sun," by Israel 
Dostrovsky; SCIENTIFIC AMERICAN, De
cember 1991). 

For example, my co-workers and I 
wanted to design a zeolite acid catalyst 
for the production of MTBE, the impor
tant gasoline component I described 
earlier. MTBE is made from 2-methyl
propene, one of the four isomers of 
butene. Although one of the isomers, 1-
butene, is reasonably abundant be
cause it is released during the cracking 
of oil, 2-methylpropene is relatively 
scarce, as are the remaining two, un
needed isomers. We therefore set about 
finding a catalyst that could produce 2-
methylpropene from I-butene. 

For our computational analyses, Clive 
M. Freeman, C. Richard A. Catlow and 
I selected two promising solid acid zeo
lites: ZSM-S and Theta-I, the latter a 

zeolite discovered at British Petroleum 
Laboratories eight years ago. We chose 
them because their channels are almost 
exactly 5.5 angstroms wide-a distance, 
if it can be called that, roughly compa
rable to the diameter of the two iso
mers with which we are concerned. The 
difference between the two zeolites lies 
in the structure of the channels: in 
ZSM-S the channels intersect, creating a 
regular set of bigger cavities; in Theta-I 
the channels do not intersect, and 
there are no extra cavities. 

Using a blend of Monte Carlo and 
molecular dynamics calculations, we 
compared the mobility and the binding 
energy of all four isomers inside the two 
microporous solids. We discovered it is 
much easier for 2-methylpropene than 
for any of the three other isomers to be 
released from both of the catalysts. Tak
ing account of spatial calculations, we 
would expect undesirable by-products
that is, unneeded dimers (linked pairs 
of isomers)-to form in the larger cavi
ties where channels intersect. We there
fore predicted Theta-I would be supe
rior to ZSM-S for the isomerization of 
I-butene to 2-methylpropene. Our pre
diction proved true. 

The design and development of cata
lysts are tasks that will challenge us for 
a long time. Better solid acid catalysts 
will secure a cleaner, more efficient fu
ture in which zero waste production in 
industrial processes is the ultimate goal. 
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Phantom Limbs 
People who have lost an arm or a leg often perceive the limb 

as though it is still there. They can also feel excruciating 
pazn zn specific parts of the phantom limb 

I n 1866 S. Weir Mitchell, the fore
most American neurologist of his 
time, published his first account of 

phantom limbs, not in a scientific jour
nal but in the Atlantic Monthly, as an 
anonymously written short story. 
In his tale, "The Case of George Ded
low," the protagonist loses an arm to 
amputation during the Civil War. Later, 
he awakens in the hospital after, unbe
knownst to him, both his legs have also 
been amputated. 

"[I was 1 suddenly aware of a sharp 
cramp in my left leg. I tried to get at it 
... with my single arm, but, finding my
self too weak, hailed an attendant. 'Just 
rub my left calf, ... if you 

·
please.' " 

'''Calf? ... You ain't got none, pardner. 
It's took off. '" 

Some historians have speculated that 
Mitchell chose to publish in the Atlan
tic as a way of testing the reaction of 
his peers to the concept of phantom 
limbs. He feared they would not believe 
amputated arms and legs could be felt 
after the limbs were gone. 

In fact, the phenomenon of phan
tom limbs is common. So is the occur
rence of terrible pain in these invisible 
appendages. Yet neither the cause of 
phantoms nor the associated suffering 
is well understood. My colleagues and 
I have recently proposed explanations 
that are leading to fresh research into 
treatments for the often intractable 

RONALD MELZACK is E. P. Taylor Pro
fessor of Psychology at McGill Univer
sity and research director of the Pain 
Clinic at Montreal General Hospital. His 
work on the neurophysiology of pain 
spans almost four decades. After obtain
ing his Ph.D. in psychology at McGill in 
1954 and taking up fellowships in the 
U.S. and abroad, he joined the faculty of 
the Massachusetts Institute of Technolo
gy in 1959. There he and Patrick D. Wall 
began discussions that led to the pub
lication in 1965 of their now famous 
"gate control" theory of pain. Melzack 
joined the McGill faculty in 1963. This is 
his fourth article for Scientific American. 
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pain. The concepts also raise questions 
about basic assumptions of contempo
rary psychology and neuroscience. 

The most extraordinary feature of 
phantoms is their reality to the am
putee. Their vivid sensory qualities and 
precise location in space-especially at 
first-make the limbs seem so lifelike 
that a patient may try to step off a bed 
onto a phantom foot or lift a cup with 
a phantom hand. The phantom, in fact, 
may seem more substantial than an ac
tual limb, particularly if it hurts. 

In most cases, a phantom arm hangs 
straight down at the side when the per
son sits or stands, but it moves in per
fect coordination with other limbs dur
ing walking; that is, it behaves like a 
normal limb. Similarly, a phantom leg 
bends as it should when its owner sits; 
it stretches out when the individual lies 
down; and it becomes upright during 
standing. 

Sometimes, however, the amputee is 
sure the limb is stuck in some unusu
al position. One man felt that his phan
tom arm extended straight out from the 
shoulder, at a right angle to the body. 
He therefore turned sideways whenever 
he passed through doorways, to avoid 
hitting the wall. Another man, whose 
phantom arm was bent behind him, 
slept only on his abdomen or on his 
side because the phantom got in the 
way when he tried to rest on his back. 

The eerie reality of phantoms is of
ten reinforced by sensations that mim
ic feelings in the limb before amputa
tion. For example, a person may feel a 
painful ulcer or bunion that had been 
on a foot or even a tight ring that had 
been on a finger. Such individuals are 
not merely recollecting sensations but 
are feeling them with the full intensity 
and detail of an ongoing experience. 
The reality of the phantom is also en
hanced by wearing an artificial arm or 
leg; the phantom usually fills the pros
thesis as a hand fits a glove. 

The sense of reality is also strength
ened by the wide range of sensations 
a phantom limb can have. Pressure, 

warmth, cold and many different kinds 
of pain are common. A phantom can 
feel wet (as when an artificial foot is 
seen stepping into a puddle). Or it can 
itch, which can be extremely distress
ing, although scratching the apparent 
site of discomfort can actually relieve 
the annoyance sometimes. The person 
may also feel as if the llinb is being tick
led or is sweaty or prickly. 

N aturally, of all the sensations 
in phantom limbs, pain, which 
as many as 70 percent of am

putees suffer, is the most frightening 
and disturbing. It is often described as 
burning, cramping or shooting and can 
vary from being occasional and mild to 
continuous and severe. It usually starts 
shortly after amputation but sometimes 
appears weeks, months or years lat
er. A typical complaint is that a hand is 
clenched, fingers bent over the thumb 
and digging into the palm, so that the 
whole hand is tired and achy. In the leg 
the discomfort may be felt as a cramp 
in the calf. Many patients report that 
their toes feel as if they are being seared 
by a red-hot poker. 

A final striking feature of phantoms, 
which reinforces the reality still fur
ther, is that they are experienced as a 
part of oneself. That is, patients per
ceive them as integral parts of the body. 
A phantom foot is described not only 
as real but as unquestionably belong
ing to the person. Even when the foot 
is felt to be dangling in the air several 
inches beneath the stump and uncon
nected to the leg, it is still experienced 
as part of one's body, and it moves ap
propriately with the other limbs and 
with the torso. 

Amputation is not essential for the 
occurrence of a phantom. In some ac
Cidents, particularly when a rider is 
thrown off a motorcycle and hits the 
pavement, the shoulder is wrenched 
forward so that all the nerves from the 
arm are ripped from the spinal cord, 
a condition known as a brachial plex
us avulsion. The resulting phantom oc-
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cupies the now useless true arm and 
is usually coordinated with it. But if the 

. victim's eyes are closed, the phantom 
will remain in its original position when 
the real arm is moved by someone else. 
Although the flesh-and-blood arm is in
capable of responding to stimulation, 
the phantom version is usually extreme
ly painful. Regrettably, surgical remov
al of the true arm has no effect on the 
phantom or the pain. 

Similarly, paraplegics-persons who 
have had a complete break of the 
spinal cord and therefore have no feel
ing in, or control over, their body below 
the break-often have phantom legs 
and other body parts, including geni
tals. Immediately after an accident, the 
phantom may be dissociated from the 
real body. For instance, a person may 
feel as if the legs are raised over the 
chest or head even when he or she can 
see that they are stretched out on the 
road. Later, though, phantoms move in 
coordination with the body, at least 
when the person's eyes are open. Some 
paraplegics complain that their legs 
make continuous cycling movements, 
producing painful fatigue, even though 
a patient's actual legs are lying immo
bile on the bed. Phantoms are also re
ported by patients whose spinal cords 
are anesthetized, such as by a spinal 
block during labor. 

T he oldest explanation for phan
tom limbs and their associated 
pain is that the remaining nerves 

in the stump, which grow at the cut end 
into nodules called neuromas, continue 
to generate impulses. The impulses flow 
up through the spinal cord and parts 
of the thalamus (which is a central way 
station in the brain) to the somatosen
sory areas of the cortex. These corti
cal areas are the presumed centers for 
sensation in classical concepts of the 
nervous system. 

On the basis of this explanation, 
treatments for pain have attempted to 
halt the transmission of impulses at 
every level of the somatosensory pro
jection system. The nerves from the 
stump have been cut, usually just above 
the neuroma or at the roots-small 
bundles of fibers that arise when the 
sensory nerves divide into smaller 

TYPICAL EXAMPLES of phantom limbs 
reported by patients are combined in 
this human figure. Some parts of the 
phantom are felt especially vividly (high
lighted areas in transparent limbs). The 
phantom limb is perceived as perfectly 
real to the patient, who describes it as 
being in various positions and often re
ports feeling pain in it. 
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SOMATOSENSORY CORTEX 
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LIMBIC SYSTEM 

'!,--- MEDIAL PATHWAYS 

LATERAL PATHWAYS 

INHIBITORY PATHWAY 

SPINAL CORD-�� 

PATHWAYS OF SIGNALS from the body to the brain are shown. After the loss of 
a limb, nerve cells in the denervated areas of the spinal cord and brain fire sponta
neously at high levels and with abnormal bursting patterns. 

branches, just before they enter the spi
nal cord. Pathways within the spinal 
cord have been cut as well, and the ar
eas of the thalamus and cortex that ul
timately receive sensory information 
from the limb have been removed. 

Although these approaches may pro
vide relief for months or even years, 
the pain usually returns. Moreover, none 
of these procedures abolishes the phan
tom limb itself. Hence, neuroma activ
ity cannot by itself account for either 
the phenomenon of the phantom limb 
or for the suffering. 

A related hypothesis moves the 
source of phantom limbs from neuro
mas to the spinal cord, suggesting that 
phantoms arise from excessive, spon
taneous firing of spinal cord neurons 
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that have lost their normal sensory in
put from the body. The output of the 
cells is transmitted to the cortex, just 
as if the spinal neurons had received 
external stimulation. This proposal grew 
in part out of research done in the 
1960s showing that after sensory nerves 
in the body are cut, neurons in the spi
nal cord spontaneously generate a high 
level of electrical impulses, often in an 
abnormal, bursting pattern. 

Other observations indicate that this 
explanation is insufficient. Paraplegics 
who have suffered a complete break of 
the spinal cord high in the upper body 
sometimes feel severe pain in the legs 
and groin. Yet the spinal neurons that 
carry messages from those areas to the 
brain originate well below the level of 

the break, which means that any nerve 
impulses arising in those neurons would 
not traverse the break. 

Some recent work has led to the pro
posal that phantom limbs can arise still 
higher in the central nervous system
in the brain itself. One hypothesis holds 
that phantoms are caused by changes 
in the flow of signals through the so
matosensory circuit in the brain. 

For example, Frederick A. Lenz, then 
at the University of Toronto, observed 
abnormally high levels of activity and a 
bursting pattern in cells of the thala
mus in a paraplegic patient who had a 
full break of the spinal cord just below 
the neck but nonetheless suffered pain 
in the lower half of his body. The over
active cells, it turned out, also respond
ed to touches of the head and neck, 
even though the cells were in the area 
of the thalamus that normally responds 
only to stimulation of the body below 
the level of the cut. This finding suggest
ed that neural inhibition was lifted on 
the flow of signals across existing but 
previously unused synapses in sensory 
neurons projecting to the thalamus 
from the head and neck. 

Such changes in the somatosensory 
thalamus or cortex could help explain 
why certain feelings arise in limbs that 
no longer exist or can no longer trans
mit signals to the brain. Nevertheless, 
alterations in this system cannot by 
themselves account for phantoms and 
their pain. If this explanation were suf
ficient, removal of the affected parts 
of the somatosensory cortex or thal
amus would solve both problems. 

C learly, the source of phantom 
limbs is more complex than any 
of these theories would suggest. 

No other hypotheses have been pro
posed, however. As an outgrowth of my 
interest in the brain mechanisms that 
give rise to pain, I have pondered the 
causes of phantoms and phantom-limb 
pain and studied patients with these 
problems for many years. 

My work and that of others have led 
me to conclude that, to a great extent, 
phantom limbs originate in the brain, 
as the work of Lenz would suggest. But 
much more of the cerebrum than the 
somatosensory system is involved. 

Any explanation must account for 
the rich variety of sensations a per
son can feel, the intense reality of the 
phantom and the conviction that even 
free-floating phantoms belong to the 
self. I have proposed such a model. It 
has been well received, but it must, of 
course, be tested more fully before its 
value can be assessed completely. Mean
while, though, it has already generated 
new ideas for research into stopping the 
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pain that arises from phantom limbs. 
In essence, I postulate that the brain 

. contains a neuromatrix, or network of 
neurons, that, in addition to respond
ing to sensory stimulation, continuous
ly generates a characteristic pattern of 
impulses indicating that the body is in
tact and unequivocally one's own. I call 
this pattern a neurosignature. If such a 
matrix operated in the absence of sen
sory inputs from the periphery of the 
body, it would create the impression of 
having a limb even when that limb has 
been removed. 

in part because I and others have noted 
that paraplegics who suffer a complete 
spinal break high in the upper body 
continue to experience themselves as 
still being in their old body, and they 
describe the feelings in the denervated 
areas with the same kinds of affective 
terms as they did before they were in
jured, such as "painful," "pleasurable" 
or "exhausting." 

my body; it is a part of my self." 
I believe that when sensory signals 

from the periphery or elsewhere reach 
the brain, they pass through each of 
these systems in parallel. As the sig
nals are analyzed, information about 
them is shared among the three sys
tems and converted into an integrated 
output, which is sent to other parts of 
the brain. Somewhere in the brain the 
output is transformed into a conscious 
perception, although no one knows ex
actly where the transformation that 
leads to awareness takes place. 

To produce all the qualities I have de
scribed for phantoms, the matrix would 
have to be quite extensive, including 
at least three major neural circuits in 
the brain. One of them, of course, is 
the classical sensory pathway passing 
through the thalamus to the somato
sensory cortex. 

j\final system consists of cortical 
reglOns l1llportant to recogru
tion of the self and to the evalu

ation of sensory signals. A major part 
of this system is the parietal lobe, which 
in studies of brain-damaged patients 
has been shown to be essential to the 
sense of self. 

As dynamic as this description may 
seem, the processing is probably still 
more dynamic than that. I further pro
pose that as the matrix analyzes sen
sory information, it imprints its char
acteristic neurosignature on the output. 
Thus, the output carries information 
about sensory input as well as the as
surance that the sensation is occurring 
in one's own body. The neurosigna
ture may be likened to the basic theme 
of an orchestral piece. The collective 
sound changes when different instru-

A second system must consist of the 
pathways leading through the reticular 
formation of the brain stem to the lim
bic system, which is critical for emotion 
and motivation. I include this circuit 

Indeed, patients who have suffered a 
lesion of the parietal lobe in one hemi
sphere have been known to push one 
of their own legs out of a hospital bed 
because they were convinced it be
longed to a stranger. Such behavior 
shows that the damaged area normal
ly imparts a signal that says, "This is 

Phantom Seeing and Hearing 

P hantom seeing and hearing, like phantom limbs, are 
also generated by the brain in the absence of senso
ry input. People whose vision has been impaired by 

cataracts or by the loss of a portion of the visual process
ing system in the brain sometimes report highly detailed 
visual experiences. This syndrome was first described in 
1769, when the philosopher Charles Bonnet wrote an arti
cle on the remarkable visual experiences of his grandfa
ther, Charles Lullin, who had lost most of his vision be
cause of cataracts but was otherwise in good physical and 
psychological health. Since then, many mentally sound in
dividuals have reported similarly vivid phantom visual ex
periences. 

Phantom seeing often coexists with a limited amount of 
normal vision. The person experiencing the phantom has 
no difficulty in differentiating between the two kinds of vi
sion. Phantom visual episodes appear suddenly and unex
pectedly when the eyes are open. People usually describe 
the visual phantoms as seeming real despite the obvious 
impossibility of their existence. Common phantom im
ages include people and large buildings. Rarer percep
tions include miniature people and small animals. Phan
tom sights are not mere memories of earlier experiences; 
they often contain events, places or people that have nev
er before been encountered. 

First appearances of phantom images can be quite 
startling. A woman in one of our studies who had lost 
much of her vision because of retinal degeneration report
ed being shocked when she looked out a window and saw 
a tall building in what she knew to be a wooded field. 
Even though she realized that the building was a phan
tom, it seemed so real that she could count its steps and 
describe its other details. The building soon disappeared, 
only to return several hours later. The phantom vision 

continues to come and go unexpectedly, she told my stu
dent Geoffrey Schultz. 

Phantom seeing occurs most among the elderly, pre
sumably because vision tends to deteriorate with age. 
Some 1 S percent of the people who lose all or part of 
their vision report phantom visual experiences. The pro
portion may be higher because some people avoid dis
cussing phantom vision for fear of being labeled as psy
chologically disturbed. 

Phantom sounds are also extremely common, although 
few people recognize them for what they are. People who 
lose their hearing commonly report noises in their heads. 
These noises, called tinnitus, are said to sound like 
whistling, clanging, screeching or the roaring of a train. 
They can be so loud and unpleasant that the victim needs 
help to cope with the distress they cause. 

Some people with tinnitus report hearing "formed 
sounds," such as music or voices. A woman who had 
been a musician before losing her hearing says she 
"hears" piano concertos and sonatas. The impression is so 
real that at first she thought the sounds were coming 
from a neighbor's radio. The woman reports that she can
not turn off the music and that it often gets louder at 
night when she wants to go to sleep. Another woman, 
who had lost much of her sight and hearing, experienced 
both phantom sight and sound. In one instance, she de
lightedly described seeing a circus and hearing the music 
that accompanied the acts. 

Phantom sights and sounds, like phantom limbs, occur 
when the brain loses its normal input from a sensory sys
tem. In the absence of input, cells in the central nervous 
system become more active. The brain's intrinsic mecha
nisms transform that neuronal activity into meaningful 
experiences. 
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ments play their parts (the input), but 
the product is continually shaped by 
the underlying theme (the neurosigna
ture), which provides the continuity for 
the work, even as the details of its ren
dition change. 

The specific neurosignature of an in
dividual would be determined by the 
pattern of connectivity among neurons 
in the matrix-that is, by such factors 
as which neurons are connected to one 
another and by the number, types and 
strengths of the synapses. Readers fa
miliar with neuroscience will note that 
my conception of the neuromatrix has 
similarities to the notion of the cell as
sembly proposed long ago by Donald 
O. Hebb of McGill University. Hebb ar
gued that when sensory input activates 
two brain cells simultaneously, synaps
es between the cells form stronger con
nections. Eventually the process gives 
rise to whole assemblies of linked neu
rons, so that a signal going into one 
part of an assembly spreads through 
the rest, even if the assembly extends 
across broad areas of the brain. 

I depart from Hebb, however, in that 
I visualize the neuromatrix as an as
sembly whose connections are primar
ily determined not by experience but 
by the genes. The matrix, though, could 

later be sculpted by experience, which 
would add or delete, strengthen or 
weaken, existing synapses. For instance, 
experience would enable the matrix to 
store the memory of a pain from a gan
grenous ulcer and might thus account 
for the frequent reappearance of the 
same pain in phantom limbs. 

I think the matrix is largely prewired, 
for the Simple reason that my col
leagues and I have encountered many 
people who were born without an arm 
or a leg and yet experience a vivid phan
tom. For example, an intelligent and se
rious eight-year-old boy, who was born 
with paralyzed legs and a right arm 
that ends at the elbow, tells us that 
when he fits his elbow into a small cup 
so as to manipulate a lever that allows 
him to move his wheelchair, phantom 
fingers, "like everyone else's fingers," 
emerge from his elbow and grasp the 
edges of the cup. Phantoms such as 
these may persist into adulthood: a 32-
year-old engineer who was born with
out a leg below the knee reports that 
his phantom leg and foot remain viv
id but vanish for several hours once or 
twice a week. He is always astonished 
and delighted when they return. 

Parenthetically, I should note that the 
long-held belief that phantoms are ex-

REFERRED SENSATIONS in a painful phantom arm were reported by a woman re
ceiving electrical stimuli at two different places (dots). Stimulation at the stump gave 
the sensation of electric shocks that jumped from finger to finger. Stimulation on 
the right ear made the phantom elbow feel warm and caused a pulsing sensation 
that traveled down the phantom wrist and thumb. The observations were made by 
Joel Katz, now at the University of Toronto, and the author. 
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perienced only when an amputation 
has occurred after the age of s� or sev
en is not true. My postdoctoral student 
Renee Lacroix and I have confirmed ear
lier reports that children who lose a 
limb when they are as young as one or 
two years old can have phantom limbs. 
We have also encountered children who 
have painful phantoms of legs lost be
fore age two. 

Under normal circumstances, then, 
the myriad qualities of sensation peo
ple experience emerge from variations 
in sensory input. This input is both an
alyzed and shaped into complex experi
ences of sensation and self by the large
ly prewired neuromatrix. Yet even in the 
absence of external stimuli, much the 
same range of experiences can be gen
erated by other signals passing through 
the neuromatrix-such as those pro
duced by the spontaneous firing of neu
rons in the matrix itself or the spinal 
cord or produced by neuromas. Regard
less of the source of the input to the 
matrix, the result would be the same: 
rapid spread of the signals throughout 
the matrix and perception of a limb lo
cated within a unitary self, even when 
the actual limb is gone. 

The fading of phantom limbs and 
their pain, which sometimes occurs over 
time, would be explained if cerebral 
neurons that once responded to lost 
or paralyzed limbs develop increasing
ly strong connections with still sensate 
parts of the body and then begin to 
serve those regions. In the process the 
neurosignature pattern would change, 
resulting in changes in the phantom and 
the pain. But phantoms do not usual
ly disappear forever. In fact, they may 
return decades after they seem to have 
gone, which indicates that the neu
romatrix, even when modified, retains 
many of its features permanently. 

M y students Anthony L. Vaccari
no, John E. McKenna and Ter
ence ]. Coderre and I have 

already gathered some direct evidence 
supporting my suggestion that the 
brain-and by implication, the neuro
matrix-can generate sensation on its 
own. Our studies relied on what is 
called the formalin pain test. 

We injected a dilute solution of for
malin (formaldehyde dissolved in wa
ter) under the skin of a rat's paw, 
which produces pain that rapidly rises 
and falls in intensity during the first 
five minutes after the injection. (The 
degree and duration of discomfort are 
assessed by such behaviors as lick
ing the paw.) This "early" response is 
followed by "late" pain, which begins 
about 15 minutes after the injection and 
persists for about an hour. 
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By means of this test, we found that 
an anesthetic block of the paw com
'pletely obliterates the late pain, but only 
if the anesthetic is delivered in time 
to prevent the early response. Once the 
early pain occurs, the drug only part
ly reduces the later response. This ob
servation of pain continuing even af
ter the nerves carrying pain signals are 
blocked implies that long-lasting pain 
(such as that in phantoms) is deter
mined not only by sensory stimulation 
during the discomfort but also by brain 
processes that persist without continu
al priming. 

B ut what exactly causes the pain 
in phantom limbs? The most 
common complaint is a burning 

sensation. This feeling could stem from 
the loss of sensory Signaling from the 
limb to the neuromatrix. Without its 
usual sensory stimulation, the neuroma
trix would probably produce high levels 
of activity in a bursting pattern, such 
as Lenz observed in the thalamus. This 
kind of signal may very well be trans
formed into an awareness of burning. 

Other pain may result from the ef
fort of the neuromatrix to make the 
limbs move as they normally would. 
When the limbs do not respond in am
putees and paraplegiCS, the neuroma
trix (which would be prewired to "as
sume" the limbs can indeed move) may 
issue more frequent and stronger mes
sages urging the muscles to move the 
limb. These outputs may be perceived 
as cramping. Similar output messages 
might also be felt as shooting pain. 

Research to test some of these ideas 
and explore new ways of eliminating 
pain is still in its infancy, but some in
triguing results are beginning to emerge. 
The need for such treatments is urgent, 
both because the suffering can be se
vere and persistent and because, sad
ly, few existing methods are permanent
ly effective. 

At the moment, a number of differ
ent therapies are used. Stimulation of 
the stump with electric currents, a vi
brator or acupuncture helps some am
putees. Relaxation and hypnosis aid 
others. Some individuals obtain consid
erable relief from drugs that are usual
ly given to counteract epilepsy or de
pression, and other patients find their 
pain is eased by a combination of an 
antidepressant and a narcotic (such 
as methadone). But about half of those 
with persistent, long-term phantom pain 
fail to respond to any approach. 

On a more promising note, an ex
perimental treatment called the DREZ 
(dorsal root entry zone) procedure se
lectively abolishes phantom-limb pain, 
but not the phantoms themselves, in 

-__ � 40 MINU TES 

30 MINU TES 

BEFORE 

REAL ARM made insensate by an inflated pressure cuff resembles a phantom arm. 
The subject could not see the arm, because the table was covered by a black cloth. 
The positions of the hand felt before the cuff was inflated and at intervals there
after, as the hand seemed to be closer to the body, are shown. This study was car
ried out with Yigal Gross, now at Bar-Dan University in Israel. 

about 60 percent of the patients treat
ed. In this method, developed by Blaine 
S. Nashold of Duke University, neuro
surgeons destroy the spinal cells that 
receive input directly from the sensory 
nerves of the stump, speCifically elim
inating the cells at the site where the 
sensory roots enter the spinal cord. 
(Past efforts at dampening the somato
sensory projection system generally cut 
the sensory roots or the transmission 
pathways in the spinal cord.) The DREZ 
procedure is so new that no one yet 
knows how long the relief persists. 

Because my model of brain function
ing posits that the neuromatrix as a 
whole may contribute to pain, the mod
el also suggests that altering the activ
ity of pathways outside the somato
sensory system might be important, ei-

ther alone or in combination with oth
er treatments. One place to begin work 
is the limbic system. Until now, lim
bic structures have been relegated to a 
secondary role in efforts to treat pain, 
because injurious stimuli do not acti
vate them directly. Nevertheless, if the 
limbic system contributes to output by 
the neuromatrix, as I have proposed, it 
might well contribute to the pain felt in 
phantom limbs. 

Vaccarino, McKenna, Coderre and I 
have begun to test the value of manip
ulating the limbic system as a way of 
easing pain. We have shown that local
ized injection of lidocaine (a relative of 
cocaine that prevents neurons from 
transmitting signals) into diverse areas 
of the limbic system produces striking 
decreases in several types of experimen-
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SOURCE OF PHANTOM UMBS is thought by the author to involve activity in three 
of the brain's neural circuits. One of them (a) is the somatosensory receiving areas 
and the adjacent parietal cortex, which process information related to the body. 
The second area (b) is the limbic system, which is concerned with emotion and 
motivation. The third (c) encompasses the widespread cortical networks involved in 
cognitive activities, among them the memory of past experience and the evaluation 
of sensory inputs in relation to the self. 
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tally produced pain in rats, including 
a model of phantom-limb pain. A simi
lar approach could be feasible in hu
mans but needs more study. 

The phenomenon of phantom limbs 
is more than a challenge to medical 
management. It raises doubts about 
some fundamental assumptions in psy
chology. One such assumption is that 
sensations are produced only by stim
uli and that perceptions in the absence 
of stimuli are psychologically abnormal. 
Yet phantom limbs, as well as phantom 
seeing and hearing, indicate this notion 
is wrong. The brain does more than de
tect and analyze inputs; it generates 
perceptual experience even when no 
external inputs occur. We do not need 
a body to feel a body. 

Another entrenched assumption is 
that perception of one's body results 
from sensory inputs that leave a mem
ory in the brain; the total of these sig
nals becomes the body image. But the 
existence of phantoms in people born 
without a limb or who have lost a limb 
at an early age suggests that the neural 
networks for perceiving the body and 
its parts are built into the brain. The 
absence of inputs does not stop the net
works from generating messages about 
missing body parts; they continue to 
produce such messages throughout life. 

In short, phantom limbs are a mystery 
only if we assume the body sends sen
sory messages to a passively receiving 
brain. Phantoms become comprehensi
ble once we recognize that the brain 
generates the experience of the body. 
Sensory inputs merely modulate that ex
perience; they do not directly cause it. 
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T he human genome, the totality of genetic information 
encoded in the coiled DNA of the chromosomes, is an 
immense document. Written in a language with only 

four letters-G, C, A, T -for the nucleic acid bases guanine, 
cytosine, adenine and thymine, the genome fits comfortably 
into the nucleus of all living cells. But were the genome pub
lished in book form, it would take a third of a lifetime to read 
through the estimated three billion nucleotides. 

Such a tome's description of a human being would contain 
between 50,000 to 100,000 genes. Perhaps 5,000 of these 
have been partially deCiphered so far. By 2005 the re
searchers participating in the ambitious endeavor known as 
the Human Genome Project hope to have parsed the rest. 
Genes will be but some 2 percent of the entire document 
they plan to transcribe. This year the lead agencies in the 
effort, the National Institutes of Health and the Department 
of Energy, will spend approximately $160 million on the 
genome. The research groups that they and other agencies, 
such as the National Science Foundation, support have gen
erated over 70 million nucleotides to date. The quantities of 
accumulated sequences are doubling every two years. 

Yet that vast amount of information could turn out to be 
as mute as the Sphinx, unless it can be accessed, integrated, 
queried, interpreted, visualized, tested and studied. The task 
of making the data useful falls to a group of researchers 
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whose job is described as providing the "informatics" of the 
project. Their function, which may turn out to be the linch
pin of the entire $3-billion effort, is to join tne clean, precise 
realm of computer science to the fluid, changing world of bi
ology. It is these workers who will decide how the output of 
the genome project will be made available to other re
searchers and what methods should be followed in building 
the software to store and manage the data. 

As in querying an oracle, the clarity of the answers will de
pend on asking the right questions. Decisions made now will 
determine the kinds of questions researchers can ask in five 
or 10 years. "Informatics will be a lot more than frosting on 
the genome project-it will be most of the cake," says 
Charles Cantor, principal scientist for the Department of En
ergy's genome project. 

The luxury of time is not affordable. Already the flood of 
data pouring out of laboratories promises to become a tor
rent. The effort to decode the human chromosomes is well 
under way by teams and individual scientists at many labo
ratories. At the moment, most of the Energy Department's 
funding is channeled to genome centers at three national 
laboratories: Lawrence Livermore, Lawrence Berkeley and Los 
Alamos. Meanwhile the Nlli supports seven academic centers 
at universities, such as Washington University and the White
head Institute at the Massachusetts Institute of Technology. 
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Each center has the primary responsibility for a major 
piece of the overall project, for example, mapping a single 
chromosome or group of chromosomes. The NIH also admin
isters some 150 other grants to individual researchers who 
are mapping or sequencing on a smaller scale, looking for 
new kinds of genetic markers for specific genes or building 
hardware for automated sequencing. 

These investigators are working toward the project's near
term goal of creating so-called genetic and physical maps of 
each chromosome. Genetic maps will reveal the approximate 
positions of genes coding for various phenotypic traits. These 
maps will also be punctuated with "markers" spaced at con
venient distances, perhaps every 100,000 bases on average. 
These reference points help scientists follow genes through 
family trees, enabling them to see how often genes such as 
those involved in disease appear near which markers. 

Physical maps, on the other hand, are something like 
patchwork quilts, ordered collections of small DNA frag
ments from a chromosome, each of which can be cloned, or 
made to reproduce itself indefinitely. The fragments are 
then stitched together to cover the original chromosome. In 
time, the pieces and their overlaps will be used to construct a 
third type of map-a complete sequence map of the bases G, 
C, A, T. This ultimate resolution view of the chromosomes is 
a long-term goal of the project but will not be feasible until 

technology improves dramatically, perhaps after 10 years. 
As if collecting the human data were not daunting enough, 

the project also includes sequencing the genomes of experi
mental organisms such as the bacterium Escherichia coli, 
yeast, fruit flies, mice and worms. Data about the genetic 
makeup of these species will provide close-up information 
for researchers in those particular fields, but more impor
tant, they will open avenues of investigation into the often 
striking similarity, or homology, between species. 

The ubx, or ultrabithorax locus, for instance, contains a 
cluster of genes involved in defining how the body plan of 
the fruit fly Drosophila develops. A closely related group of 
genes controls the organization of the human and mouse 
nervous systems during embryonic development. Experi
mental organisms offer the added benefit of allOwing hy
potheses about gene function to be tested by inducing ge
netic deletions and mutations that would be unethical and 
impossible to do in humans. Cross-species "aha!"s promise 
to become much more common as the genome project ad
vances, but only if the groups generating the information 
can render it meaningful and accessible to distant re
searchers using disparate computers. 

The task of entering all that information into computers 
and assuring its accessibility falls to workers on the infor
matics side of the genome project, who sometimes describe 
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themselves as "split-brains" and "odd
balls." Not necessarily trained formally 
either as biologists or as computer sci
entists, their backgrounds are as diverse 
as theoretical physics and zoology. "We 
don't fit in anywhere," says Chris Rawl
ings, chief of informatics at the Imperial 
Cancer Research Fund in Great Britain. 
Timothy Hunkapillar, director of com
putation at the NSF'S Center for Molec
ular Biology at the California Institute of 
Technology, adds: "You don't talk about 
this stuff at a general biology meeting; 
they'd t hink you were crazy." 

The term "informatics" is meant to 
describe every kind of support activity 
that might come from a computer to 
help the genome project, from data 
management and processing to DNA 
sequence analysis and the construction 
of different kinds of genetic maps. Lab
oratories may need to spend as much 
as 30 percent of their total budgets on 
informatics, some experts predict. 

For now, the most important chal
lenge to the informatics groups is de
signing and managing the diverse com
puter data bases in which the human 

genome will be stored. What data mod
els should be used? Should access be 
through preordained query paths or 
through more time-cons uming but flex
ible inquiry protocols? Should direct ac
cess across electronic networks be pro
vided? "Everyone would like a data base 
that works like an excellent graduate 
student," says Chris Fields, a computa
tional biologist at the National Institute 
of Neurological Disorders and Stroke. 
"You tell it, 'I have a hunch, can you go 
find out if I'm right?' But no one knows 
how to ask for that from a computer." 

Looking for Motifs in Chromosomes 

Why don't you try looking at it from a different per
spective?" This bit of wisdom is often easier said 

than done-especially when one is looking at chromo
somes. The vast strings of nucleotides that spell out DNA 
quickly boggle human eyes. So scientists are teaching 
computers to see through the complexities. Software pro
grams like the one designed by collaborators from the De
partment of Energy and the National Institutes of Health 
recognize detailed sequences of DNA and translate them 
into symbols more readily perceived by the human brain. 

Patterns emerge when genes are displayed with position-

al tags, such as protein or enzyme binding sites, that brack
et them on the chromosome. The gene arrangements in 
the gray shaded boxes below, for instance, may be ances
trally related. The mirror images could be the result of an 
evolutionary flip of a DNA fragment or of a retroviral inva
sion of the chromosome. Similarly, chromosome banding
a way of painting chromosomes with characteristic pat
terns-can reveal how segments of the genetic material are 
arranged. Comparing chromosomes prepared this way 
yields clues to disease by exposing inversions, deletions, 
insertions and massive rearrangements. 

..................... GGG A T T T ACCCT ATCATCCG T A TG A TC .................... . 
DNA SEQUENCE ..................... CCCT A A ATGGGATAGT AGGCA TACTAG .................... . 

GENE FUNCTION 
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Even decicting what to put 
in the computer is difficult. 
·Biologists are accustomed to 
storing relatively small 
amounts of data in note
books with cryptic scribbles 
in margins; a coffee stain 
may be a tag for a really im
portant page. Computers, on 
the other hand, are linear, 
rigid and therefore intolerant 
of quirks and foibles in nota
tion. Data-base builders find 
themselves further chal
lenged with the assembly of 
many types of rapidly chang
ing data from sources that 
are themselves changing-of
ten without really under
stancting what they are gath
ering or what scientists will 
eventually want to do with 
the material. 

Because different scien
tists want different kinds 
Q[ information, various data 
bases are being spawned. A 
molecular biologist study
ing lung cancer, for instance, 
might want to examine a 
small region of a chromo
some to look for genes that 
possess cert$ cancer-relat
ed structures. Others might 
be more interested in the 
experimental methods used 
to locate and sequence those 
genes. "To assume that we 
can anticipate now what peo
ple will want to see is just 
wrong," says Elbert Brans
comb, the informatics lead
er at Lawrence Livermore 
National Laboratory. "Indi
vidual efforts are moving 
far too fast." 

Some data bases are very 
specialized, recorcting, for in
stance, each occurrence of 
a particular genetic feature, 
such as the so-called zinc 
finger genes. The metal-con
taining proteins that these 
genes code for play an im
portant role in controlling 
the expression of other 
genes. Still other systems, 
such as the interactive data 
base shared by a close-knit 
group of researchers study
ing the genetics of the nema
tode Caenorhabditis elegans, 
are designed for browsing. 
Users will not only ask spe
cific questions but can also 
graphically wander around, 
looking at their colleagues' 
doings as they seek flashes 
of inspiration. 

To the scientists at Liver
more and many other re
search groups, the key to 
widespread use is flexibility. 
Therefore, they have chosen 
to store their findings in re
lational data bases originally 
designed for financial and 
business applications. The 
approach allows a logical 
unification of physically sep
arate and conceptually inde
pendent data sets, which 
can then be shared in full 
detail across electronic net
works, without repackaging. 

For this reason, Brans
comb's laboratory favors 
keeping as many data as 
pOSSible, even if they are 
preliminary. Livermore's data 

ELBERT BRANSCOMB, the informatics leader at Lawrence liv
ermore National Laboratory, thinks data bases should be ful
ly and directly accessible across electronic networks. "The 
old ways are dying, and the sooner the better," he says. 

Relational models store 
data in tables of rows and 
columns that function like 
drawers; as the data are 
stored, their relation to data 
in other drawers is noted. 
For example, a DNA se
quence can be connected to 
any number of different 
items, such as methods used 
to achieve the experimental 
results, sources of material, 

base, currently dedicated to 
chromosome 19, is detailed, constantly 
updated-and known to contain errors. 
This fast and loose approach, Brans
comb says, is acceptable because the 
entire contents of the data base are in
tended for active research "as is," within 
the laboratory itself and by groups of re
search collaborators who understand its 
uncertainties. Livermore has structured 
the data base so that anyone anywhere 
can peruse its contents, if they can live 
with the collection's fluid character. 

Other systems are intended to func
tion as central archives that present 
very clean, high-confidence data in a 
standardized, easy-to-follow format. 

One example is the human gene map
ping data base, called simply GDB, at 
Johns Hopkins University. It will also 
cross-reference the contents of other 
data bases, inclucting Genbank, the U.S. 
repository of author-submitted DNA 
and amino acid sequences from 3,000 

species. Robert j. Robbins, one of the 
leaders of the Johns Hopkins effort, sees 
GDB primarily as a vehicle for rushing 
new information to waiting researchers. 
As an example of its prowess, he cites a 
conference attended last August by 
600 or 700 researchers: the meeting 
concluded on a Friday, and by Tuesday 
the presentations were all up on GDB. 

or the location of a sequence 
on a chromosome and whether it con
tains a gene. The Principle of Sufficient 
Ignorance shaped Livermore's data base, 
recalls computer scientist Tom Slezak 
with a laugh: "I have no idea what 
they'll want to do with this stuff in five 
years-nobody does-so I made it as 
flexible as possible. To me, parts is 
parts." 

But as relational data bases accumu
late more data, each bit of which must 
be stored in a separate drawer, the 
rows and the connections between 
drawers multiply. So other groups are 
exploring newer approaches that may 
be simpler to construct and more pow-
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Visualizing the Genome as a Collection of Objects 
B y design and intent, scientific experiments are always 

asking questions in new ways. Sometimes the an
swers that return do not fit a researcher's mental con
structs. Consequently, the data fit no better into computer 
data bases hard-wired to store only certain kinds of re
sults in predetermined formats. Computer scientists such 
as Nathan Goodman of the Whitehead Institute at M. I.T. 
believe new styles of data bases may simplify the in
evitable retooling process and so help data storage sys
tems keep pace with changing views of biology. 

The key is classifying data as "objects" that share explic
it abstractions, such as size, order and position. The many 

CYTOGENETIC 
MAP 

GENETIC MAP SHOWING 
DISEASE GENE 

LOCATIONS 

GENETIC MAP 

kinds of maps being generated by the Human Genome 
Project can all be seen as the same kind of object, Good
man points out, no matter what they actually portray. All 
maps consist of abstract features that have size (big or 
small) and position within that context. It is possible to 
compute the distance between a pair of features, in order 
to determine their relative order (which may be above, be
low, contained and so on) and the next neighbor of a fea
ture in a given direction. In a cytogenetic map, such as the 
portion of chromosome 4 shown here, positions are 
bands along the chromosome. In the physical map, posi
tions are expressed in kilobases. 

SUMMARY PHYSICA L MAP 
WITH DETAIL OF 

THE HUNTINGTON'S 
DISEASE REGION 

ABSTRACT FEATURES MAP 
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erful to use, such as object-ori
ented data bases. These systems 
fit data into classes of objects 
defined by their common ab
stractions, which include the con
nections to other objects and the 
things that can be done to ob
jects of this type. New data can 
be described as a variation on a 
theme already accounted for. 
Objects might make it easier to 
reflect changing views of scien
tific information. 

Still other informatics investi
gators contend that standardiz
ing the way data are stored will 
prove the most useful and eco
nomical method. David ]. Lip
man, director of the National 
Center for Biotechnology Infor
mation (NCBI), is one of the main 
proponents of this approach. It 
has worked well since NCB! was 
founded as part of the National 
Library of Medicine in 1988. Lip
man's group has linked DNA se
quences, protein sequences and 
literature citations from many 
scientific publications and writ
ten a series of questions that en
ables users to obtain data joined 
by those links. Researchers can, 
for example, ask for listings of 
all the papers published about a 
specific sequence. Or they can 
ask for data about the protein 
encoded by a particular gene. 

biology, Lipman says. "They want
ed to send a team of their com
puter guys over right away to see 
what we're doing. If U.S. compa
nies don't get involved, this could 
be another opportunity lost." 

But the idea of requiring a 
fixed description language for all 
important data rankles some re
searchers and other data-base 
builders who argue that it com
promises needed flexibility in 
manipulating raw data in new 
ways, and is impractical for most 
data being produced in the 
genome project. "The genome 
business is too fluid, too pro
tean, to agree on description lan
guages now," insists Branscomb 
of Lawrence Livermore. "It's Stal
inistic to force everyone to see 
the data the same way." 

Instead Livermore and others 
rely on the standard query lan
guage (SQL) for addressing rela
tional data bases. The SQL lets 
scientists design whatever ques
tions they like, so they can ven
ture far beyond predetermined 
lines of inquiry-even into Liver
more's raw data if they desire. 
Branscomb asserts they most 
certainly will. "Any serious re
searcher of any question needs 
to get quickly at data not yet in 
centralized data bases," he says. 
"They need to get into the nitty
gritty, to the numbers that esti
mate reliability; they need every 
last hair and follicle for the same 
reason that it's worth getting." 

Eventually, Lipman hopes, 
NCBI's current offerings will be 
just the beginning of a far more 
extensive "GenInfo" data base 
he would like to see distributed 
on CD-ROM disks every two 
months. Researchers who have 
very limited computer facilities 
or do not want the bother of be
ing connected to wide-area net
works could use the data. "We 

DAVID LIPMAN, head of the National Center for Bio
technology Information, is integrating genetic data 
and predetermined menus of questions into power
ful retrieval systems distributed on CD-ROM disks. 

At a conference last fall, Brans
comb and Slezak demonstrated 
how SQL enables on-line, real
time data retrieval through com
puter networks such as Internet, 
administered by the NSF. From a 
hotel auditorium in San Diego, 

want to store genetic maps, 
physical maps, three-dimensional struc
tures of proteins-as much as we can 
get," he declares. 

Much more information is already on 
the way. In October, NCB I will begin as
suming responsibility for Genbank, 
which is compiled at Los Alamos Na
tional Laboratory. The Protein Informa
tion Resource (PIR), built by the Nation
al Biological Research Foundation in 
Washington, D.C., has agreed to share 
its files within a year, as have the two 
overseas public data bases: the Euro
pean Molecular Biology Laboratory and 
the DNA Data Bank of Japan. 

The key to NCBI's scheme is a data 
description language called Abstract 
Syntax Notation 1 (ASN-l). Nothing will 
be stored in the data base unless it is 

first translated into this language, which 
determines the way the data are ex
changed between "agents," such as users, 
computer programs and so on. It is as 
though pieces of data are put together 
into suitcases that the computer can 
recognize and move to the appropriate 
place-green suitcases going here, blue 
ones there-without the contents being 
known. "We're deliberately making the 
data standardized to encourage com
mercial involvement," Lipman asserts. 

To that end, NCB! recently put out a 
call for proposals to create value-added 
overlays to the main data base that 
might be of particular use to, say, im
munologists or other types of clini
cians. "Hitachi was all over this idea" at 
a recent conference on computational 

they used computer worksta
tions to connect three independent data 
bases across the country and simultane
ously fetch information from each. 

The researchers instantly had a mul
tilevel snapshot of everything known 
about a chromosome region associated 
with muscular dystrophy. Not only 
could they examine the markers and 
their sequences, they could see detailed 
physical mapping information for the 
region. In early February of this year, 
Livermore researchers and four teams 
of international collaborators an
nounced they had found the genetic 
defect for myotonic dystrophy, the 
most common form of the disease: an 
unusual gene mutates progressively as 
it is passed through generations. 

"There is a substantial alternative to 
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Happily, there • 

IS nothing at all 

Up with the dawn 

on what appears at 

first as a flight of 

fancy. And our spirits soar. 

Perhaps we should set you 

aright. The lakes in Canada's north, 

like the one pictured here, are in 

fact water, and not a piece of mis

placed sky. 

Yes, the sun does hang around 

for weeks on end-in high season. 

No, it's not spilt red, yellow and 

orange paint, but rather poppies, 

azaleas and lichen blooms. 

The rush of falling water, the 

ethereal clouds draped halfway up 

a granite wall, the trophy lake 

trout you just released; all real. 

all natural. all right in front of you. 

Lunch, 2nd day, still touring the 

back of our guide's hand. Some 

hand! But feel we're representing 

the 'over the hill ' club commendably. 

The mountains here wear the 

forest like a favourite old sweater

though slightly overdressed for 80° 

weather. All in all, comfortably 

sprawling. 

And don't be surprised if. in 

this land few have seen, you bump 

into someone you may have lost 

touch with. Yourself .

....... r-Il1��'11 It's one of those 

Pic of the day? Zoom lens on 

eagle circling in search of a 

thermal. 

Of course, roadside 

lodges, fly-in and outpost 

camps go without saying. 

ineffable feelings you 

get when you happen 

upon a herd of reindeer 

as interested in you as 'r)C�'��:-: 
you are in them. (You' ll be L 

But our first-class 

resorts with hot tubs, 

pleased to note that great stretches 

of this land are protected by parks 

that also put the lifelong residents 

at ease.) 

more of your scene. 

Nobody up but the moon. Silling 

on the roof of the world-dazed

a million stars in /ront of my eyes. 

© 1992 SCIENTIFIC AMERICAN, INC



unnatural about this picture. 

Oh, and the shimmer of purple 

and green and pink in the night 

sky? That's the aurora borealis. 

Native lore will tell you they're 

spiritwalkers. And it really is 

quite a charge. 

So let us leave by telling you 

what may be hard to believe is easy 

to see, wherever your imagination 

may take you. 

Day Four . . .  

For a free Canada guide call: 

l-BOO-VISIT-92. 

Canaaa 
The World Next Door 
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enforcing a rigid degree of data defini
tion conformity," Branscomb observes. 
"There is a uniformity that is significant
ly softer" -and perfectly doable with 
off-the-shelf technology. For the on-line 
retrieval to work, the data bases need 
only be connected to a network, willing 
to agree to allow access in the first 
place and willing to share with the user 
their "dictionaries" of information. All 
that was necessary for the livermore 
team's three-way query was for the 
clients and servers to use the same ba
sic names for markers and the same 
sequence access numbers, so that 
queries could link on those keys. "The 
old ways are dying, and the sooner the 
better," Branscomb declares. 

be computers than people. "Right now, 
if I say 'Give me all the genes on chro
mosome 2 1,' I'd get some 220 hits," he 
says. That is but a fraction of what will 
become available. GDB is already being 
rigged to notify users when the answer 
to a request is too big to transmit in 
one piece electronically. 

engineering of data management tools. 
Some researchers, such as those at liv
ermore, favor the use of conventional, 
commercially available software. Oth
ers, such as computer scientist Nathan 
Goodman of the Whitehead Institute, 
believe this is a significant mistake. Bi
ological data fit awkwardly into the ta
bles of relational data bases, he says: 

The new ways will invite problems of 
their own, points out GDB's Robbins. 
The myriad data bases may make so 
much information available that re
searchers simply will not be able to 
cope. As a result, Robbins thinks the 
users of data bases are more likely to 

If genome data bases are to be ac
cessed by multiple users, they will need 
to be much more complex internally 
than any single user will see, Robbins 
says, adding that he thinks it is worth 
paying for. Genome data bases should 
be open to "anybody with any interest 
for any reason," he declares. Overly sim
plified systems may constitute a false 
economy. "I have a hard time justifying 
spending significant taxpayer dollars for 
a select community's benefit when 
there might be a whole lot more benefit 
available with a little more access." 

"You have to spend a lot of time pro
gramming to fit the structure. If that's 
the only technology we have, the ge
nome project will go bust before it pro
duces what we've promised. We need 
to find a cheaper, more efficient way." 

Biological data would be better repre
sented as objects embodying generiC 
concepts, Goodman believes. For in
stance, there are many kinds of land
marks to reveal pOSition along the chro
mosome. All may be considered mark
ers, whether they are short sequence 
stretches known to exist near genes 
or restriction fragment length poly
morphisms, sections of DNA Snipped to 

Other informatics workers are less 
concerned with the issues of data acces
sibility and more concerned with the 

Is It Nice to Share? 

B eing first has always been important in science. 
Competition is particularly fierce in the field of ge
netics. Multiple laboratories pursue the same 

goal-a gene associated with disease or with proteins, 
such as insulin-knowing that only one team will be cred
ited with the discovery. Traditionally, findings are rushed 
into print in peer-reviewed journals. 

But the vast amounts of information being generated by 
the Human Genome Project have begun changing the way 
scientists receive recognition for their work. And as 
groups maneuver to maintain their scientific edge, some 
are not rushing to disseminate their new data. "We don't 
have a firm rule for sharing data from the genome proj
ect," acknowledges ElkeJordan, deputy director of the Na
tional Center for Human Genome Research. 

An advisory committee of the National Institutes of 
Health is developing general guidelines for releasing data, 
and the consensus, Jordan says, seems to be that six 
months is enough private time to study data produced 
with public money. Still, it will be difficult to censure those 
who sit on their research: the NIH will promulgate only 
statements of understanding, not actual rules. "How do 
you define when someone actually develops a piece of in
formation? Is it the first day they come across it, or the 
day they feel sure, or the day they finally put it into their 
own data base?" Jordan asks. 

Some scientists crave a form of credit more substantive 
than the respect of their peers: they want their contribu
tions formally noted by the U.S. Patent and Trademark Of
fice. Sharing is not then out of the question, but it will 
come at a price. The spearhead of this approach is J Craig 
Venter, chief of receptor biochemistry at the Nationallnsti
tute of Neurological Disorders and Stroke. He has filed 
patent applications for thousands of short coding DNA se
quences, called cDNAs, that pinpoint genes. 

No one knows for sure how Venter is describing the "in-
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ventions" that machines in his laboratory crank out by the 
hundreds weekly. But many scientists fear that if the 
patent office protects these cDNAs, then anyone who later 
wants to do something with the genes containing these 
sequences will be indebted to Venter. 'The greatest dan
ger," observes Robert P. Merges, a professor of law at 
Boston University, "is not so much that someone will own 
a DNA sequence-that's quite common these days-but 
that someone will have claimed an invention without hav
ing developed any real applications." 

Merges likens Venter's move to someone claiming huge 
plots of land on the theory that there might be gold un
derneath. Mining law in the U.S. protects against this kind 
of action, he notes. 'There are limits to what you can 
claim, and you actually have to work the land for the 
rights to mature. That's what we need here." 

Yet Venter may be doing exactly what Congress asked 
when it passed the Federal Technology Transfer Act of 
1986. Reid Adler, director of the NIH'S Office of Technology 
Transfer, explains that the law directs government agen
cies to develop technology that can be transferred to in
dustry for a fee, to encourage commercialization of sci
ence. Protecting DNA sequences will ensure that private 
companies have incentive to develop drugs and other 
products based on them, he says. 

But patents given at too early a stage could disrupt the 
international flow of information vital to the progress of 
science, warns Richard A. Gibbs, head of sequencing tech
nology for the genome center at Baylor College of 
Medicine. "Issues of economic materialism are stepping in 
and restricting how scientists communicate," he observes. 
If everyone's primary concern becomes chipping off prof
itable pieces of the genome, researchers could soon be di
verted from the project's ultimate goal. T he idea is to de
code information valuable not just to a few individuals 
but to the entire human species. 
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variable sizes by specific en
zymes, or any of many target
lng tools. "Only parts of the pro
gram have to know what kind 
of a marker it is; the bulk of the 
data base thinks, 'Ah, a marker 
is a marker,''' Goodman says. 

Details about the markers, 
such as the strain of mouse or 
laboratory they came from, can 
be grafted to the object like 
branches to a tree, finer ones 
added like twigs. Changing an 
object once it has been initially 
described is not simple, but "it's 
easier than altering relational 
data bases," Goodman claims. 
In the M.LT. laboratory where 
Goodman works with Eric Lan
der to map the mouse genome, 
they expect to introduce a radi
cally different computer system 
every six months. 

to describe the positions of 
genes in a way that is not pos
sible when DNA sequences are 
viewed as separate entities. 
Placing the contigs on maps of 
a chromosome "lets us do the 
genetic equivalent of saying 
'Washington is between New 
York and Miami,' '' Michaels 
says. "This is the way biologists 
are thinking now-where does 
a gene exist on a chromosome 
in relation to known markers?" 

The ability to view DNA posi
tionally is also encouraging sci
entists to examine the function 
of particular sequences that are 
not genes but that also seem 
important in their own right. 
So-called short, functional units 
appear to influence the struc
ture and the times at which 
gene products are produced. 
More of these are being recog
nized as scientists gather longer 
sequences of DNA. 

For now, though, object-ori
ented data bases have a serious 
drawback-the lack of a query 
language. "We can get very good 
information out by writing pro
grams, but that's just about the 
only way we can get it out," 
Goodman admits. Writing a new 
language might be part of the 
solution, but then again "queries 
probably aren't going to be 
enough to give answers to 
most things people want to 
ask: getting numbers printed 

ROBERT ROBBINS predicts that computers, not people, 
will increasingly be the users of genome data bases like 
GDB at Johns Hopkins University. 

Representing emerging bio
logical concepts in the physical 
world is a demanding intellec
tual challenge-one ably met by 
physicist Ray T. Hagstrom and 
computer scientist Ross Over
beek, both of Argonne National 
Laboratory, with Michaels of 
the NIH and Karou Yoshida of 

out on a screen won't be enough." 
What is really needed is not just lan
guage, Goodman says, but visualization 
tools that have not been invented yet. 

Almost any kind of redesign is 
doomed to be clumsy or wasteful, con
tends Suzanna Lewis, an informatics 
researcher at Lawrence Berkeley Na
tional Laboratory (LBL). "The genome 
community needs software to reflect 
changes in the lab, and there are many 
independent efforts to do that, but 
right now everything is being built cus
tom," she explains. LEL alone has three 
different mapping groups and one ma
jor sequencing effort, and they all have 
different requirements. At present, 
sharing software in-house is difficult, let 
alone with other laboratories. 

There could be a solution. "Most of 
what happens in a laboratory, if not ev
erything, is a process flow," Lewis says. 
She and her collaborators at the Cali
fornia Institute of Technology think it 
will be possible to build a computer
aided design system in which a scien
tist simply lists the inputs and the out
puts expected from a protocol and 
thereby instructs the computer system 
to build a data base to match. 

Still other researchers are concerned 

that both conventional data bases, and 
those that must be programmed for in
dividual needs, suffer limited power. 
They would rather put more responsi
bility on the computer. Data bases that 
do this are already changing the way 
biologists do their work. "People would
n't dream of starting experiments be
fore consulting them," declares George 
Michaels, a computational biologist who 
holds a joint appointment with the Na
tional Institute of Child Health and Hu
man Development and the Division of 
Computer Research and Technology. 
He cites the data base built around the 
genome of E. coli, the ubiquitous bac
terium popular for its ability to "ex
press," or manufacture, products of in
serted genes. 

Although more data have been gener
ated around the world about E. coli 
than about any other free-living organ
ism, until recently "there was no way of 
bringing these flat files together," 
Michaels recalls. The view is much dif
ferent now that another NIH researcher, 
Kenn Rudd, has completed the labori
ous process of stringing end to end all 
the DNA sequences ever reported for E. 
coli. These contiguous sequences, called 
"melds" or "contigs," enable scientists 

LBL. Together they have built 
computer software to spot char

acteristic bits in E. coli or other large 
assembled sequences and display them 
on a computer screen. The visualiza
tions are as yet crude-just shaded tri
angles and boxes-but they show re
searchers a selection of elements 
(classed as introns, exons, promoters, 
terminators and such) and how they 
are arranged upstream and down
stream of known genes. 

Informatics workers are already mak
ing it possible for biologists to gain 
new insights and connections. These 
early successes may help resolve what 
remains one of the most difficult as
pects of the genome project-the cul
ture gap between biologists and com
puter programmers. "The education of 
a biologist involves pulling buckets of 
mud out of swamps and looking at nice 
fuzzy animals," Overbeek observes. "Bi
ologists are experimentalists. They're 
taught to change what they're doing if 
they're not getting the results they 
want. Computer scientists are trained 
to follow problems through in every 
possible linear, logical way. We just 
plain think differently. It's a major 
problem." The truth is that both ways 
of thinking are necessary to unravel 
the mysteries of the genome. 
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SCIENCE AND BUSINESS 

Charlotte's Patent 
Spider webs and other 
proteins inspire engineers 

I
n the late 1960s U.S. Army scien
tists realized that spider silk is 
both so strong and elastic that it 

would make a superb shield against 
jarring impacts. But even the military 
could not stomach the cost of equip
ping its troops with bulletproof vests 
woven from spider webs. 

There may soon be an alternative. In
stead of simply using natural materials 
such as silk, scientists are studying their 
physical structure, design and manu
facturing for hints on how to create 
classes of synthetic materials that have 
unusual properties. The nascent disci
pline, called biomolecular materials, or 
biomimetics, has yet to turn a profit. 
But new polymers based on protein 
structures are fueling enthusiasm. 

"The potential is magnificent," de
clares Stephen]. Brewer, who manages 
bioproducts chemistry at Monsanto in 
St. Louis. "Products are still a long way 
off," he adds, but in the process, "we're 
going to learn a lot of protein chemistry 
that will feed back into other products." 

The novel materials are a triumphant 
example of the rewards that attend 
crossbreeding scientific disciplines. For 
decades, polymer chemists have engi
neered compounds by combining vari
ous monomers, or single-unit chemi
cal building blocks. But even the most 
closely controlled manufacturing pro
cess results in a mixture of polymer 
chains of various lengths and so affects 
the properties of the final product. 

Genetic engineers, on the other hand, 
have specialized in copying existing pro
teins precisely. By inserting genes into 
microorganisms, workers have been able 
to express, or produce, essentially iden
tical molecules. 

That kind of precision manufacturing 
has been the envy of polymer chemists. 
"Historically, polymer science has ad
vanced whenever we have increased the 
control we can exercise over the poly
mer chains," points out David A. Tir
rell, director of the materials science 
laboratory at the University of Mas
sachusetts at Amherst. So the "abso
lute" processing control of genetic en
gineering promises to lead to unex
plored realms of materials, he adds. 
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GOWEN ORB-»'EA VER, or Nephila davipes, provides silk that anny researcher David 
L. Kaplan uses to study protein structure and processing. Photo: Stanley Rowin. 

At the same time, genetic engineers 
have been impressed by the unit-by
unit design approach of the polymer 
chemists. Proteins, like polymers, are 
made up of regular subsequences-in 
this case, combinations of the 20 nat
urally occurring amino acids. "So we 
thought, if we can synthesize artificial 
proteins, shaping their properties, then 
we'd have a new class of materials," ex
plains Joseph Cappello, research direc
tor of protein engineering at Protein 
Polymer Technologies in San Diego. 

Acting on this strategy, Protein Poly
mer introduced ProNectin F in March 
1991. The company, which made its 
stock-market debut in January, is now 
busily designing a series of follow-up 
products. ProNectin F can be formulat
ed into a thin, transparent coating or 
membrane on which cells can grow. 
Based on eight amino acids arranged in 
a precise sequence, the polymer incor
porates receptors that enable it to bind 

to plastics (such as petri dishes), with
stand very high temperatures and re
main active for months. Next on the 
company's list is likely to be a fabric 
coating, which may find an early use in 
high-performance running shoes. The 
protein coating should give artificial fab
rics a silklike texture and improve their 
ability to breathe, Cappello says. 

Such ventures may seem a modest 
start. As interesting as protein-based 
polymers may be, most experts reckon 
the first materials will cost hundreds of 
dollars per pound to produce, a high 
price for all but niche applications. 

Yet within a few years, researchers 
predict, their specialty materials may 
make inroads in the heady-and lucra
tive-market for biologically compati
ble products. The goal is to design pro
teins that would not trigger an im
munologic reaction. And if scientists 
can engineer in specific functions, uses 
for such polymers could balloon. 
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Future products from Protein Poly
mer will be designed by plugging vari
ous combinations of the 20 naturally 
occurring amino acids into four gener
ic frames sketched by company re
searchers to resemble natural protein 
structures. The targets are silk, elastin 
(found in skin and other elastic organs), 
collagen (the fibrous component of 
skin and connective tissue) and keratin 
(which makes up nails and hair). The 
structures built by the company may or 
may not completely reflect their natural 
role models. "No one understands pro
tein folding," Cappello says, "but you 
don't have to be able to completely un
derstand something to make use of it." 

Others are painstakingly characteriz
ing the natural proteins first, then 
improving variation on those themes. 
For instance, Dan W. Urry, director of 
the laboratory of molecular biophysics 
at the University of Alabama at Birm
ingham, has spent the past 20 years 
studying the flexible but resilient elastin 
protein. Now he has designed a collec
tion of elastinlike polypeptides based on 
five amino acids. The chains naturally 
fold (or contract) in response to in
creases in temperature; Urry has also 
tailored them to react to concentrations 
of chemicals and changes in pressure. 

Potential applications for such mate
rials abound, particularly if they can be 
programmed to disintegrate on cue. For 
instance, abdominal surgery requires 
a physician to cut through and later 
stitch separately five layers of tissue. 
To prevent the layers from knitting to
gether as they heal, a doctor might sep
arate them with sheets of polymers, 

which would then gradually dissolve. 
Because Urry's polymers convert one 

form of energy into another (such as 
chemical into mechanical energy), they 
could also be considered a type of mi
cromachine. A visiting navy official re
cently suggested Urry consider using 
his polymers as miniscule spheres for 
delivering drugs to disease sites in the 
body. "Within a few hours, I put togeth
er the basis for another patent applica
tion," Urry chuckles. 

Teams at both the army's Natick Re
search, Development and Engineering 
Center in Massachusetts and the Univer
sity of Wyoming are exploring the pro
tein structures that have made spider 
silk famous. "Silk is the gold standard 
by which everyone works," says Brewer 
of Monsanto, who is collaborating with 
the army scientists. The chemists who 
invented nylon, for instance, deliberate
ly tried to make use of the same chemi
cal bonds they knew existed in silk pro
teins, he points out. "We have putative 
evidence we've cloned one type of spi
der silk," says David L. Kaplan, a re
searcher at Natick. 

Understanding how a spider spins its 
fibers should also prove valuable, Ka
plan adds. A spider synthesizes a wa
ter-soluble protein and spins it into a 
tough fiber, insoluble in water. Synthet
ic fibers, in contrast, are often spun 
from strong acids and require special 
processing techniques, such as high 
temperatures. 

Collagen and keratin also have their 
fans. These workers are probing every
thing from sea urchin spines and aba
lone shells to rat teeth for clues about 

the design of the proteins as well as 
the way the materials crystallize. Com
panies, such as Du Pont and Allied-Sig
nal, have projects under way, although 
they are reluctant to discuss details. 

At another corner of the field, Tirrell, 
working with Maurille J Fournier and 
Thomas L. Mason of the University of 
Massachusetts, has adopted an even 
more radical approach. Rather than 
stick to the array of natural amino adds, 
they are devising their own. They are 
trying, for instance, to make a novel 
photoconductive polymer in this way. 

Tirrell is also exploring how to use 
the malleable proteins to control the 
structures of inorganic polymers and 
crystals. By growing inorganic crystals 
(such as magnetite) around the poly
mer chains and then washing away the 
polymers, Tirrell aims to create slen
der spikes of material. "Those kinds of 
elongated shapes, in magnetite, may 
prove useful in magnetic recording ap
plications," he proposes. 

In spite of his optimism, Tirrell 
sounds a cautionary note. "There has 
been some uncritical enthusiasm for 
this approach," he concedes. In some 
cases, the novel materials may not offer 
a clear advantage over existing ones. 
Biologically inspired materials will not, 
moreover, offer a single, dominant ad
vantage over competing products. In
stead the attractiveness of the new 
polymers lies in the diverse portfolio of 
characteristics they promise. 

Still, the field is gaining momentum. 
"And obviously," Brewer teases, ''I'm 
not going to tell you the most exciting 
possibilities." -Elizabeth Corcoran 

FOUR MODELS OF ENGINEERED PROTEINS, developed by work
ers at Protein Polymer Technologies, serve as the building 

blocks for novel synthetic protein polymers, such as the com
pany's first product (far right). 
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LAYER BY LAYER, a metal spray gun at Carnegie Mellon University builds up a 
model of a zinc turbine blade. Photo: Jim Schafer. 

Desktop Artisans 
Personal manufacturing weds 
design with part fabrication 

I
t used to be that people designed 
parts, and then they went over to 
the forge and started hammering 

them out," says Emanuel Sachs, a pro
fessor of mechanical engineering at the 
Massachusetts Institute of Technology. 
"There was an intrinsic coupling of de
sign and manufacturing because the de
signer really understood how the thing 
was made." 

A new technology, sometimes called 
desktop manufacturing, promises to 
make the engineer into an artisan yet 
again. The increasing power of person
al computers may soon enable engi
neers to "print out" completed parts 
with the ease of printing an engineer
ing diagram. These systems can pare 
weeks or months from the laborious 
process of making prototypes. And 
they may enable engineers to fabricate 
real parts for short production runs di
rectly from their computer screens. 

The most visible examples of desk
top manufacturing so far are plastic 
prototypes that allow engineers to eval
uate a part for fit and looks. A Valen
cia, Calif., company, 3D Systems, which 
is 37 percent owned by pharmaceutical 
and chemical maker Ciba-Geigy, is the 
largest seller of desktop manufacturing 
equipment. It has sold hundreds of ma
chines to produce prototypes from a 
technique known as stereolithography. 

Like a computer printer, the system 
takes a set of coordinates from a com
puter to control the positioning of an 
ultraviolet laser. The laser builds up 
layers of plastic a few thousandths of 
an inch at a time by tracing successive 
cross sections of the part onto the sur
face of a bath of liquid polymer, caus
ing it to solidify. The process can pro
duce everything from a prototype of an 
engine block to a model of a diseased 
hip bone patterned from data from a 
medical scanner. 

These plastic prototypes are still just 
a few steps removed from the world of 
the hobbyist. True, plastics can be cured 
by a laser to precise accuracies, and 
sometimes they may even be used as 
real parts. Many parts, though, are made 
from metal-and so behave differently 
than plastics do when they are exposed 
to heat or vibration. A plastic air mani
fold for a jet engine cannot be subject
ed to a temperature test. 

With this in mind, the National Sci
ence Foundation and a group of indus
trial companies are supporting research 
to make parts and prototypes from a 
full range of industrial materials, from 
steel to ceramics. Sachs and his col
leagues at M.LT., with funds from the 
NSF, General Motors, United Technolo
gies and other major companies, are de
veloping a technique called three-dimen
sional printing. It takes a three-dimen
sional, computer-aided design (CAD) 
and chops it up into minute slices. A 
nozzle, similar to the ones used for 
some types of computer printers, 
squirts a binder chemical onto a bed of 
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powdered ceramic, stainless steel or an
other metal. After this process is repeat
ed for hundreds of layers, the sehlisoli
dified part is then fired in a furnace. 

The M.LT. technology has already 
been licensed by Soligen, a new Los An
geles company that plans to sell ma
chines to fabricate ceramic molds. Af
ter the ceramic powder has been so
lidified, metal will be cast in the result
ing mold. Known as CAD-Casting, it by
passes the task of manufacturing metal 
dies for producing wax patterns that 
are then dipped in a ceramic slurry to 
create such a mold. 

Lee E. Weiss and Fritz B. Prinz of 
Carnegie Mellon University's Robotics 
Institute and Engineering DeSign Re
search Center believe they can make 
metal or other parts with nearly the 
same material density as those pro
duced through conventional casting and 
milling. They plan to adapt a technique 
used in the aerospace industry to spray 
ceramic coatings onto metal parts. The 
process uses a low-powered carbon di
oxide laser to cut a series of masks. 
Then a robot-controlled thermal spray 
gun deposits a layer no more than 0.005 

inch in thickness through openings in 
the stencil-like masks. Each of the 162 

layers that make up a zinc turbine-blade 
model took six minutes to build. 

Researchers at the University of Texas 
at Austin are exploring the possibility 
of employing a high-powered, 1,100-

watt carbon dioxide laser to fuse metal 
or ceramic powders in a system similar 
to one the university has used with 
thermoplastics. But, says Joseph]. Bea
man, a professor of mechanical engi
neering, the Austin investigators imme
diately found that "you can't just turn 
on the laser and take a polymer part 
and plan to make it in metal." 

If technical obstacles can be over
come, desktop manufacturing will has
ten the making of the metal-casting 
molds and tool dies to mass-produce 
an engine housing or another part. And 
researchers believe it could enable man
ufacturers to forgo casting altogeth
er in building small lots of customized 
parts. The possibilities range from vanes 
and blades for gas turbine engines to 
dental fittings, packaging for semicon
ductor chips, spare equipment parts and 
so on. 

It may be as simple as printing a doc
ument from a computer. "When some
one wants a part," Beaman says, "a tech
nician will just grab a bag with powder, 
walk over and turn on the machine." 
Then the desktop artisan may be con
strained not by present limits of the 
manufacturing process but only by what 
can be visualized within the three di
mensions of a CAD drawing.-Gary Stix 
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Waste Not. .. 
New pollution laws will be 
considered this spring 

E
very year as it makes and con
sumes its gross domestic prod
uct, the U.S. churns out 13 billion 

tons of "nonhazardous" waste, includ
ing 180 million tons of municipal ref
use. The growing torrent is overloading 
landfills and incinerators and has occa
sionally had coastal residents literally 
swimming in garbage. 

dress the burgeoning waste calamity in 
1976, when it passed the Resource Con
servation and Recovery Act, known as 
RCRA. The act has put strict controls 
on hazardous effluents, but it has not 
stemmed the rising tide of nonhaz
ardous waste. This year RCRA is up for 
renewal, and industry associations, en
vironmental groups, members of Con
gress and administration officials have 
begun to square off. The 80-odd bills 
that have been introduced to revise 
RCRA are symptomatic of the issue's 
high political profile. 

Congressman Al Swift of Washington 
State are likely to become the vehicles 
for RCRA reauthorization. They echo 
the mantra of orthodox environmental 
management: minimize, recycle, landfill, 
compost and store. Specifically, the bills 
would force industry to reduce waste 
and meet national recycling goals. They 
would also strengthen the Environmen
tal Protection Agency's oversight of 
landfills and incinerators and possibly 
regulate industrial effluents that are 
now exempt. The reauthorized RCRA 
could even break new ground by re
quiring for the first time that industries 
reduce their use of toxic chemicals. Congress made an attempt to ad-

Comprehensive bills introduced by 
Senator Max S. Baucus of Montana and 

Avoiding the Potholes on Optical Highways 

J
ust as potholes plague any highway, trouble spots 
that waste energy and weaken passing signals afflict 
long-distance optical-fiber networks, which serve as 

expressways for voice and data communications. Several 
recent research achievements offer ways to smooth over 
those rough spots and so boost communications. 

For instance, much energy is dissipated at the begin
ning of an optical link, where the lasers generating signals 
are coupled to fibers. Typically more than half the laser 
light is lost. "It seemed like an awful waste, like throwing 
away half a tank of gas," says Herman M. Presby, a re
searcher at AT&T Bell Laboratories. By turning the tips of 
the fibers into carefully sculpted microlenses, Presby was 
able to direct 90 percent of the light into an optical cable. 

The tips of optical fibers are generally tapered to chan
nel as much light as possible from the laser to the fiber. 
But after some experimentation, Presby found that some 
tips, or lenses, captured dramatically more light than oth
ers. Eventually he realized that the hemispheric shape of 
conventional tips introduced aberrations that prevented 
the lenses from properly focusing incoming light. Accord
ing to classic optics theory, Presby knew he could skirt the 
problem by designing an aspheric, hyperbolic shape. 

More problematic, Presby says, was developing a tech
nique for churning out identical aspheric tips automatical
ly. Last spring he won a 
patent for his method of me
chanically carving an aspher
ic tip in 30 seconds by ro
tating silicon fibers in and 
around a carbon dioxide 
laser beam. "It's like machin
ing a rod in a lathe," he says, 
but with a precision mea
sured in tenths of a micron. 

these days AT&T "wants to make use of items from re
search before giving it to the world." 

Another sure problem for optical communications typi
cally occurs in midtransmission, as signals lose energy and 
become distorted. Existing long-distance systems employ 
costly electronic repeaters to regenerate the signal; AT&T's 
next generation of transoceanic cables, however, will use 
optical amplifiers. These segments of fiber incorporate rare
earth atoms and boost the energy of passing light signals. 

As well as promising to make obsolete costly and ineffi
cient electronic repeaters, optical amplifiers may make 
possible the ideal long-distance signal, namely, solitons, 
or pulses of light that do not disperse or dissipate but 
maintain their size and shape indefinitely. Solitons have 
promised to be a tantalizingly elegant technique for 
transoceanic communications ever since the early 1970s, 
when a researcher hypothesized that these long waves 
could exist in optical fibers. But even Bell Labs managers 
argued that the work was too speculative to support. 

Last fall Linn F. Mollenauer, a Bell Labs physicist who has 
been a devoted champion of solitons, triumphed in his ef
forts to show that soliton pulses could bridge the distances 
between continents. In a laboratory demonstration that 
relies on loops, or racetracks, of optical fibers, Mollenauer 
transmitted 2.S-gigabit soliton pulses essentially without 

errors for more than 14,000 
kilometers. In December he 
sent 10 gigabits of data more 
than 1 1,000 kilometers by 
using various techniques for 
interleaving, or multiplexing, 
four 2.S-gigabit signals. "We 
really do expect to be able 
to double the bit rate once 
again to 20 gigabits" by mul
tiplexing the existing 10-giga
bit channel with another sim
ilar stream, he says. 

Unveiled at the Confer
ence on Optical Fiber Com
munication, held in San Jose 
in February, the microlenses 
are unusually mature for a 
Bell Labs announcement. 
"We' ve been working on 
these lenses for about two 
years," Presby concedes. Re
search is still about "sharing 
information," he adds, but 

ASPHERIC TIP (projected on screen), at the end of a sil
icon fiber, was invented at AT&T by Herman M. Presby. 

The new record buttresses 
Mollenauer's view that soli
tons will be practical. Now, 
"I' m very confident of AT&T's 
backing," he declares, "and 
can safely say we're more 
than meeting our research 
goals." -Elizabeth Corcoran 
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UNI TED 
STATES 
ACADEMIC 
DECATHLON 

"HABITAT EARTH" 
1992 Competition Finals 

Boise, 1daho 

Throughout the current school year, 
Academic Decathlon teams in 44 states 
and Washington, D.C. have studied and 
competed on the topic of "Habitat 
Earth." Local and state winners will 
meet April 10 in the green beauty of 
Boise to compete for major college 
scholarships from Northrop Corporation. 

Decathlon teams make a difference in 
junior and senior grades in high school. 
The Decathlon competition creates a 
positive s chool image, excellent 
academic role models, changes student 
attitudes constructively, and involves all 
sorts  of people and groups in the 
community. 

The "Habitat Earth" program involved 
study in fine arts and literature, science 
and math, economics and social studies. 
Competitors developed practical skills 
in interviewing and speech, and each 
composed an essay. Exposures included 
Debussy, Sibelius and Manhattan Trans
fer; Rachel Carson, Jacques Cousteau 
and Walden; Hokusai, Eliot Porter, 
climatology, ecosystems and more. 

For these young adults, "Habitat Earth" 
represents the future, and the U. S .  
Academic Decathlon a n d  i t s  state 
associations are succeeding in making 
that future more secure. As Boise Mayor 
Dirk Kempthorne says, "This compe
tition will serve you well ... I look 
forward to seeing you!" 

Yes, please tell me more! 
Name 

Address 

City 

State Zip ___ _ 

Mail to: USAD 
c/o Scientific American 
415 Madison Avenue 
New York, NY 10017-1111 

Each bill contains unique provisions. 
The Swift measure would grant states 
the right-already claimed by some-to 
impose higher fees on extraterritorial 
wastes. In exchange, those states would 
have to prepare waste disposal plans 
and have them approved by the EPA 

(only 25 states now have such plans). 
The bill would also set a minimum con
tent of recyclable material for packag
ing, require states to divert set amounts 
of recyclable materials from the waste 
stream and expand federal procure
ment of recycled products. 

Baucus's staff wants to establish as 
law the concept of "responsible corpo
rate entities." Such a provision would 
shift responsibility for recycling to own
ers of trademarks. A manufacturer of a 
brand of soft drink would, for example, 
have to ensure that some percentage 
of its cans were recycled, although not 
necessarily to make more cans. The 
plan is designed to answer industry's 
objection to an earlier proposal that 
would have required entire manufactur
ing sectors to incorporate specified per
centages of recycled material. 

Even though nonhazardous waste is 
dominating the agenda, some propos
als also cover other kinds of waste. 
Baucus, for example, seeks tighter con
trols over what are called "special" 
wastes-those produced by mining and 
milling operations and by oil and gas 
drilling. Such wastes are now controlled 
inconsistently by the states, but an en
vironmental coalition led by the Sierra 
Club argues that many of the wastes are 
toxic enough to warrant federal control. 
Congressman Gerry Sikorski of Minne
sota has written a bill that proposes a 
"right to know more" provision for tox
ic chemicals: it would expand the list of 
chemicals that must be reported to the 
EPA if they are released. 

like the Baucus bill, the Sikorski bill 
would also require industries to draw 
up plans to reduce use of toxic chemi
cals and have them approved by the 
EPA. A staff aide to Sikorski pOints out 
that several states already have toxic
chemical reduction programs in place 
and asserts that they, together with the 
EPA'S existing toxic-emissions register, 
have prompted several companies to 
reduce their use of toxic chemicals. 
Some have declared that they have 
saved money by doing so. 

Whatever the outcome of the congres
sional deliberations, the reauthorized 
RCRA promises to clamp more regula
tions and costs on industry. And that, 
from the point of view of industry, is 
the rub. The American Paper Council 
and the American Petroleum Institute, 
for example, insist that their voluntary 
recycling initiatives and reductions in 
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waste are bringing environmental ben
e fits without the need for regulation. 

They and other industry groups are 
now lobbying to ensure their wastes 
do not fall under stricter controls. "Our 
biggest concern is that a regulatory 
program like that for hazardous wastes 
might be extended to nonhazardous 
materials," says Margaret Rogers of Dow 
Chemical. The National Association of 
Manufacturers deplores the proposed 
measures to reduce use of toxic chem
icals because they specify the actions 
that industry must take, rather than al
lowing economics to dedde the most ef
ficient way to reach targets. 

For William K. Reilly, the administra
tor of the EPA, the proposals are appar
ently too much of a good thing. Reilly 
indicated in congressional testimony 
last year that the administration op
poses revising RCRA, which he pointed 
out already costs about $32 billion per 
year. Reilly reminded Congress that the 
EPA already has a voluntary toxic-waste 
reduction scheme, which more than 250 
companies have joined. Further con
trols, especially on nonhazardous ma
terials, "would be unlikely to result in 
substantial benefits except in a limited 
number of cases." 

All sides in the debate face some 
hard realities. One is the N I M BY (not in 
my back yard) syndrome. Local opposi
tion to landfill sites and incinerators is 
one of the principal reasons for the 
drastic increases in disposal costs of 
recent years. Then there is the soft mar
ket for recycled commodities: the ad
ministration has adopted the voluntary 
goal of 25 percent recycling of munici
pal waste by 1995, but many local pro
grams have succeeded only in filling 
warehouses with old newspapers and 
glass that nobody will buy. Although 
the political pressure to decrease the 
waste stream is intense, only 13 percent 
of household refuse is now recycled. 

Undaunted, the environmental con
tingent in the RCRA debate believes 
some of the proposals now being con
sidered will jump start the market. 
Reilly has pointed out that judicious 
stimulation of the pocketbook can get 
results. In Seattle, where households 
that produce more garbage are charged 
more for disposal, the amount of waste 
recycled is much higher than it is in 
more tolerant jurisdictions. 

While they wait for the forces that 
are reshaping RCR A to find the least
energy state, known in politics as a con
sensus, veterans of the environmen
tal movement can celebrate important 
progress. The argument is no longer fo
cused on whether waste recycling and 
reduction will become the norm, but 
on how. - Tim Beardsley 
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Ballpark Physics 
Automating the scribbles 
on engineers' envelopes 

T
he engineers at Xerox who de
sign photocopiers usually spend 
little time contemplating the ki

netics of a machine's moving parts and 
the principles of static electricity that 
lie behind xerography. Eschewing de
tailed equations, they might reduce the 
physical connections between a copier 
motor, clutch or drive belt to a series 
of boxes with connecting lines that rep
resent torque. "The way engineers and 
technicians work in the field, they may 
not even use f= rna," says Johan de 
Kleer, who heads an artificial-intelli
gence research group at Xerox's Palo 
Alto Research Center (PARC). 

De Kleer and other AI researchers 
have been trying to elevate back-of-the
envelope methods into a new genera
tion of computer expert system that 
can help engineers gain a better intu
itive understanding of how a complex 
system works from its earliest concep
tual design. Their models, embodying 
what they refer to as qualitative phYSiCS, 
improve on the well-used envelope by 
making a rough estimate of how an elec
trical or mechanical failure can spread 
throughout a larger system. 

The idea behind qualitative physics 
is to take physical phenomena that are 
usually calculated with differential equa
tions-oscillations and feedback, for ex
ample-and represent them with a 
qualitative notation that expresses en
gineers' informal descriptions. Variables 
may be reduced to values such as plus, 
minus or zero to show whether a phys
ical force such as the torque from a 
copier motor is increasing, decreasing 
or static. Or values might be compared 
by order of magnitude, a staple in mak
ing ballpark estimates. 

Unlike conventional expert systems, 
which rely on a set of "if ... , then" rules, 
those based on qualitative physics often 
resemble a model of a circuit diagram 
in which a relatively large number of 
components behave in a limited number 
of ways, such as the on or off state of a 
transistor. The ebb and flow of forces 
represented by qualitative approxima
tions can be used to trace a path 
through a schematic showing how the 
failure of a part may propagate to oth
er components. In conventional expert 
systems, a separate rule would have to 
be stated for each affected component. 

Qualitative physics got its start about 
15 years ago, when de Kleer, then work
ing at the Massachusetts Institute of 
Technology's Artificial Intelligence Lab-
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oratory, devised a qualitative program 
to solve simple mechanics problems for 
roller coasters. Today de Kleer supervis
es a group of eight that specializes in 
qualitative reasoning and modeling 
techniques at PARe. 

model that accounts for time's linear 
march, says Brian Falkenhainer, a PARC 
researcher. 

maintain that AI researchers can best 
help engineers by finding ways to auto
mate hard-core numerical model'S. 

There, a year-old project called Rap
per-rap in Rapper stands for repair 
and adjustments procedure-uses quali
tative concepts to explain why a copier 
has broken down. So far Rapper exists 
as a model of roughly 170 of the com
ponents in a copier's document-han
dling system, each component connect
ed by lines in a schematic that can rep
resent forces such as voltage or torque. 
The PARC researchers are now using 
the model to produce a series of flow 
diagrams that can help a service tech
nician locate a point of failure. 

Outside of Xerox, qualitative model
ing is being contemplated for everything 
from creating self-teaching electronic 
books to telling pilots the status of their 
engine. Fault finder, an expert system 
developed at the National Aeronautics 
and Space Administration Langley Re
search Center, picks out abnormal sen
sor readings from a jet engine, then 
runs them through a qualitative model 
that displays a diagnosis. "Pilots don't 
necessarily need numbers; they need to 
be told what's wrong and to be given 
advice about what to do about it," says 
Kathy H. Abbott, a NASA researcher. 
The Boeing Company is now evaluating 
this software for use in its aircraft. 

In fact, some researchers are trying 
to merge qualitative physics with more 
formal numerical modeling. A qualita
tive assessment might choose the best 
numerical model to execute a problem. 
In modeling the transition from smooth 
to turbulent flow, for example, "quali
tative physics will help you to decide 
when the equations for turbulence 
should be used," says Kenneth D. For
bus, a professor of computer science at 
Northwestern University. 

The few applications in qualitative 
physics so far have been primarily for 
use in diagnostic systems. By integrat
ing multiple models, Forbus and other 
researchers, such as Daniel S. Weld, a 
professor of computer science and en
gineering at the University of Washing
ton, hope to produce more precise an
swers about physical behavior that are 
better suited for design and instruction
al tools. If this vision does materialize, 
qualitative physics could conceivably 
move from the back of the envelope to 
the forefront of design, diagnostics and 
computerized instruction. -Gary Stix 

Building a workable model required 
making the world a more simple place: 
time was ignored almost completely. 
Each component recognizes only the 
moment when a piece of paper passes 
by. Disregarding time makes it easier 
to do things such as reason backward 
to determine what previous event could 
have caused a motor to fail. Eventually 
the PARC team must come up with a 

Despite its promise, qualitative phys
ics has some critics. In a paper sched
uled to be published in May in an AI 
journal, Computational Intelligence, El
isha P. Sacks, a professor of computer 
science at Princeton University, and Jon 
Doyle, a researcher at M.l.T., argue that 
qualitative physics Simplifies physical 
dynamics to the point that real-world 
problems become unsolvable. They 

Helping the Little Guy Buy a Computer 

W
hen a small Japanese manufacturing firm wants 
to learn about new production technology, it can 
turn to one of 1 70 regional centers dotted across 

that island nation. In contrast, the 350,000 industrial 
firms in the U.S. with fewer than 500 employees have re
course to only a few dozen state-run programs. At about 
$50 million a year, funding in the U.S. for these efforts is 
about a tenth of what the Japanese spend. 

Getting new technology into small machine shops is a 
critical step in setting up networks of suppliers that can reli
ably furnish the nuts and bolts that make big automobiles 
and other products. The absence of such a system is one 
reason cited for the U.S. lag in manufacturing. "A lot of time 
these companies are operating with technology from the 
'50s and '60s," says Maryellen R. Kelley, a professor of man
agement and public policy at Carnegie Mellon University. 

A nascent attempt by the federal government to expand 
small companies' access to more advanced manufacturing 
technology started in 1989, when the National Institute of 
Standards and Technology (NIST) established its first three 
Manufacturing Technology Centers (MTCs). The centers-in 
Ohio, New York and South Carolina-have tried to supple
ment the efforts of technical colleges and state and pri
vate industrial extension programs. Two more centers 
have been set up more recently in Michigan and Kansas
and contracts for yet two others are to be let by April. 

During their first 30 months, the initial three centers dealt 
with about 6,000 companies. The MTC program's annual 
budget has ranged between $5 and $ 15 million, but the 
companies it aided generated new revenues or achieved 
cost savings that totaled $ 140 million, estimates Philip 
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Nanzetta, director of the MTC program for NIST. Much of 
the centers' time has been devoted to helping companies 
with simple projects, such as reorganizing plant layouts 
or buying personal computers for keeping track of inven
tory. ''The return to the small company is much, much larg
er than what it costs to provide the service," Nanzetta says. 

In its first congressionally mandated review of the pro
gram to determine whether funding should continue, a 
nine-member review committee appointed by the secretary 
of commerce gave two of the original centers a passing 
grade, while criticizing the management of the South Car
olina center. 

The oldest centers now face a series of funding chal
lenges. The law that established the program specified 
that federal contributions must be matched by the states 
and that each center should be self-sustaining after six 
years. The Reagan administration initially opposed the 
program; the Bush administration has given it lukewarm 
backing, although congressional supporters have contin
ued to stand behind the effort at levels exceeding the 
amount requested by the current administration. 

Senator Ernest Hollings of South Carolina, one of the 
original sponsors of the legislation, and other lawmakers 
have proposed helping MTCs establish satellite programs 
in other states. But the Bush administration objects. ''There's 
no strong evidence that we can afford to address this prob
lem through present methods," says an official with the Of
fice of Management and Budget. "We can't afford to create a 
center in every county." It may be a long time before a dem
onstration of just-in-time production or statistical quality 
control is only a local telephone call away. -Cary Stix 
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THE ANALYTICAL ECONOMIST 

Compensation beyond the Call of Duty 

I
n these days of generally depress
ing economic numbers, one statistic 
continues to move ahead briskly : 

the compensation of U. S. chief execu
tive officers. Even as the real pay (that 
is, dollars discounted by in flation ) of 
the average American worker has 
slipped by almost 13 percent during 
the past 20 years, the pay of CEOs has 
grown almost fourfold, reports Graef S. 
Crystal, a professor at the University of 
California at Berkeley, in his recent 
book, In Search of Excess: The Over
compensation of American Executives. 

Such reports have fueled public out
rage and prompted calls for govern
ment action. Yet most economists argue 
that such caps attack the symptoms 
rather than the underlying problem. 

From an economist's vantage, the 
dramatic increases in CEO compensa
tion are indicative either of a chronic 
shortage of CEOs or, more likely, of a 
market that has ceased to function 
properly. Data assembled by Kevin J. 
Murphy and Michael C. Jen sen of Har
vard University show just how small a 
vestige of efficient market behavior is 
left in executive compensation. A typi
cal large company that gains $400 mil
lion in market value pays its CEO $ 1.04 
million ; one that loses the same 
amount pays its CEO $800,000. 

To see why the CEO marketplace 
does not work, consider the elements 
of a well-functioning one, say, the mar
ket for new automobiles. In this case, 
the forces of supply and demand regu
larly lift and depress vehicle prices. 
Well-informed manufacturers, who can 
gauge the attitude of consumers, pro
vide the supply of cars. At the same 
time, well-informed consumers, armed 
with copies of Consumer Reports and 
advice from family and friends, deter
mine the demand. Because buying a car 
is considered an expensive, long -term 
investment, consumers have an enor
mous incentive to get the best deal. 
They eventually wind up in tough nego
tiations with car dealers, who, in turn, 
fight for the highest price because their 
own take-home pay is on the line. 

In contrast, the market for chief exec
utive officers lacks such effi Ciency-pro
ducing factors, Murphy says. First, the 
supply of CEOs is not very fluid. Com
panies usually pick a CEO from among 

their existing managers. According to 
studies by Murphy and Jensen, roughly 
90 percent of CEOs have been with 
their company for 10 years or more at 
the time they are promoted. Second, 
good measures of CEO performance are 
scarce. Boards of directors-the nomi
nal buyers in the CEO market-hire a 
new chief or hang onto an old one 
based on much less information than 
the average car buyer brings to bear. 

Once a CEO is running a company, 
Crystal says, most of the information a 
board receives on his performance 
comes from the CEO himself. The CEO's 
position is bolstered by compensation 
consultants he has hired, who either 
point to other executives who make 
more money or create measures of per
formance that showcase the executive's 
track record. 

Not only are those who buy the ser
vices of a CEO ill informed, they lack 

Short of bankruptcy, 
nothing punishes a board 
of directors for foolish 
compensation decisions. 

incentive to push for the best deal. Be
cause board members seldom own sig
nificant amounts of stock, their per
sonal finances do not wax and wane 
with corporate performance. "There's 
no external mechanism, short of bank
ruptcy

' 
that penalizes a board for fool

ish compensation decisions or for lax 
over Sight," charges Joseph A. Grundfest, 
a former commissioner of the Securi
ties and Exchange Commission, now a 
professor at Stanford Law School. 

Instead board members often have 
good reason to help the CEO win a bet
ter compensation package : they are like
ly to be either company insiders whom 
the CEO can fire or outsiders whom the 
CEO has picked as nominal representa
tives of shareholder interests. These 
out Siders, in turn, are likely to be CEOs 
of other large public companies or "pro
fessional" directors who sit on many 
boards. Rocking the boat could put their 
directors' fees at risk, says Benjamin 
Hermalin, also a professor at Berkeley. 

Compensating CEOs was not always 

so incestuous. In the years shortly after 
World War I I, most U. S. executives re
ceived stock options as an incentive for 
good management. When the compa
ny's stock rose, so did their wealth. But 
when stock-market growth stalled in 
the 1970s, executives argued that the 
market had gone awry and was under
valuing their companies-and their ser
vices. Compensation consulting came 
into vogue, Crystal recalls, and consul
tants devised ever more elaborate ways 
of ensuring that executives would be 
well rewarded, regardless of the com
pany's financial performance. 

The government can help unlock 
some of the mechanisms of the market 
for CEOs by demanding more forthright 
corporate disclosures, both about over
all financial performance and about ex
ecutive compensation. But really putting 
the market mechanisms back into work
ing order requires that board members 
become smarter consumers, economists 
say. And boards must have strong in
centives to strike a good deal for the 
shareholders whose interests they os
ten Sibly represent. 

One of those incentives is money. 
Economic necessity, Hermalin points 
out, is putting an end to the peculiar
ly American practice of having boards 
of directors governed almost entire
ly by people who have little to gain or 
lose from a company's market perfor
mance. Large shareholders such as pen
sion funds are be ginning to take a more 
active role in corporate governance. 

If such corrections do not show their 
effects soon, however, public opinion 
may lead the government to make more 
radical changes to the corporate land
scape. Congressman Martin O. Sabo of 
Minnesota has proposed increasing the 
taxes of companies that pay executives 
more than 25 times the rate of the low
est-paid worker (they now average 
about 160 times). Japanese executives, 
by comparison, make barely 20 times 
more than their workers. 

Meanwhile both the Securities and 
Exchange Commission and Senator Carl 
Levin of Michigan have proposed a so
lution that combines the free market 
with poetic justice : give shareholders a 
direct voice on executive compensa
tion. Although drastic, the proposal 
would apply the most rigorous of clas
sic economic mechanisms to the ques
tion of what bosses are actually worth. 

-Paul Wallich and Elizabeth Corcoran 
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101 MATHEMATICAL RECREATIONS 

All Paths Lead Away from Rome 

N
ever have Romans seen such a 
spectacle," Fastidius Finiki boast
ed to his inebriated friends as 

they relaxed in the Octagon Pub. 
"Please, 1 can't bear to hear the story 

again," Barnumus Bailus pleaded, guz
zling a shot of Roman whiskey. 

Fastidius ignored him. "Barnumus 
convinced some crazy Gaul warrior to 
fight a lion. 1 believe he goes by the 
name of Egocentrix. Anyway, the barbar
ian enters the arena, the lion is released 
from his cage, and the crowd goes wild, 
anticipating a bloody frenzy. The beast 
crawls to the center of the arena and 
freezes. Egocentrix approaches the ani
mal, his sword held high. But the cat 
doesn't budge. So Egocentrix gets the 
bright idea to poke the beast in the 
haunch. The lion roars and lunges at 
him. The warrior drops his weapon and 
runs for his life. What a dolt." 

"He's no coward," Barnumus inter
rupted. "He was brave enough to face 
the lion armed only with a sword." 

"Why in Zeus' name did you arm the 
lion with a sword?" Fastidius taunted. 

"Never mind, let me finish the story. 
Egocentrix ran around the arena like a 
barefoot eunuch on hot coals. To his 
credit, the warrior moved much faster 
than the lion. Whenever the lion got too 
close, he sprinted away. The lion soon 
grew tired of the chase, curled up in a 
ball and went to sleep. Egocentrix was 
left panting in the middle of the arena. 
The crowd became restless, jeering, 
'Hurray for Egocentrix, the great lion 
hypnotist.' " All of Fastidius' friends 
laughed except Noblina, the emperor's 
geometry tutor. 

Fastidius took a swallow of Gladiator 
Lite Ale. "After the event 1 overheard 
Emperor Scandalus say the fight was 
more boring than a meeting of the So
ciety for Aqueduct Engineers." 

Barnumus looked pale. "I'll be lucky 
if! avoid being fed to the lions." 

"Barnumus, it's not really your fault," 
Noblina said. "And 1 think 1 know a way 
to make the fights more interesting." 

Barnumus spat on the sandy floor. 
"What could a geometer possibly know 
about fighting? Push off, protractor 

,� . .  �. ,�,C"-, _ �. . 
S� 

by Ian Stewart 

face." He turned back to address Fas
tidius. "I am working with a friend of 
mine to get a dozen lions for-" 

Noblina persisted. "The mistake, Bar
numus, was not so much in the lion as 
in the gladiator. There is no spectacle 
in a contest in which the warrior can 
outrun the lion." 

"Noblina means," Fastidius said, "that 
if the man's speed is greater than the 
lion's, then the fighter can always es
cape from the--ha, ha-paws of death." 

"Indeed, there is a simple geometric 
proof for that theorem," Noblina said. 
"Except, of course, if one subscribes to 
the paradoxical views of Zeno of £lea, 
a philosopher who lived 400 years be
fore the reign of Gaius Julius Caesar. 
Zeno came up with a clever argument 
for why all motion should be impossi
ble. If space is infinitely divisible, a finite 
length contains an infinite number of 
points. If so, no movement can be initi
ated because to move from any point to 
any other, one must always traverse an 
infinite number of intermediate points. 
In other words, Zeno proposed that it 
should take an infinite amount of time 
to cover an infinite number of points or, 
equivalently, to move a finite distance." 

GLADIATOR 
TURNS 
AROUND 
/ 

�ON 
"'--CATCHES 

GLADIATOR 

LION can always catch a gladiator running in a circle if both 
move at the same speed (diagram at top right). If the glad-

iator reverses his direction, the lion should modify its tactics 
(diagram at bottom right). 
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"Seems like Barnumus' lion is famil- the inside of the warrior." 
iar with Zeno's work," Fastidius said. 
. "Enough nonsense," Barnumus ex
claimed. "Next week I have scheduled 
Geriatrix to fight against the lion. He 
can scarcely stumble a dozen paces." 

"There won't be much action if the 
lion can outrun the gladiator," Noblina 
remarked. 

"You keep your nose out of this," Bar
numus threatened. 

"No, she's right. Just a few quick bites, 
and it will be all over," Fastidius said 
glumly. "Barnumus, you must find a lion 
and a warrior who are perfectly matched, 
each able to run at the same speed, so 
that neither has any obvious advantage. 
Then we will have a real contest." 

"I would not be so sure of that, " 
Noblina said. 

"By Hera, there she goes again," Bar
numus bellowed. 

"I am wondering what happens if the 
fighter emulates what Egocentrix did 
today and runs as fast as he can away 
from the lion." 

"Then the lion just runs after him," 
Fastidius said. 

"Indeed, " Noblina acknowledged, 
scratching her head. "And at the same 
speed, so that while the gap between 
them does not increase, neither does it 
diminish. Not, to my mind, an especial
ly enthralling tactical battle." 

"It would be a little boring," Fastidius 
conceded. "But the gladiator cannot run 
away indefinitely, or he will encounter 
the wall of the arena." 

"An excellent point," Noblina said. 
"It is an interesting question. If a lion 
should pursue a warrior in a circular 
arena, and if each runs at the same, 
constant speed, can the lion always 
catch the warrior? Or can the gladiator, 
by cunning changes of direction, keep 
the lion at bay indefinitely?" 

"It seems to me," Fastidius mused, 
"that whenever the fighter turns 
through an angle, the lion can take a 
shortcut and close the gap between 
them a little." 

"True," Noblina affirmed, "but if the 
gladiator follows a smoothly turning 
path, then the change in direction at 
any given instant is vanishingly small." 

"Well," Fastidius said in some irrita
tion, "it just seems to me that if the lion 
stays between the warrior and the cen
ter of the arena-" 

"On the radius joining the fighter to 
the center of the circle?" Noblina asked. 

"Precisely. If the lion does that, then 
it can-in a manner of speaking-push 
the gladiator out toward the wall and 
trap him there. It has a smaller distance 
to move when it goes around the circle, 
and that leaves some spare movement 
along the radius. Because the lion is on 

"And soon the warrior is on the in
side of the lion," Barnumus chuckled . 

Noblina was not amused. "An excel
lent suggestion, Fastidius. But I do won
der whether-as Zeno hypothesized
the lion may approach indefinitely close 
to the gladiator without ever actually 
reaching him. The advantage of extra 
radial speed diminishes as the lion ap
proaches the warrior. Hmm .... Sup
pose for simplicity that the fighter runs 
in a circle. Then the lion can run along 
a smaller circle that is tangent to it." 

Noblina carved a simple diagram in 
the dirt floor [see illustration on oppo
site page]. "Elementary geometry proves 
that corresponding arcs of the two cir
cles possess identical lengths, so such 
a track is possible. In which case the 
lion does indeed catch the gladiator af
ter a finite period." 

"Elementary geometry, " Barnumus 
muttered. "No warrior is dumb enough 
to keep running in the same direction 
when he sees a roaring lion closing in 
on him. He'll spin around and run the 
other way!" 

"But the lion can change its direction, 
too. It can simply reflect its circular 
path in that radial line and continue 
exactly as before," Noblina cried in tri
umph. "Barnumus, you must procure a 
lion whose speed precisely matches that 
of your most skillful fighter and train it 
to stay on the same radius as the gladi
ator while it chases him. That way, the 
crowds will be treated to an exciting 
spectacle as the warrior rushes to and 
fro trying to elude the ravenous beast. 
Eventually the two must fight." 

"Noblina doesn't want much, does 
she?" Barnumus sighed. He stumbled 
out of the pub, wondering whether 
Noblina's plan would work. 

With only seven days left before the 
next fight, Barnumus began to conduct 
speed trials on his lions. He discovered 
one that could run just as fast as Ego
centrix. He rushed to train the beast, 
feeding it fresh gazelle as a reward for 
radially synchronized prowling. By the 
seventh day the lion was better trained 
than most gladiators. 

Barnumus took pride in his accom
plishment and hired three extra mes
sengers to announce the fight. A huge 
crowd gathered in the amphitheater. 
Egocentrix entered the arena and bowed 
in the direction of the emperor's box. 
The lion's cage was conveyed to the 
center of the arena on a kind of crane 
and opened. The lion headed straight 
toward Egocentrix, who let out a 
screech and rushed off at right angles 
to the lion's path. As it had been 
trained to do, the lion quickly turned in 
order to stay on the same radius. Notic-

EDGE OF _ 
ARENA 

I /' 
LION GLADIATOR 

SQUIRAL is the basis for a strategy that 
helps the gladiator avoid the lion. To 
move in a squiral, the gladiator imag
ines a line that passes through him and 
the center of the arena. He runs perpen
dicular to the line for a short distance. 
For each subsequent move, he contin
ues to envision lines that pass through 
the center, and then he travels per
pendicular to the line for a distance 
equal to the original times a factor of n 

to the -0.75 power. 

ing this, Egocentrix once more turned 
at right angles to the radial line. The 
lion steadily closed the gap, but at a 
slower and slower rate. 

"Whatever is the fool doing?" Fastid
ius asked. 

"I have no idea," Barnumus said. "But 
the lion is pursuing his Gaul with sin
gle-minded attention." 

Noblina slapped herself on the jaw. 
"Of course. Egocentrix is following a 
squiral-a spiral made up of successive 
line segments, each at right angles to 
the radius. Simple geometric arguments 
now demonstrate that if the lion stays 
on the radius joining Egocentrix to the 
center of the arena, the lion cannot 
catch him while he is running along 
any particular segment. And therefore 
it cannot catch him at all-even though 
it may approach indefinitely close." 

"But if he-er-squirals ever outward, 
he must run into the wall eventually, " 
Fastidius objected. 

"Not necessarily, " Noblina asserted. 
"If the radial component of the motion 
covers shorter and shorter distances, 
then the wall may never be reached. I 
have in mind a series such as 

which never exceeds 2, no matter how 
many terms are added." 

"But surely," Fastidius said, "in that 
case his motion around the circumfer
ence of the arena will also remain un
der some limit, so the lion would soon 
catch up with him." 

"I fear not, " Noblina said. "If the 
length of the nth segment of his path 
is proportional to, say, the fourth root 
of the cube of the reciprocal of n, then 
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An Escape Strategy 

Agladiator can always a v o i d  
being captured by a lion if he 

runs just as fast as the animal and 
if he applies the following strategy. 
Assume the gladiator starts at po
sition Gl in an arena, and the lion 
begins at position Ll. 

FIRST STEP 
The gladiator runs perpendicu
lar to the line Gl Ll until he 
reaches Pl- the intersection 
of his path and the radius 
parallel to the line GlLl. 

SECOND STEP 
The gladiator continues past Pl 
for a distance equal to the 
first segment of the squiral 
[see illustration on preceding 
page]. Meanwhile the lion 
moves to position L2. 

SUBSEQUENT MOVES 
The gladiator runs perpendicu
lar to the line joining G nand Ln' 
and then he continues past P n 
for a distance equal to the nth 
side of the squiral. By doing so, 
the warrior will never fall into 
the jaws of the lion. 
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a short calculation shows that the radi
al distance remains bounded, whereas 
the angular distance can be made to ex
ceed any given quantity. 1 regret that 
Egocentrix can continue his squiral 
indefinitely without ever reaching the 
wall or being caught by the lion." 

A messenger tapped Barnumus on 
the shoulder. "The emperor wishes to 
speak to you." 

Barnumus left with the messenger 
and returned a few minutes later, look
ing very pale. "Noblina, you've got to 
help me! Now I've got to untrain the 
lion so that it's free to follow its own 
inclinations. And what's worse, the em
peror wants me to fight next week!" 

"It's a pity you run at exactly the 
same speed as the lion," Noblina said. 

"Will of the gods. 1 knew 1 ought to 
have made a larger offering to the ves
tal virgins .... Please, Noblina." 

"Well, you can't follow a squiral any 
more, because the lion can cut across 
the corners. But maybe we can do 
something about that-" 

A week later Romans packed the am
phitheater to watch the great fight be
tween Barnumus and the lion. Noblina 
and Fastidius were invited to sit in the 
royal box. "I think I'm going to enjoy 
this," Emperor Scandalus said. 

"Barnumus Bailus will certainly pro
vide the lion's share of our entertain
ment," Fastidius replied with a grin. The 
beast was released. Barnumus set off at 
right angles to the line joining him to 
the lion. The lion cut across toward 
him, abandoning its failed radial strate
gy and heading roughly toward where 
it thought Barnumus was going. Barnu
mus ignored the lion's moves and sud
denly changed direction, again at right 
angles to the line between himself and 
the lion. 

"He won't keep this up much long
er," Scandalus said. "Barnumus will stop 
and fight when he realizes it is inevi
table that the lion will catch him." 

Noblina nodded in apparent agree
ment, but her thoughts belied her ex
pression. She had taught Barnumus a 
new strategy to keep the lion at bay. 
She watched him execute the strategy 
perfectly [see box at leftl. First, he as
sumed the lion would always stay on 
the same radius as he did, and by do
ing so he was able to use Egocentrix's 
method to map out a squiral in his 
mind. But because the lion no longer 
used the radial strategy, he had to mod
ify his movements according to the 
lion's actual position. 

He began by moving at right angles 
to the line joining himself and the lion. 
He ran in that direction until his path 
intersected the radius parallel to that 
line. From there he continued in the 

same direction for a distance equal to 
the first segment of the squiral. At the 
end, he assessed the position of the 
lion and once again moved at right an
gles to the line between himself and 
the lion. He then ran across the paral
lel radius and beyond it by a distance 
equal to the second segment of the 
squiral. He calculated all further moves 
in a similar fashion. 

Before the fight Noblina had proved 
that the strategy would work. Barnumus 
could not be caught by the lion along 
each segment of his path. Furthermore, 
his path always remained within the 
walls of the arena, and its total length 
exceeded any finite bound. 

Afterward Barnumus walked over to 
Noblina and shook her hand. "Your 
strategy worked like a charm." 

Fastidius appeared. "Ah, the star of 
our show. In fact, your performance was 
so wonderful that the emperor has de
cided to let you repeat it next week." 

"I'd really prefer to retire while my 
career is at its peak-" 

"Against two lions, this time." Fas
tidius turned on his heels. Barnumus 
looked imploringly at Noblina. 

"Against two lions you're a dead 
duck, I'm afraid," Noblina said. "Unless 
the emperor rebuilds the arena, expand
ing it into the third dimension, thereby 
making it a sphere. It can be proved 
that n lions all running at the same 
speed as a gladiator can always catch 
him in an n-dimensional ball, but n-1 
lions cannot if the warrior adopts the 
right tactics. Perhaps 1 can persuade the 
emperor to place some obstacles in the 
arena for you to hide behind." 

"Will that help?" Barnumus asked. 
"The point is arguable. One lion can

not catch you if there is an obstacle: 
you merely maneuver until the obstacle 
is between yourself and the beast and 
keep it there. But it is an unsolved ques
tion whether a warrior can always avoid 
two lions when there are several obsta
cles. You must exert every effort to find 
the solution, Barnumus. If Hera permits, 
you may yet survive." 

"But 1 don't know any geometry!" 
Barnumus wailed. 

"You should have realized it would be 
useful someday," Noblina countered. 

"Why should 1 have come to that ri
diculous conclusion?" 

"Because, Barnumus, geometry re
veals everything you ever wanted to 
know about ruling lots of lions." 

FURTHER READING 
LITn.EWOOD'S MISCELLANY. Revised edi

tion. Edited by Bela Bollobas. Cambridge 
University Press, 1986. 
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BOOK REVIEWS by Philip Morrison 

Color and Shape 
BASIC COLOR TERMS: THEIR UNIVER
SALITY AND EVOLUTION, by Brent Berlin 
and Paul Kay. Paperback edition, with 
bound color chart. University of Califor
nia Press, 1991 ($12.95). THE CYCIAD
IC SPIRIT: MASTERPIECES FROM THE 

NICHOlAS P. GoUlANDRIS COLLECTION, 

by Colin Renfrew. Photographs by John 
Bigelow Taylor. Harry N. Abrams, 1991 
($49.50). 

T ogether the two books under 
review display surprising invari
ances in the expression of hu

man visual perception. 
It was in 1969 that anthropologist 

Berlin and linguist Kay of Berkeley first 
published their ironclad experimental 
results. Join the study for yourself: the 
experimenters first elicit verbally your 
list of all the basic color terms you can 
recall. Basic terms are elementary, in
clusive color names in common use, 
words such as black, white, green and 
red, whose meaning cannot be gained 
merely from the meaning of their 
parts, as for blue-green. Lemon-colored 
has a deducible meaning, unlike yellow; 
crimson is surely included under red; 
like my aunt's car is private. Recent for
eign loan words (chartreuse) and all 
terms that name objects are suspect. 
(Orange makes it only because it satis
fies all the other criteria well.) 

Now match the terms against an ar
ray of colored samples. These 300 test 
colors are more than the rainbow; they 
are real surface colors, the full range 
from black to white, along with brown, 
gray, purple ... arranged in a kind of 
flat Mercator map of the implied color 
solid. That abstract solid can be thought 
of as having two poles, white and black. 
Sample brightnesses shade smoothly 
down the meridians from one pole to 
the other; distinct hues circle the lati
tudes from red through yellow to green, 
blue, purple, then back to red. It is easy 
to mark out on the flat map all the 
color areas you would ever include for 
each name you list and to choose as 
well the best color location for each 
term, a focus for that color name. 

Native speakers resident in the San 
Francisco Bay Area took part, a few or 
sometimes only one for 20 languages, 
from Arabic and Bulgarian on to Urdu 
and Vietnamese. The foci clustered 
into discrete neighborhoods; most of 
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MONUMENTAL CYCLADIC FIGURE was sculpted from marble sometime around 
2500 B.c. (Height: 551/8 inches.) 

the map was blank of any focal loca
tion. A category focus was rarely dis
placed more than two chips on repeti
tion. The differences among maps for 
individuals who spoke the same lan
guage was as great or a little greater 
than those found between languages. 

Color perception is not random, nor 
are its linguistic categories. None of 
the lexicons tested held more than 
11 basic terms, the number demanded 
by English and eight other of the test 
languages. Of course, not all languages 
use those same basic color categories. 

Among the tongues tested, the smallest 
number of basic terms required was in 
one language of the Native Americans 
of California; Porno needs names only 
for white, black and red. 

The authors extended their results 
to 98 languages by use of the linguis
tic literature. A couple of New Guinea 
Highlands languages use only two ba
sic terms, white along with all light hues 
and black with all the dark ones. Of 
course, Jale viewers, say, perceive many 
hues; it is their linguistic needs that are 
specialized. If they "have frequent oc-
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casion to contrast fine shades of leaf 
color" but have no "dyed fabrics, color
coded . . .  wires, and so forth, it may not 
be worthwhile to rote-learn labels for 
gross perceptual discriminations such 
as greenjblue, despite the psychophys
ical salience of such contrasts." 

A striking conjecture follows. Lan
guages can be ranked in stages, more 
color terms entering in highly con
strained order. After languages that 
name only the polar pair, called Stage 
I, come tongues that name red as well, 
then those that add first one and then 
the other of the pair green or yellow, 
then to blue, then brown, and in no 
fixed order, purple, pink, orange and 
gray, to plateau at 11. Among the 2,000 
possible combinations of 11 terms, only 
22 combinations actually occur among 
the almost 100 languages tested. The 
more people in the language communi
ty, the more it tends to the later stages. 

There are few anomalies. Cantonese 
lacks brown, and pink is a Cantonese 
word only in this century; Russian may 
use two terms for blues; this review
er, for one, would include pink among 
the reds (maybe only ten and a half 
terms in English ?). All are minor quan
titative exceptions. The authors have 
newly proposed a larger study, to test 
on the spot many speakers from each 
of 100 unwritten languages, avoiding 
all perturbations from bilingual experi
ence. One hopes the grantors will soon 
agree; here is an insight into perceptual 
and linguistic unity we should deepen. 
This small jewel of the sciences of hu
man behavior has been reprinted after 
20 years without revision save for a new 
bibliography and a less ample color 
chart. 

The first of these two books offers 
a stunning demonstration of universal
ity across 100 languages. The second 
book, set on the boundary between art 
history and archaeology, attends in
stead to an invariance over time, a full 
recurrence in aesthetic judgment across 
several millennia. 

Consider two descriptions of one 
sculptured piece, a nearly life-size mar
ble head found in 1891 on the island 
of Amorgos. Its discoverer described 
it as a "repulsively ugly head." In 1991 
our present author, distinguished se
nior archaeologist at the University of 
Cambridge, speaks of the head as "a 
masterpiece, commanding the respect 
and admiration of artists and of the 
general public." "What once seemed un
couth is now recognized as profound 
in its simpliCity." (The reader may judge 
from several good photographs.) 

One chapter of the attractive volume 
reconstructs the antique context; it is 
by Christos Doumas, the archaeologist 
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who helped form and first catalogued 
the great Athens collection portrayed 
here. The Cyclades are a couple of doz
en rocky islands and many islets in the 
Aegean Sea, found just offshore of the 
Attic mainland and then southeast, half
way to Crete. A few, among them Me
los, Delos and Thera, are widely known. 
Not one is much larger than Martha's 
Vineyard. The austerely beautiful sea
girt hilltops, mainly of marble and lime
stone, are the peaks of a long-drowned 
landscape. Small bands of farmers and 
fisherfolk first came from'the mainland 
around 5000 B.C., bringing to the is
lands barley and wheat, olive and vine, 
sheep and goat, fishline and spear, to 
dwell frugally there ever since. 

Most ancient island graveyards were 
searched out and robbed of their grave 
goods during the 19th century. Few 
of the museum artifacts shown here 
have, therefore, an archaeological con
text; what we know of the earliest settle
ment rests primarily on a single post
war excavation of a Neolithic site. 

These islanders were not wholly iso
lated; the work of their hands is found 
also in Minoan tombs and on the main
land. The many-oared longships they 
used, without sails, are shown here in 
three touching hull models of lead and 
in one engraving on pottery. In time 
they worked silver and bronze. Their 
most characteristic art, in marble, is dat
able to a prosperous era in the Early 
Bronze Age, say, about 2700 to 2 300 
B.C. At length, those scattered family 
farmsteads clustered into larger, well
fortified island centers, each home to 
1,000 or 2,000 people. The unique "Cy
cladic spirit" wrought in marble became 
only a memory by 2000 B.C. It was the 
careful burial of early island dead in 
cists, boxes made of flat slabs of rock, 
that preserved the fragile artifacts over 
four millennia. 

The celebrated "canonical" Cycladic 
forms are elegantly narrow, flattened, 
nude sculptured figures, most of them 
female, arms folded, toes pointed. Near
ly all are smaller figurines, but a few 
are monumental, almost life-size. It is 
hard now to be sure whether they rep
resent deity or worshipper, whether 
they were used during life or only in 
the grave, whether the many breaks and 
repairs seen were made mainly during 
fabrication or after long use, and
most tantalizing-just how much the 
white marble was originally painted. 
For traces unmistakably demonstrate 
that even the purest figures once bore 
painted eyes, hair and possibly some 
features of dress. The author invokes 
analogies in later Greek work to argue 
that the original decoration was not 
dominant but restrained and secondary, 

though we cannot be sure. Those who 
made the figures were seeking some 
likeness of the flesh. Painted eyes were 
essential parts of their half-magical 
work of creation, even though when the 
sculptor first carved and smoothed that 
head of stone, it surely had "no eyes, 
just as there are none now." (A reader 
looks forward to intense, even micro
scopic, physical study of these objects.) 

This century has opened our own 
eyes, to find delight anew in "simplici
ty arrived at through the abstraction 
of form." Did the old artists of those 
spare shores intend the final simplicity 
we so admire? 

Power and Control 
VISIONS OF A FLYING MACHINE: THE 

WRIGHT BROTIlERS AND TIlE PROCESS 

OF INvENTION, by Peter L. Jakab. Smith
sonian lnstitution Press, 1990 ($22.50). � the height of its boom a few 

years before 1900, the Ameri
can bicycle industry produced 

well over a million cycles a year. Its up
to-date products were fabricated with 
an eye to lightness and strength, us
ing frames of steel tubing, chain and 
sprocket power drives and tensioned 
wire wheels. In the small, lively city 
of Dayton, Ohio, a dozen shops were 
making bicycles in those years; one 
of these belonged to two brothers of 
around 30 years old, avid cyclists with 
a local reputation as skillful mechanics. 
Their bicycles were their own artisan
al metalwork, done in their own small 
shop, where they worked as close-knit 
partners within a supportive, middle
class family. Well-read, computationally 
adept, they were designers of ingenuity 
and flair, indifferent to credentials (both 
were formally high school dropouts, 
though excellent students). 

In the late spring of 1899 Wilbur 
Wright (he was the older by four years) 
wrote to the Smithsonian lnstitution for 
publications on human flight that would 
aid "a systematic study of the sub
ject in preparation for practical work." 
Assistant Secretary Richard Rathbun 
replied promptly (reflecting enduring 
credit on himself and his organization), 
listing five volumes, all of the 1890s, 
and sending four pamphlets as well. 
That exchange marked the recorded 
opening of the Wrights' brilliant cam
paign of engineering development, al
though their interest in flight probably 
came a couple of years earlier. 

Their energy would lead them in five 
and a half years straight to "the world's 
first truly practical flying machine." It 
was Wilbur who took off in the third 
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of their powered planes on October 5, 
1905, to fly around and around a wide 
pasture near Dayton, 30 laps under full 
control, making 25 miles at an aver
age speed of 38 miles per hour, to land 
when his fuel ran low. Human flight had 
overtaken the birds. 

This short, clear, nontechnical book 
by a young historian at the National Air 
and Space Museum of the Smithsonian 
focuses on the nature of the Wrights' 
inventive work over those five fruitful 
years. It is not a life of the brothers; 
an authoritative biography, The Bish
op's Boys: A Life of Wilbur and Or
ville Wright, was published by Tom D. 
Crouch in 1989. Jakab's study is con
structed from the lengthy documentary 
record, letters, diaries, papers and pho
tographs (of course, the brothers had 
a darkroom), from reconstructions of 
their aerodynamic instruments and ex
periments, and from flights at Kitty 
Hawk, using full-size reproductions of 
Wright gliders. Dr. Jakab recalls: "Sail
ing down Big Hill on board the . . .  1902 
glider . . .  engendered a feeling of satis
faction beyond words . . . .  There is a dis
tinct feeling of power and control over 
the glider, yet at the same time there is 
a clear demand of respect by the ma
chine for the forces it is harnessing . . . . 
Poring over the . . .  records . . .  sensory 
and emotional aspects of uncovering 
the secrets of flight can become lost. " 
What the Wrights could express only 
sparingly they knew in their bones. 

Intuition is always part of creative 
work; the Wrights were no exception. 
But their story is a narrative of ratio
nal growth in understanding the ab
stractions of aerodynamiCS, expressed 
in graphic, even visual terms. They 
pondered the latest technical literature, 
found a senior engineering correspon
dent (he was a maladroit glider design
er but a valuable friend ), and used the 
first gliders they made as tethered kites 
to measure the forces of the air. 

Their photographs testify to grow
ing understanding. They made a small 
wind tunnel for themselves, its fan pow
ered by belting from their one-cylin
der shop motor when the windstream 
generated by cycling proved unreliable. 
Reproductions of their devices verify 
their own excellent data. They designed 
a propeller from the highly original 
insight that it could be analyzed as a 
rotating wing. (A few pages on lift and 
drag seen at a more technical level 
might better have explained the nature 
of the long-standing errors the Wrights 
had to overcome.) 

Their cycling experience was certain
ly significant. Their gliders have clev
er tensioned wire trussing; their power 
drive was scaled up from the best bicy-
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The Award 
established by the Board of Directors of Scientific Ameri
can, Inc., was first bestowed on Gerard Piel, creator of 
the magazine Scientific American, upon his retirement 
as Chairman. The Award recognizes contributions to the 
wise use of science for the benefit of human welfare and 
fulfillment. It may recognize a lifelong or an episodic 
contribution to this cause. 

The Prize 
will consist of a sum of $1 0,000 and a medal. Individu
als and organizations are eligible. The Award is adminis
tered by a different scientific organization each year. 

All nominations should include 
the following information, sub
mitted on a typed letter: nomi
nee's name, address, institu
tional affiliation and title, a 
brief biographical resume, and 
a statement of justification for 
the nomination. Nominations 
of organizations should include 
information about the nature, 

form and work of the organiza
tion. All nominations must in
clude the name, address, tele
phone number and signature 
of the person making the nomi
nation. 

Nominations, as well as ques
tions about the Award, should 
be addressed to: 

Professor S. P. Kapitza 
Institute for Physical Problems 

2, Vorobjovskoye Sh. 
Moscow, 117334, Russia 

Deadline for receipt of nominations is May 1 5, 1992. 
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cle practice. They knew about air drag 
on the cyclist and piloted their glid
ers lying prone, at some risk of injury. 
Most important, they knew that a mov
ing bicycle is not in stable motion but 
depends on its rider for constant cor
rections. Maneuverable but unstable 
Flyers did not confound them; by trial 
and analyzed error, building a grasp 
of the forces of flight with each new 
design, they reached the goal of con
trolled flight. 

The Wrights understood from the 
first that their goal was an entire flight 
system: structure, control and propul
sion. That system they developed
their engine was state of the art, but 
not beyond-in a five-year paradigm of 
engineering creativity. Wilbur's death 
from typhoid fever in 1912 ended the 
brothers' influence on flight. It is no crit
icism to recall that large-scale interna
tional engineering and analytic progress 
would soon outstrip the pioneers by an 
order of magnitude for structure, con
trol and propulsion, all three. 

Hazards and Disasters 
NATURAL HAzARDs, by Edward Bryant. 
Cambridge University Press, 1991 
($79.50; paperbound, $29.50). 

The 1990s have been declared 
by the United Nations as the inter
national Decade for Natural Dis

aster Reduction, as proposed years back 
by Frank Press, president of the U.S. Na
tional Academy of Sciences. Hazards are 
grand natural events, rare and unstop
pable, but disasters are their grim con
sequences. Preparation, education and 
warning-even remedy, if not preven
tion-lie increasingly within the reach of 
science and of governments if they will 
act. This book of rather grim wonders is 
a readable survey that treats the widest 
range of natural hazards and their dis
asters. Physical process and societal im
pact alike are surveyed at an unspecial
ized but serious level, with maps, dia
grams, tables and graphs in plenty, 
along with a few formulas. It is a fine 
introduction for students and a ready 
reference for all readers. 

A dozen rich chapters sketch just 
how we think these events occur and 
render the models quite real with case
histories, remarkable concrete examples 
that challenge and often extend com
mon sense. Several other chapters as
sess the human responses, again at all 
levels, from touchingly beset individ
uals the world around to the interna
tional organizations of relief-not to 
forget rock musician Bob Geldof and his 
successful worldwide campaigns against 
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famine caused by drought. The green
house effect and other slowly emerging 
changes are not treated here; the author 
quite credibly argues that many of the 
events discussed are too hastily read 
as signs of long-range trends when they 
are instead built-in variability. 

Climatic hazards have the widest 
impact, droughts most devastating for 
us, who are dependents of the green 
plants. Floods and tropical storms show 
the other implacable face of the Cloud 
Powers and bring the largest death 
tolls. The not quite solid earth takes 
second rank in human toll, earthquake 
temblor followed by the more localized 
violence of volcanoes. Then 30 other 
hazards march somberly past, wildfire 
and ice, hail and lightning, rockfalls and 
mudflows. 

No survey of a survey is much use; 
let us rather sample element by ele
ment. Earth: An earthquake shock in 
1970 loosed the ice cap of a Peruvian 
mountain, to cascade down a steep val
ley under trapped-air lubrication. It en
trained enough water and gravel to end 
as a curly breaking wave of mud 80 
meters high that engulfed and buried 
two entire towns within four minutes. 
Air: In 1869 a hurricane moved with 
just the right speed, so that its lowered 
barometric pressure raised a mass of 
water tuned to resonate with the tides 
as the storm went up the Bay of Fundy. 
The flood tide was doubled, in a surge 
of seawater 30 meters high. Fire: Semi
arid and desert rural Australia was cov
ered with an unusual "blanket of grass
es and dense shrub." The next year was 
dry; widespread wildfires burned a sixth 
of the continent, an area of a million 
square kilometers with little loss of life. 
(No larger area of burn is known since 
the worldwide cometary fires at the Cre
taceous-Tertiary boundary.) Water: Dur
ing the past 20 centuries, the Yellow 
River, now suspended 20 meters above 
the dike-lined floodplain on a bed of 
its own silt, has found no fewer than 
10 paths to the sea. Its shifting mouths 
are mapped out along more than 500 
miles of coast, nearly all the way from 
present Shanghai to Beijing. The map 
of past Mississippi deltaic lobes over 
6,000 years leaves little doubt that our 
great silty river slowly follows the same 
trends; one day it will leave New Orleans 
dry and seek the salt sea via a much 
older and larger subdelta about 100 
miles to the west. 

Professor Bryant's heroic compila
tion is an excellent guide. Few frank er
rors are to be found in this volume of 
high interest and general good sense, 
although critical readers will want here 
and there to consult the less casual of 
his many sources. 
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ESSAY: A CASE OF DEJA VU by Richard Elliot Benedick 

M
emories are short. A scant five 
years ago there was no evidence 
of global depletion of the ozone 

layer. Skeptics maintained that the dan
gers were unproved, that better tech
nologies were nonexistent and that the 
cost of developing such technologies 
would disrupt the economy. 

The current debate about greenhouse 
warming conveys a distinct sense of 
deja vu. The world again confronts a 
classic situation: weighing the risks of 
action and inaction in the face of un
certainties. Short-term costs loom large; 
long-term dangers seem remote. 

Nature, however, is not in the habit 
of prOviding convenient early-warning 
signals. So astounded were scientists 
in the early 1980s to detect a dramat
ic seasonal drop in ozone levels over 
Antarctica that they spent two years 
rechecking their data. They soon dis
covered that satellites had dutifully 
been recording the ozone collapse for 
several years but had not raised any 
alert because the computers were pro
grammed to reject such extreme data 
as anomalies. 

The Antarctic ozone hole is an ex
ample of what scientists call a nonlin
ear response; that is, the ozone layer 
kept absorbing ever more chlorine from 
man-made sources without revealing 
any problem, until the concentrations 
reached a breaking point, and collapse 
ensued. With respect to greenhouse 
warming, scientists warn that the bil
lions of tons of carbon dioxide and oth
er gases being emitted by modern in
dustrial economies constitute an unpre
dictable experiment on the atmosphere. 
Are we approaching other unknown 
thresholds? 

If we heed those who counsel defer
ring policy action on global warming, 
we are betting high stakes that clouds 
or oceans will offset for a while the in
trusions into the atmosphere. If they 
are wrong, the consequences will be 
grave. Even the most dire predictions 
are now shown to have underestimated 
ozone loss caused by chlorofluorocar
bons (CFCs). Had CFCs been permitted 
to continue growing, they would have 
wrought irreparable damage on the 
ozone layer. And yet at the time, pow
erful voices in government and indus
try strongly opposed regulations, on 
the grounds of incomplete scientific 
evidence. 

Under these circumstances, the les
son for the policymaker seems clear: 
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if we are to err, let us err on the side 
of caution. The very existence of scien
tific uncertainty about global warming 
should lead us to action rather than 
delay, especially when most of the in
ternational scientific community per
sistently warns of the risks. 

Against this background, at least 
one country, Japan, has unveiled an ag
gressive program for improving energy 
efficiency and developing technology 
to combat the dangers threatening the 
environment. The program, called Earth 
21, clearly considers protecting the plan
et to be a commercial opportunity. Con
trary to views in some influential circles 
in the U.S., environmental concern is not 
a pretext for central planning. Free-mar
ket forces can be harnessed to work for 
sustainable growth. For the market is es
sentially neutral with respect to the envi
ronment; relying solely on Adam Smith 
will not, as we have painfully learned, 
invariably lead to the right outcome. 

I
t is our inadequate tools of eco
nomic analysis and accounting that 
often lead planners and investors 

to precisely the wrong decisions. Out
moded concepts of national accounting 
generally ignore the "externalities" of 
environmental damage and discount po
tential harm. A country's economy, for 
example, receives a double "boost" from 
production of toxic products and from 
their subsequent costly cleanup. Sim
ilarly, the more countries such as Ma
laysia and Indonesia destroy their trop
ical forests and export their patrimony, 
the more "growth" they register in their 
GNP. On a corporate level, the technique 
of discounting future values intrinsical
ly minimizes the harm to future gener
ations while predispOSing managers to
ward investment decisions that maxi
mize short-run profits. 

Something is clearly wrong here. The 
outmoded system by which we measure 
income needs to be overhauled so that 
it reflects the future costs of environ
mental damage. Only then will financial 
markets reward environmental protec
tion rather than regarding it as an irk
some charge against current profits. Far
ranging benefits could flow from such a 
reform as markets begin receiving more 
balanced financial signals and their re
sponses permeate the economy. 

Here again, the experience with the 
ozone layer offers some lessons. Con
sumers showed that with the right in
formation from the media, they were 

capable of changing purchasing habits, 
abandoning or even boycotting CFC
propelled aerosol sprays. And the ozone 
treaty signed in Montreal in 1987 dem
onstrated that, with the proper stimu
lus, industry can change old habits. 

Significantly, the Montreal Protocol 
on Substances that Deplete the Ozone 
Layer departed from the customary ac
commodation of environmental regu
lation to commercial convenience. It did 
not merely prescribe "best available 
technology" to replace CFCs. Rather the 
designers of the treaty mandated a 
timetable for deep cuts in consumption 
of these useful chemicals with full 
knowledge that the technology did not 
yet exist to achieve those cuts. 

The treaty furnished an unmistak
able market signal that made it worth
while for companies to invest in re
search into new chemicals and process
es they had previously eschewed. The 
rules of the market were modified, cre
ating conditions that mobilized the vast 
financial and intellectual resources of 
the private sector to find solutions for
merly claimed to be impossible. 

Given the most recent scientific rev
elations on the ozone layer, we are for
tunate that the Montreal Protocol stim
ulated entrepreneurship on behalf of 
an environmental objective that had 
previously been ridiculed. Was this a 
"radical" treaty, as some antiregulato
ry politicians argued? Far from it: the 
protocol was an expression of genuine 
faith in the market system, in its abili
ty to respond to incentives. As it turned 
out, economists had vastly overestimat
ed the costs of CFC alternatives and new 
technologies; some industries even low
ered expenses by redesigning processes 
to do without CFC substitutes. 

Market signals imposed by an in
novative international treaty achieved 
results for protecting the ozone layer. 
I suspect we would find the same forces 
at work if we would focus on reducing 
dependence on fossil fuels in the cur
rent international negotiations on a cli
mate treaty. The moment of truth will 

be a historic United Nations conference 
in Rio de Janeiro in June. 

RICHARD ELUOT BENEDICK, former
ly deputy assistant secretary of state for 
environmental matters and chief U.S. 

negotiator for the Montreal Protocol, is a 
senior fellow at the World Wildlife Fund. 
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